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Abstract

Adsorption of organics in the aqueous phase is an area which is experimentally

difficult to measure, while computational techniques require extensive configurational

sampling of the solvent and adsorbate. This is exceedingly computationally demanding,

1



which excludes its routine use. If implicit solvent could be applied instead, this would

dramatically reduce the computational cost as configurational sampling of solvent is not

needed. Here, using statistical thermodynamic arguments and DFT calculations with

implicit solvent models, we show that semi-quantitative values for ∆Gaq
ads and ∆Saq

ads

for small organics can be calculated, for a range of coverages. We parameterise the soft

sphere based solute dielectric cavity to an approximated free energy of solvation for a

single Pt atom at the (111) facet, forming an upper and lower bound based on the en-

tropy of water at the aqueous metal interface (∆Gsolv(Pt) = −4.35 to −7.18 kJmol−1).

This captures the decrease in ∆Gsolv
ads compared to ∆Gvac

ads, while solvent models with

electron density based cavities fail to do so. For a range of oxygenated aromatics,

the adsorption energetics using horizontal gas phase geometries significantly overesti-

mate ∆Gsolv
ads compared to experiment by ∼ 100 kJmol−1, but agree with ab initio MD

simulations using similar geometries. This suggests oxygenated aromatic compounds

adsorb perpendicular to the metallic surface, while the ∆Gaq
ads for vertical geometries

of furfural and cyclohexanol agree to within 20 kJmol−1 of experimental studies. The

proposed techniques provide an inexpensive toolset for validation and prediction of ad-

sorption energetics on solvated metallic surfaces, which could be further validated by

the future availability of more experimental measurements for the aqueous entropy/free

energy of adsorption.

1 Introduction

Adsorption free energies (∆Gads) play an important role in determining the overall thermo-

dynamics of heterogeneous catalytic processes. Competitive adsorption between different

species dictates their relative coverages at the metallic surface, leading to reaction bottle-

necks if the thermodynamic equilibrium favours the adsorption of one species over another.1,2

However, enthalpic and entropic contributions to the free energy are altered by the presence

of solvent (∆Gaq
ads).

3 For example, solvent effects decrease ∆Gaq
ads of phenol to the Pt(111)
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surface relative to ∆Gvac
ads from −2204 to −29 kJmol−1.5 This results from the ∆Haq

ads penalty

of displacing the aqueous solvent layer, which is reduced by ∆Saq
ads gain from the desorption

of water into the liquid phase. Combined with further factors such as coverage,4,6 the accu-

rate calculation of ∆Gaq
ads requires understanding of the entropic and enthalpic contributions

to the constituent steps of the adsorption process.

In atomistic simulations, implicit solvent methods provide a computationally inexpen-

sive alternative to dynamic sampling techniques for calculating the free energy of solvation

(∆Gsolv). In this method, the molecule is inserted into a cavity within a bulk dielectric

medium, where ∆Gsolv is calculated as a sum of: 1) polar contributions arising from the

electronic response to the dielectric medium (∆Gpol), and 2) non-polar contributions such as

cavitation and dispersion-repulsion interactions, usually approximated from the shape and

size of the cavity (∆Gnpol).
7 Many studies have been conducted to assess the quantitative

accuracy of implicit solvent techniques with respect to experiment and explicit solvent sim-

ulations - particularly for proteins8,9 and small molecules10.11 For large assays of solutes,

the implicit solvent technique provides solvation free energies with errors of approximately

13.4 kJmol−1 (Generalised Born/SASA)11 to 4.3 kJmol−1 (SMD).10 In protein studies, pub-

lications also assess the structural accuracy of implicit solvent techniques, where the contin-

uum solvent approach can lead to structural errors,9 as well as spurious bottlenecks in the

potential energy landscape for protein folding simulations.8 In contrast, systematic quantita-

tive studies for implicit solvation are rare for the adsorption process at metallic surfaces,5,12

meaning thorough theoretical and experimental validation is required to perform predictive

studies.13

At the metallic surface, large errors of ∆Gsolv occur with electron density isovalue based

dielectric cavity functions,14 which mainly arise from the use of a single charge isocountour

for species which require distinct cavity parameters (ie. heavy metallic and light organic

atoms).14,15 The optimal parameters for the solvation of small hydrocarbons dramatically

undersolvate Pt atoms at the (111) facet, which require much smaller cavities to give accu-
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rate values of ∆Gsolv. This results in small ∆Hsolv values compared to experimental binding

enthalpies of aqueous solvent to Pt (−0.24 kJmol−1 14 vs. −9.61 kJmol−1 16 per atom). Con-

sequently, anomalous values of ∆Gaq
ads arise, yielding either no improvements in the accuracy

of adsorption free energies over standard vacuum calculations17 or increased stabilisation of

adsorption in solvent. In the case of phenol, this leads to ∆Gaq
ads errors of up to 200 kJmol−1

for the implicit solvent model vs. Cyclic Voltammetry experiments.5 However, in this study,

we will demonstrate that this inaccuracy is alleviated by separate parameterization of the

metallic surface atoms and the organic adsorbates, leading to semi-qualitative agreement

with experimental values of ∆Gaq
ads by decreasing the cavity size for the metallic atoms while

maintaining the cavity parameters for the organic adsorbates.

In addition to constructing an implicit solvent model which accurately calculates ∆Gaq
ads,

we will explore the ability of statistical mechanics based models to calculate ∆Saq
ads.

18 In

the gas phase, experiment has determined that the entropy of adsorbed species with strong

lateral attractions (Sgas,0
ads ) follow a linear relationship with its 3D ideal gas entropy (Sgas,0

ads ),19

Sgas,0
ads = 0.68(S0

gas − S0
gas,1D−trans) (1)

Where S0
gas,1D−trans is the standard molar entropy of the translational gas phase entropy. As

Sgas,0
ads is approximately 2/3 of S0

gas, it is assumed many adsorbates follow a free translator

(FT) regime, meaning 2D ideal gas models can approximate Sgas,0
ads .20 Compared to more

sophisticated lateral translational entropy expressions such as the Hindered Translator (HT)

model, FT forms an upper bound where all translational microstates in the xy-plane are

equally accessible. However, for flat potential energy which surfaces allow facile diffusion,

comparisons of FT with Complete Potential Energetic Sampling (CPES) methods provide

estimates of Sgas,0
ads within 10 % of full sampling techniques for a range of temperatures above

273 K.21 To calculate the entropy of solvation, simple models using empirical properties based

on SPT (Scaled Particle Theory) and the accentric factor model accurately calculate the
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∆S3D
solv of small molecules.18 Using comparisons to experimental data, we will assess whether

these simple geometric models based on statistical mechanics can provide approximate values

for the entropy of solvation, and therefore the overall ∆Saq
ads.

The role of coverage effects on the ∆Gaq
ads of small organics on metallic surfaces must

also be understood to assess the accuracy of the implicit solvent model.6 Although the

decrease of adsorption enthalpy due to lateral repulsions between neighbouring adsorbates is

observed in vacuum,4,6,22 less is known about the impact of coverage for a solvated surface.

Experimental data fit to the Femkin isotherm shows that ∆Gaq
ads has a weak dependence on

coverage, with only a small decrease of 0 to 5 kJmol−1 from zero to full coverage for various

organic molecules on the Pt(111) surface.5,23 In contrast, ∆Hvac
ads decreases by 121 kJmol−1

over the same coverage range for phenol.4 It has been proposed that phenol forms islands of

high coverage in solvent, even at low concentrations, which emulates the effect of saturation

coverage in vacuum. This can rationalise the seemingly low binding energies of phenol at

the Pt(111) surface in the aqueous phase, but this theory has not been confirmed.24 As

the implicit solvent simulates the energetics of solvation, we will use this computationally

affordable method to assess the coverage dependencies in the aqueous phase and evaluate

the local high coverage theory. In addition, we will test different orientations of adsorbates

at the Pt(111) surface to determine which geometries best match experimental energetics of

adsorption.

In this study, we first validate the approach of separately parameterising the metallic

surface atoms by comparing our results obtained with a commonly utilised electron density

based formulation of the implicit solvent model. Then, using the increasing quantity of

experimental reference data for the aqueous adsorption free energies of organics at the Pt

surface5,23,25 paired with older literature data,26 we provide a quantitative analysis of ∆Gaq
ads

values obtained with the Poisson-Boltzmann implicit solvent model for the Pt(111) surface.

The validation of this new approach is achieved through comparisons to experimental data

obtained from CV hydrogen underpotential deposition5,23 and radio tracer26 experiments,
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which will allow for error estimations of ∆Gaq
ads in implicit solvent. We will also use statistical

mechanics approximations for the solvation entropy7,18 to facilitate further comparsion with

experiment. Finally, we will investigate the ability of the implicit solvent model to capture

the coverage dependency of ∆Gaq
ads. This will be achieved by performing simulations over a

range of coverages with implicit solvent comparing their trends with experiment.

2 Methodology

2.1 Ab initio Simulations

Ab initio simulations were performed with the ONETEP27 software package, which performs

linear-scaling DFT simulations using localised non-orthogonal generalised Wannier functions

(NGWFs)28 with a basis of periodic sinc (psinc) functions. Simulations were performed

using the Ensemble DFT (EDFT) method,29,30 adapted to the localised NGWF framework

of ONETEP by Ruiz-Serrano et al.,31 and further developed to include Pulay mixing of the

Hamiltonians.

The optB88-vdW-DF1 functional is used throughout this work.32 Core states are repre-

sented by the Projector Augmented Waves (PAWs)33 of the GBRV pseudopotential library.34

The valence shell of Pt is represented with 12 NGWFs with cut-off radii of 12.0 a0 and an

electronic configuration of 5p66s15d96p0. The psinc kinetic energy cut-off was set to 850 eV

throughout. Geometry optimisations were performed with a LBFGS algorithm,35 using the

universal sparse preconditioner36 with a convergence threshold of |F|max < 3x10−3 Eha
−1
0 .

Using the example of a commonly used/conventional plane wave code of a charge based

implicit solvent model, comparison calculations for the electron density based dielectric cav-

ity method were performed using the VASP Plane Wave DFT code package37–39 with the

VASPsol implicit solvent application40.41 Single-point energy calculations in VASP used the

optimised geometries from calculations of ONETEP. PAW pseudopotentials33,42 were used

to represent the core electrons. A kinetic energy cut-off of 450 eV was used. Energy mini-
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mization was performed with the RMM-DIIS procedure using Kerker preconditioning.

In light of the two different kinetic energy cut-offs for VASP and ONETEP, we note

that the cut-offs in each code are not completely analogous to one another. Firstly, VASP

considers the plane wave cut-off in a sphere in reciprocal space, whereas ONETEP includes

the plane waves in a cube. Secondly, ONETEP requires higher kinetic energy cut-offs than

plane wave codes to achieve sufficient localisation of the NGWFs.43

2.2 Implicit Solvation

Implicit solvent calculations were performed using ONETEP’s Poisson-Boltzmann (PB) im-

plicit solvent module,44 where solutions to the PB equation are calculated using the bespoke

DL MG multigrid parallel solver.45 The free energy of solvation (∆Gsolv) is expressed as:

∆Gsolv = ∆Gpol +∆Gnpol (2)

where ∆Gpol is the electronic response of the molecule to the bulk dielectric and ∆Gnpol is

the non-polar contribution composed of the cavitation free energy and dispersion-repulsion

contributions. ∆Gnpol is calculated using a linear relationship between the Surface Assessible

Surface Area (SASA) and the Surface Accessible Volume (SAV):

∆Gnpol = (α ∗ γ)S + pV (3)

where γ is the surface tension of the solvent (0.07415 Nm−1), p is the solvent pressure (-

0.00035 GPa) and α is an additional scaling factor used to improve the fit of ∆Gnpol to the

experimental values of ∆Gsolv (0.86).

The dielectric cavity is defined using the Soft Sphere atomic radii based cavity functions
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of Fisicaro et al.10 In this model, the dielectric cavity is defined as:

ϵ(ri, {Ri}) = (ϵ0 − 1)

{∏
i

h({rvdWi ,∆, f}; ∥r−Ri∥)
}
+ 1 (4)

where ϵ0 is the bulk dielectric constant (78.65), and h is a set of continuous, atom centered

distance-based functions defined between 0 and 1, expressed as:

h({rivdW ,∆, f}; ∥r−Ri∥) =
1

2

[
1 + erf

(
∥r−Ri∥ − frvdWi

∆

)]
(5)

which is defined by paramters ∆ (the smearing width of the dielectric cavity function), rivdW

(the cavity radius of atom i taken from the vdW radius set of Alvarez 46), and f (the linear

scaling factor), while taking ∥r − Ri∥ as an argument (the distance between the position

of point r and atom i Ri). The scaling factor of f = 1.20 is used to minimize the MAE of

a test set of 20 neutral molecules with respect to experimental values47 (details about the

ONETEP implementation can be found in the method section of ref14). Pt uses a van der

Waals radius of (2.29 Å), and f is varied to match the experimental values of ∆Gsolv of a

single Pt atom of the (111) facet. We outline this process in Section 3.2. We model this

approach on our previous publication, where f is varied to obtain the correct work function

of the Pt(111) in solvent, which provides initial guidance in obtaining optimal values of

∆Gsolv.
14

The charge based implicit solvent model of VASPsol was used to compare against our

implementation of the Fisicaro method. Default settings for the H2O solvent were used. In

contrast to the soft sphere method, the charge based cavity in VASPsol method is defined

using the charge density, n(r):

ϵ(n(r)) = 1 +
1

2

(
ln (n(r)/nc)

σ
√
2

)(
ϵ0 − 1

)
(6)

where similar to the soft sphere model, the efrc defines a smoothly switching function between
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0 and 1, but nc defines the charge isocontour of the function where the erfc is 0.5, and σ

defines the width of the switching function.

2.3 Calculation of ∆Gaq
ads

ΔGsolv(Mol+Pt)

ΔGads
aqΔGads

vac

ΔGsolv(Pt/Mol)

ΔGads
vac,aq

Figure 1: The process of adsorption according to four difference reference states is shown
where A) The molecule and Pt(111) are isolated from one another in vacuum. B) Both the
molecule and Pt(111) are isolated from one another in the solvent phase. C) The molecule
is adsorbed onto the Pt(111) surface. D) The molecule is adsorbed onto the Pt(111) surface
in the aqueous phase, which releases a number of water molecules into the aqueous phase
relative to state B.

The adsorption free energy in the vacuum phase (∆Gvac
ads) is calculated as the difference

in free energies between the vacuum adsorbed system (M/Mol) and the isolated metallic slab

and molecule (M+Mol):

∆Gvac
ads = G(M/Mol(vac))− (G(M(vac)) +G(Mol(vac)) (7)

which corresponds to the free energy change between state A and C in the Hess Cycle of

Figure 1. Assuming the overall entropy change for the M(vac) component of the system is
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negligibly small, we can approximate ∆Svac
ads solely through entropy changes experienced by

the molecule, and ∆Hvac
ads through the 0 K total energy differences of the DFT calculations

(equation 7). The entropy of the isolated molecule, S(Mol(vac)) can be decomposed into

translational, rotational, and vibrational components:18

S(Mol(vac)) = Svac,3D
Mol = Svac,3D

t + Svac,3D
r + Svac,3D

v (8)

Svac,3D
v is small compared to the other components, so we assume ∆Svac,3D

v,ads = 0. The

method for calculating the translational and rotational terms is shown in the SI (Section

S1). Alternatively, S(Mol(vac)) could be taken as the empirical standard state gas phase

entropy, but as our solvation entropies are calculated with analogous statistical mechanical

approximations, we use the same method in the gas phase for the sake of consistency.

The entropy of the molecule adsorbed on the metallic surface is approximated using the

2D ideal gas approximation such that

S(M/Mol(vac)) = Svac,2D
Mol = Svac,2D

t + Svac,2D
r + Svac,2D

v (9)

where Svac,2D
v is again 0, and the entropy components are derived in the SI S2. In this

approximation, it is assumed that the molecule can freely diffuse across the metallic surface,

but is constrained to the xy-plane. We further assume this holds at high coverages, as noted

by Campbell et al.19 We note that the lost degrees of rotational freedom are potentially

dependent on the binding mode of the molecule, especially in cases where non-yaw rotations

would result in desorption (eg. phenol on Pt with four binding centres). This possibility will

be explored in the results section.

Overall, ∆Gvac
ads is then calculated as:

∆Gvac
ads = (H(M/Mol(vac))− (H(M(vac)) +H(Mol(vac))))− T ((Svac,2D

Mol − Svac,3D
Mol ) (10)
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where S(M(vac)) is assumed to be negligable.

Calculating the free energy of adsorption under aqueous conditions (∆Gaq
ads) requires fur-

ther considerations. The implicit solvent calculates entropy components related to solvation

within ∆Gsolv, but the entropy of adsorption must be accounted for in a similar fashion to

eq. 10. First, starting with the change of free energy from state B to D in Figure 1

∆Gaq
ads = (H(M/Mol(vac))− (H(M(vac)) +H(Mol(vac)))) (11)

+(∆Gsolv(M/Mol)− (∆Gsolv(M) + ∆Gsolv(Mol)))

−T (Svac,2D
Mol − Svac,3D

Mol )

Where the first three terms represent the enthalpy of adsorption for a single point energy

calculation, and the following three terms rerpesent the free energy changes of solvation

calculated by the implicit solvent model, as expressed in equation 2. The change in entropy

due to solvation are assumed to be included in the change of the ∆Gsolv, therefore we assume

in the last two term that the change of adsorption is equivalent to that of the gas phase.

Furthermore, we propose a simple method for calculating the overall entropy of adsorption

using the solvation entropy methods of Garza and the 2D ideal gas model. The entropy in

the solvent phase is calculated using the approach of Garza,18 which adopts the 3D ideal

gas equation to the entropy of solvation as:

Ssolv,3D
Mol = Ssolv,3D

Mol,t + Ssolv,3D
Mol,r + Ssolv,3D

Mol,c (12)

where Ssolv,3D
c is the entropy of cavitation. A full derivation of terms is discussed in the

Supporting Information (SI S3).

The overall entropy of adsorption in the aqueous phase is expressed as,

∆Saq
ads = Ssolv,2D

M/Mol − (Ssolv,3D
M + Ssolv,3D

Mol ) (13)
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where Ssolv,3D
M = Ssolv,3D

M,c and Ssolv,2D
M/Mol consists of the translational and rotational terms of

Svac,2D
Mol and the cavitation term of the adsorbate and metal surface. The metal cavity volume

(VM) varies with the number of slab layers, which leads to a nonphysical dependence of Ssolv
M,c

on N. Therefore, we consider the VM for a single layer of Pt(111) only, and normalise by a

factor of two so only one side of the slab is considered.

The packing factor of water (G(RM , RS), Equation S41, see SI) is different for metallic

and organic solutes. Consequently, Ssolv,2D
M/Mol,c cannot be calculated directly, and ∆Ssolv

ads,c is

taken as the approximate cavity volume lost for the surface and molecule upon adsorption

12. For the metallic cavity, we multiply Ssolv
M,c per unit area by the cross sectional area of the

M/Mol binding region. We approximate the area as the cross-sectional van der Waals’ area

of the molecule at the binding interface, Aov. We calculate the loss of Ssolv
Mol,c upon adsorption

as a proportion of the intersecting volume between the adsorbate and the metallic slab.

Overall, we express gain of cavitation entropy as,

∆Saq
ads,c =

Aov

AM

Ssolv,3D
M,c +

Vint

VMol

Ssolv,3D
Mol,c (14)

where Aov is the cross sectional area of the overlap between the metal and the adsorbate at the

adsorption interface, AM the cross-sectional area of the metallic slab, Vint is the overlapping

volume of the metallic slab and adsorbate, and VMol is the van der Waals’ volume of the

molecule. All volumes are calculated using the van der Waals’ radii of Alvarez .46 For many

molecules, it is feasible to simply approximate Vint

VMol
≈ 0.5 if the species adsorbs horizontally,

but the surface area approach allows for the exploration of alternative binding modes.

Overall, this yields the following expression for the entropy of adsorption in the aqueous

phase.

∆Saq
ads = Svac,2D

Mol − (Ssolv,3D
Mol,r + Ssolv,3D

Mol,t ) + ∆Ssolv
ads,c (15)

where Ssolv,3D
Mol is separated out into translational and rotational components as the change
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in cavitation is separated into ∆Ssolv
ads,c.

3 Results and Discussion

3.1 Entropy of Adsorption from First Principles

Campbell’s Bond Additivity model treats the heats of adsorption of phenol to Pt(111) in

the aqueous environment with a simple bond breaking/bond formation approach.24 These

calculations were enabled by recent experimental data, describing the bond energy of the

Pt/H2O interface, and enthalpies of adsorption and solvation for the molecule.

Akinola et al. explored an analogous approach for ∆Saq
ads.

48 However, accuracy is limited

by the lack of measurements for the entropy of solvation of the Pt(111) surface (∆Ssolv).

Akinola et al.48 inferred the value of ∆Ssolv from the ice-like bilayer at the Pt/H2O inter-

face,49,50 thereby approximating the entropy of adsorption as the entropy change of transition

from liquid to the solid phase ie. the entropy of fusion (∆Sfus = 25.1 JK−1mol−1 51). We

approximate the number of water molecules released upon adsorption by multiplying the

cross-sectional area of the molecular binding interface (Aov of equation 14) by the number

of H2O molecules per Pt atom (0.7252). We validate this for phenol through an AIMD

simulation (SI S7), which predicts the displacement of 3.4 water molecules from the aque-

ous Pt(111) interface. This compares favourably to the surface area approximation which

calculates the loss of 3.7 water atoms from the surface (Table 1).

However, water retains a significant amount of mobility at the Pt/H2O interface at 298

K over a ps time scale,53 meaning surface waters are expected to be more disordered than

H2O(s). As such, this value of ∆Ssolv is interpreted as an upper bound. In contrast, the cav-

itation entropy calculated with either Scaled Particle Theory or the accentric factor method

(SI S3) approximate the solvation entropy by assuming the adsorbed water retains the mo-

bility of a solvation shell interacting with the solute via intermolecular forces (Equation

S43).18,54 However, relative to surfaces with weaker enthalpies of adhesion such as graphene,
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water at the Pt(111) surface is more hindered, as indicated by its lower translational and

rotational diffusion coefficients.53 As a result, we can infer that the cavitation entropy calcu-

lated through the accentric cavity method acts as an informed lower bound for the entropy

of solvation of the Pt atom. Establishing the above upper and lower bounds in this way

allows us to better understand the expected ranged of values for ∆Ssolv.

Table 1 shows that in all cases relative to the experimental data of ref.,26 the entropy of

cavitation approach predicts significantly lower ∆Sads,aq values than electrochemical data.

However, Akinola et al.48 propose two major potential sources of error associated the ex-

perimental data of Table 1. First is the use of the HCl electrolyte, where Cl− is known to

bind to the Pt surface.5,26,55 The co-adsorption of Cl− to the surface is known to disrupt the

packing and orientation of interfacial water, which introduces an error due to a dependence

of the adsorbate binding energies on pH and voltage.56,57 Secondly, the Van’t Hoff linear

regression covers a relatively small range of Keq values (Between 1-2 over a range of 283-403

K), meaning.48 The presence of these errors for ∆Sads,solv is supported by substantially lower

entropy values for studies performed with a weakly binding acetate buffer, which reduces

the error due to electrolyte. For the adsorption of phenol on the Pt(100), Rh(111) and

Rh(100) surfaces, the ∆Sads,aq for Pt(100) is predicted to be +59± 39 JK−1mol−1 relative

to +188 JK−1mol−1 of Bockris et al. for Pt(111).58 However, measurements with the ac-

etate buffer still predict a high entropy value for phenol on the Pt(111) facet, but with a

substantial error estimate (+174± 64JK−1mol−1). Further evidence shows that water on the

Pt(100) and Pt(111) facets have similar dynamics and adhesion strength,53 suggesting that

increased ordering of water on the does not rationalise the large entropy differences between

the two facets.

Nonetheless, the upper bound entropy calculated with the ice-like model closely agree

with the higher values of ∆Sads,solv measured with the HCl buffer across all molecules shown.

Deciding which model better physically reflects adsorption at the solvated Pt surface requires

more data measured with the acetate buffer. The large experimental errors associated with
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the with the Van’t Hoff approach for weakly adsorbing species adds further ambiguity. There-

fore, it cannot be discounted that this agreement between the upper bound and experimental

data of Bockris et al. is coincidental.

Values of ∆Sads,aq show a strong correlation with the size of the molecule, varying be-

tween +93 JK−1mol−1 for benzene to +198 JK−1mol−1 for naphtholic acid. Entropy gain

increases because of the greater number of desorbed waters from the metallic surface and

loss of co-ordinating waters from the cavity of the molecule. This trend is also reflected

in the experimental data. This correlation gives insight into the binding mechanism of the

butanol and valeric acid. When bound horizontally, the ∆Sads,aq of butanol/valeric acid

are 37/35 JK−1mol−1 higher than experimental values respectively. However, when bound

vertically to the surface via the oxygen atom, the trends observed for the other molecules is

re-established - the lower bound underestimates ∆Sads,aq and the upper bound closely agrees

with the experimental value. This contrasts to the binding mode of alcohol in the vac-

uum phase at low coverages, where weak physisorption between the Pt surface and aliphatic

chain leads to a horizontal adsorption.59 However, in the aqueous phase, the desorption of

water is enthalpically disfavoured due to the strong chemisorption of Pt-H2O compared to

physisorbed Pt-CHX. Therefore we propose the carbon chain remains orthogonal to the Pt

surface, in full interaction with the solvent phase. However, the lattice statistics model of

Bockris et al.58 which constructs the θ-Voltage curve of the Pt(111)/organic interface predicts

the converse. The discrepancy between the model presented in this study and the prediction

of Bockris et al. could arise from either an error within their model or an additional source

of entropy loss unaccounted for in our approach. With further experimental data, we believe

the model presented in this study has potential to provide geometric insights into the binding

of small organic molecules to the metallic surface with minimal computational cost.
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Table 1: Entropy of adsorption values in the gaseous and aqueous phase. Lower bound
(LB) calculcated by statistical mechanical arguments and accentric factor approximations
of the cavitation entropy. Upper bound (UB) calculated as the entropy of fusion for the
approximate number of H2O molecules displaced based on the intersecting surface area of
the metallic surface and adsorbate. All values stated in JK−1mol−1.

Molecule ∆Sg,ads ∆Saq,ads LB ∆Saq,ads UB ∆Saq,ads Expt.
26 # H2O Displaced

Benzaldehyde -152 117 174 - 4.4
Benzene -145 93 141 - 3.6

Benzoic Acid -152 122 175 191 4.1
Cyclohexanol -147 62 84 - 1.7

Furfural -151 88 133 - 3.5
H2 -45 28 37 - 0.7

Naphtholic Acid -157 198 271 254 5.5
Naphthol -153 180 254 244 5.7
Phenol -148 64 151 188 4.1
Butanol -131 109 151 59 3.2

Valeric Acid -135 131 180 81 3.7
Butanol - Vertical -131 49 68 59 1.5

Valeric Acid - Vertical -135 66 90 81 1.8

3.2 parameterising the Implicit Solvent of Solvation for Pt

Implicit solvent models are a powerful tool for obtaining ∆Gsolv data at low computational

cost. However, reactions at the metallic surface are physically distinct from the systems

typically used to parameterise the solvent model. In order to demonstrate the necessity

of reparameterising these models, we compared the values of ∆Gsolv
ads obtained with a soft

sphere cavity model (parameterised to give accurate value of ∆Gsolv per atom of the Pt(111)

surface) to the commonly used charge based cavity model of VASPsol.

Parameterisation of the implicit solvent model follows the method of our previous publi-

cation,14 where the cavity radius of Pt atoms for a four layer, (7x6) Pt(111) facet are varied

through a range of scale factors (f) from the default cavity radius of 2.29 Å.46 By perform-

ing a third order polynomial fit, we obtain a value matching the experimental ∆Gsolv of a

single Pt atom at the surface. However, as there is no direct measurement of ∆Gsolv, for the

Pt(111) suerface we must approximate this value as a sum of measurements of ∆Hsolv and

T∆Ssolv.
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∆Hsolv,P t was calculated as the difference between the bond energy of the solid Pt(111)/water

interface (Eadh,P t/H2O(s)
) and the surface energy of solid water (γH2O(s)

, renormalised to the

surface area of a single Pt site), which accounts for the heat released by water upon re-entry

into the bulk.

∆Hsolv,P t = Eadh,P t/H2O(s)
− γH2O(s)

(16)

As shown by Singh et al.,24 Eadh,P t/H2O can be taken as the Pt-H2O bond energy, where it

is assumed Eadh,P t/H2O(s)
= Eadh,P t/H2O(l)

. Eadh,P t/H2O is taken as 0.32 Jm−2 16 and γH2O(s)
as

0.102 Jm−2, from which we obtain the change of bonding energy per unit area. Assuming a

single Pt atom occupies 7.68 Å2 (from a lattice constant of 3.92 Å), it can be approximated

that Eadh,P t/H2O(s)
= 14.81 kJ mol−1 and the equivalent γH2O(s)

per mol of Pt is 5.04 kJ mol−1.

Overall, this yields ∆Hsolv,P t = −9.76 kJ mol−1 per Pt atom.

∆Ssolv for the Pt(111) surface has not yet been measured experimentally. As discussed in

Section 3.1, there are arguments for using either the upper bound entropy values calculated

with the entropy of fusion (∆Sfus ie. The entropy of transition from the liquid to solid

phase) or the entropic lower bound, where the accentric factor model approximates the

entropy of cavitation. For each model, the entropy value for the upper bound is ∆Ssolv =

−5.41 kJmol−1 and the lower bound is ∆Ssolv = −2.58 kJmol−1 per surface Pt(111) atom.

Overall, this yields ∆Gsolv values of −4.35 kJmol−1 and −7.18 kJmol−1 for a single Pt

molecule upper and lower entropy bounds respectively, which we then used to parameterise

the implicit solvent model (Figure 2). Performing a third order polynomial fit for the values of

∆Gsolv gives optimal values of f = 0.904 (lower bound entropy) and f = 0.936 (upper bound

entropy). Table 2 shows the values of ∆Gaq
ads obtained with the two fitted values of ∆Gsolv

for a range of adsorbates. As previously discussed, the charge based model parameterised

to capture the ∆Gsolv of molecules composed of light elements is ill-suited to capture the

∆Gsolv of heavy/metallic atoms.14 In the case of adsorption free energies, ∆Gaq
ads increases
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Figure 2: The change of ∆Gsolv per Pt atom with respect to the scale factor of the default
vdW radius of rvdw = 2.29 Å of the (111) facet for a 4 layer (7×6) supercell.

or decreases very slightly relative to ∆Gvac
ads as a consequence of the cavity function creating

an oversized dielectric cavity for the Pt atom. This means the negative ∆Gpol
solv contribution

is small relative to the positive ∆Gnpol
solv , leading to an erroneous increase in the aqueous

adsorption free energy relative to the vacuum phase.

At the selected coverage (θ ≈ 0.15 for all aromatic species, θ = 0.05 for hydrogen and

θ = 0.09 furfural and cyclohexanol) the correct qualitative trend of decreasing ∆Gaq
ads com-

pared to ∆Gvac
ads is observed using the reparameterised soft sphere model. However, without

considering coverage effects, adsorbate orientation or using the correct definition of the dif-

ferential energy changes in solvent, there are large errors with respect to experiment. This is

addressed in Section 3.3. We will briefly discuss other possible factors contributing to errors.

Firstly, each molecule is adsorbed to their most stable adsorption site, when the overall ad-

sorption energy is closer to an average of several, weaker adsorption sites.6 This leads to an

overestimation for ∆Gvac
ads of approximately 12 kJ mol−1 for phenol.6 Secondly, the optB88-

vdW functional is known to overbind phenol molecules to the Pt(111) by approximately

11 kJ mol−1 at zero coverage.22,60 Assuming both effects are at play in the implicit solvent

calculation, this leads to an approximate overestimation of ∼ 20 kJmol−1. Furthermore, we
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note that the definition of entropy is an approximation based on the 2D ideal gas model.

This assumes that the adsorbate is at temperatures sufficiently high enough to achieve bar-

rierless diffusion across the metallic surface. Although the 2D ideal gas formulation appears

to hold at temperatures of 150 K for simple alcohols and alkanes, the strong binding between

Pt(111) and aromatic molecules may further impede translational motion. Additionally, we

approximate that the entropy of adsorption is equivalent in vacuum and solvent, where the

changes entropy due to restrictions of movement in solvent are accounted for solely through

the implicit solvent model. In theory, a portion of this entropy contributed should be ac-

counted for by the use of well parameterised implicit solvation model, but as an untested

approximation, this must still be considered as a source of error.

Under the definition of integral ∆Gaq
ads at low coverages, discrepencies of up to 100 kJ mol−1

occur for the molecules under study. However, across all experimental data shown in Table

2, ∆Gaq
ads becomes more exothermic relative to ∆Gvac

ads. We have shown that by reparame-

terising the cavity of the Pt atom while maintaining the optimized cavity parameters of the

organic adsorbate, the implicit solvent model correctly replicates this trend, but further fac-

tors such as coverage, orientation and the definition of ∆Gaq
ads must be considered to achieve

meaningful experimental comparisons.

Table 2: The integrated ∆Gaq
ads values for the soft sphere model, with individually param-

eterised cavity radius compared to the charge density based cavity model of VASPsol and
experimental values of ∆Gaq

ads. All values in kJ mol−1.

Molecule ∆Gint,vac
ads ∆Gint,aq

ads ∆Gint,aq
ads ∆Gint,aq

ads ∆Gdiff,aq
ads

(ONETEP) (Lower Bound) (Upper Bound) (VASPsol) (Expt.)
Phenol -195 -135 -153 -195 -95

Furfural -165 -107 -122 -146 -26.15

Cyclohexanol -65 -15 -39 -84 -175

Hydrogen -40 -31 -31 -65 +2.672

Benzaldehyde -203 -143 -162 -162 -30.55

Benzene -184 -141 -157 -201 -
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3.3 Coverage Effects

Using increasing coverages by varing the cell size and number of adsorbates, we investigated

the change in adsorption free energy in solvent. The geometries at each coverage are shown

in SI S4.

Table 3: Linear fits to the Temkin isotherm of adsorbed to the Pt(111) surface according to
∆Gint

ads,θ = −∆Gint
ads,θ=0 + bθ. All values in kJmol−1

Adsorbate ∆Gint,vac
ads,θ=0 b (Vacuum) ∆Gint,vac

ads,θ=1 ∆Gint,solv
ads,θ=0 b (Solvent) ∆Gint,solv

ads,θ=1

Hydrogen Atom -26 16 -20 -29 12 -16
Phenol -167 34 -133 -111 13 -98

Furfural (Flat) -159 36 -123 -125 16 -109
Cyclohexanol (Vertical) -26 -14 -40 +26.5 -69 -43

Table 4: The predicted ∆Gdiff
ads,θ in vacuum in solvent compared to existing experimental

data. Calculated for θ = 1. Implicit solvent values shown for the lower bound entropy
estimate. All values in kJmol−1.

Adsorbate ∆Gdiff,vac
ads,θ=1 ∆Gdiff,vac

ads,θ (Expt.) ∆Gdiff,solv
ads,θ=1 ∆Gdiff,solv

ads,θ (Expt.)

Hydrogen Atom -5 -24a/-17b -5 -20a/-15b

Phenol -98 - -86 -923

Furfural -88 - -92 -265

Cyclohexanol -54 - -112 -1723

a Ab initio MD.2 b Van’t-Hoff.2

The dissociation of H2 in the vacuum phase (∆Gdiff,vac
ads,θ=1 ) compares favourably with results

obtained from experiment, but underestimates the overall free energy change by 10 kJmol−1

(Table 4). To meaningfully compare our results with experiment, we note the values of Yang

et al.61 were measured relative to the gaseous reference state of H2, whereas our results

measure adsorption according to the reaction from state B to D of Scheme 1. To align the

experimental values to the solvated H2 reference state, we subtract the entropy of solvation

for molecular hydrogen from the experimental and ab initio MD values (∆Ssolv(
1
2
H2) =

−55 JK−1mol−1 62).

In experiment, the overall free energy change of adsorption in the aqueous phase is

5 kJ mol−1 lower than vacuum. This is reflected in the implicit solvent results, where
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∆Gint,solv
ads,θ relative to ∆Gint,vac

ads,θ decreases by 5 kJmol−1 for the upper bound of Pt(111) sol-

vation entropy and 9 kJmol−1 for the lower bound. Because b is larger in vacuum than in

solvent (Table 3), ∆Gdiff,solv
ads,θ=1 are very close in value despite ∆Gint,solv

ads,θ values being consis-

tently lower than ∆Gint,vac
ads,θ . Given these small observed changes in ∆Gint,solv

ads,θ , we propose

the unfavourable dissociation of hydrogen on Pt(111) is largely driven by the insolubility

of H2 in water. AIMD techniques further support this, showing that the presence of sol-

vent had only a minor influence on the energetics of the Pt-H bond (∼ −2 kJmol−1 63).

However, we note the diffusion coefficients of adsorbed H on the Pt(111) surface are lower

in the aqueous phase (Dxy = 7 × 10−5cm2s−1 vs. Dxy = 33 × 10−5cm2s−1), leading to a

further reduction of entropy upon adsorption.2 This is also accompanied by a larger de-

crease of the diffusion coefficient for H2 in the first aqueous layer compared to the gas phase

(Dxy = 361× 10−5cm2s−1 vs. Dxy = 11× 10−5cm2s−1), which suggests the majority of en-

tropy loss for H2 results from solvation. This rationalises the large pressures required to

obtain partial coverages (10 atm yields θ ≈ 0.2) in contrast to adsorption in the gas phase,

where saturation coverage of H on Pt(111) is achieved with 0.1atm. However, without

knowing the entropy of solvation of H2 within the experimental conditions of Yang et al.,2

quantitative analysis is limited.

Across the range of coverages shown, ∆Gint,vac
ads,θ for phenol decreases linearly with increas-

ing coverage. This agrees with literature predictions for the Temkin isotherm, where b = 70

for ab initio calculations of Chaudhary et al at the bridge sites6 and b = 60 for gas phase

calorimetry4 measured using ∆H int,vac
ads,θ .

As predicted in experiment, ∆Gint,solv
ads,θ is weaker than ∆Gint,vac

ads,θ , leading to a reduction

in the adsorption free energy of approximately 40 kJmol−1. Furthermore, the negative cor-

relation of adsorption free energies with respect to θ is weaker in solvent (b = 35 in solvent,

b = 72 in vacuum), which is reflected in experiment where b = 523 and b = 724 for solvent

and vacuum respectively. In implicit solvent, this is rationalised by the screening of repulsive

interactions between the adsorbates.64 However, we note that the value of b obtained with
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the implicit solvent method is significantly larger than experimental values. This observation

can be justified in one of two ways. Given the agreement of the fitted value of b in vacuum

with previous ab initio and experimental studies, the dielectric continuum may only partially

screen the repulsive intermolecular forces. We explore this possibility for a simple π-stacking

interaction in the SI (S8) and find the effect of long range interactions over the range covered

is small, but these effects may be sizable for greater numbers of adsorbates. Secondly, the

presented geometries may not be an accurate atomistic representation of phenol adsorption

with increasing coverage. For example, orientation of phenol at the Pt(111) interface may

change in solvent from a horizontal to a vertical configuration. Furthermore, local high cov-

erages have been theorised at the Pt(111) interface,24 meaning ∆Gint,solv
ads,θ would show little

variation with higher concentrations of adsorbate and the energetics would be dominated by

∆Gint,solv
ads,θ=1. In what follows, We shall explore the former possibility in more detail.

With the presented value of b in solvent, we obtain a value of ∆Gdiff,solv
ads,θ=1 = 98 kJmol−1,

which is significantly higher than the experimentally predicted value of ∆Gdiff,solv
ads,θ=0.5 = 9 kJmol−1.

Taking the model presented prima facie, this suggests the horizontal binding mode of phe-

nol incorrectly represents the adsorption of phenol in solvent. This is supported by ab

initio MD simulation with explicit water, where the horizontal adsorption of phenol yields

∆Gdiff,solv
ads,θ=0.4 = −151kJmol−1 compared to ∆Gdiff,vac

ads,θ=0.4 = −172kJmol−1.65 This is further

confirmed by classical MD simulations performed alongside our ab initio implicit solvent

simulations, where ∆Gint
ads,θ=0.15 = −128 kJmol−1 (See SI S6). We will explore this for fur-

fural, where the perpendicular binding mode leads to better qualitative agreement with

experimental ∆Gdiff,solv
ads,θ=1 .

For furfural, the first four coverage simulation are performed with the horizontal geom-

etry and the saturation coverage calculation is performed with a perpendicular geometry

(Figure 5]). Similar to phenol, we observe a large overestimation of ∆Gdiff,solv
ads,θ=1 compared

to experiment, and a significantly weaker value of b caused by dielectric screening. For the

horizontal geometry, θ = 0.75 is the saturation coverage, but full coverage of θ = 1.0 nor-
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malised to θsat = 0.25 can be achieved using a vertical geometry, where the aromatic ring is

tilted from the Pt(111) surface.

a)

c)

b)

d)

Figure 5: Geometries of furfural on the Pt(111) facet. a) and c) represent the bird’s eye
view of θ = 1.0 vertical orientation and θ = 0.75 horizontal orientations coverages. b) and
c) show the same geometries viewed from the side.

At the saturation coverage, ∆Gint,solv
ads,θ=1 = −38 kJmol−1, which more closely aligns to the

experimental value of ∆Gint,solv
ads,θ=1 = −26 kJmol−1, where the variation of ∆Gint,solv

ads,θ=1 with cov-

erage is close to 0. Although we achieve better agreement with experiment using the vertical

geometry, we must consider why the thermodynamically favoured horizontal configurations

may not occur in electrochemical conditions. It is known the orientation of adsorbates are

sensitive to a variety of conditions, such as adsorbate concentration,66 voltage67 and the

species of electrolyte.68 Simulations which emulate the latter two properties are possible

within the implicit solvent model of ONETEP,69,70 but are beyond the scope of this study.

As we simulate adsorption for an uncharged slab (ie. at the potential of zero charge) in the

absence of electrolyte, the horizontal geometry may be erroneously energetically favoured.

This may further justify the discrepencies observed for phenol, where the vertical geometry

may further improve agreement with experiment.
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When we consider cyclohexanol, the ∆Gint,vac
ads,θ in the vertical orientation increases with

coverage, in contrast to hydrogen and horizontal phenol/furfural. Confirmation of this ob-

servation requires calorimetric data of cyclohexanol across a range of coverages.

Compared to phenol and hydrogen, the computed value of ∆Gint,solv
ads,θ for cyclohexanol

is significantly smaller than ∆Gint,vac
ads,θ at low coverages. Especially in the lower bound en-

tropy, adsorption in solvent is predicted to be endothermic. These effects result from the

relatively weak binding of cyclohexanol to Pt (which is observed in vacuum), combined with

the energetically unfavourable desolvation of the Pt surface and -OH fragments. These ob-

servations are in line with experimental findings, where cyclohexanol across the measured

concentration range (10−6 − 10−3M) fails to achieve saturation coverage, in contrast to other

measured organic molecules.23 The higher value of ∆Gint,solv
ads,θ=1 suggests that cyclohexanol is

stable on the Pt surface at high local coverages, as is theorised for phenol adsorption in the

aqueous phase.24 This is rationalised by both the apparent attractive interactions between

the cyclohexanol fragments and the exclusion of the dielectric cavity surface area, which

models the favourable desolvation of the hydrophobic alkane fragment.

The large value of b = −69 for the adsorption of cyclohexanol in solvent compared to

vacuum b = −14 is driven by the exclusion of the cavity surface area of the adsorbate at

higher coverages. In the vertical binding mode, desolvation of the fragment exposed to

the dielectric only occurs when adsorbates are within proximity of one another. At small

distances, their dielectric cavities merge and the surface accessible surface area decreases,

meaning ∆Gint,solv
ads,θ becomes more exothermic.

In the limit of high local coverages, the Temkin isotherm model measured across the range

of coverages shown here becomes a less useful comparison to experiment. This is because

in spite of increasing the number of sites occupied with larger concentrations in experiment,

the measured adsorption value of ∆Gint,solv
ads,θ reflects that of the higher coverage values. As

a result, the energetics of adsorption lead to ∆Gdiff,solv
ads,θ ≈ ∆Gint,solv

ads,θ . We note that by

following this rationale, we acquire semi-quantative agreement with experiment, where the
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calculated value of ∆Gint,solv
ads,θ = −43 kJmol−1 compares favourably with the experimental

value of ∆Gdiff,solv
ads,θ − 17 kJmol−1.

However, an unexpected result at saturation coverage is the more exothermic value

of ∆Gint,solv
ads,θ relative to ∆Gint,vac

ads,θ . We note that the variation of ∆Gint,solv
ads,θ for coverages

θ = 0.25 − 1.0 in vacuum is measured for the vertical geometry, which is known bind less

strongly than the in vacuum. Performing a vacuum calculation at θ = 0.25, we find that

∆Gint,solv
ads,θ=0.25 = −58/ − 32 kJmol−1 for the horizontal/vertical geometries respectively for

cyclohexanols. Therefore we would expect adsorption in the solvent phase to be disfavoured

relative to vacuum for all molecules.

Here we have shown, provided the correct definition of ∆Gsolv
ads,θ is used, on can obtain

reasonable values for the free energy of adsorption in the aqueous phase. The errors shown are

on a scale of 10−30 kJmol−1, which contrasts with charge density based models where errors

can increase up to 100 kJmol−1 as demonstrated in Table 2. The statistical thermodynamic

approximations of adsorption19 and solvation18 entropies, combined with the flexibility of

the soft sphere10 allow for the design of an inexpensive computational model, which can

semi-quantitively capture the energetics of the adsorption process at an atomistic level.

4 Conclusions

In this work, we have shown that inexpensive implicit solvent models can reproduce exper-

imental adsorption free energies for small organic molecules in solvent. parameterisation

requires separate dielectric cavity definitions for the metallic surface, achieved through the

soft sphere model.10 In contrast, isocontour charge density based cavity models are unsuit-

able for this purpose. Furthermore, we have shown in the absence of direct experimental

measurements of ∆Gsolv for the surface, approximations of ∆Hsolv and ∆Ssolv yield semi-

quantitative results for the overall ∆Gsolv. We find simple approximations based on either

the ice-like bilayer model48 or the accentric cavity model 18 provide a reasonable upper and

27



bound for ∆Ssolv. However, a greater body of experimental data is required to validate which

bound better describes the entropy of solvation for the surface. In this case, the difference

between the upper and lower bound in the calculation of ∆Gsolv
ads is small (∼ 10 kJmol−1),

but this error necessarily increases with temperature and the surface area of the adsorbate.

In the absence of experimental data, we predict ∆Hsolv can be reasonably calculated through

ab initio values of ∆Hads of water to the chosen interface and the water surface energy.16,24

If this is unavailable, we have shown that the parameterising against the change of work

function in solvent may act as a reasonable guess for ∆Gsolv.
14 As such, these methods can

be easily extended to other metallic surfaces provided the above quantities are known.

In addition, we have emphasised the importance of correctly accounting for coverage

effects when comparing to experimental data. We also present the utility of the entropy

approximation and overall values of ∆Gsolv
ads in predicting structural information for the

Pt(111)/Adsorbate interface in water. Commonly in the literature, it is assumed that oxy-

genated aromatics adsorb horizontally to the Pt(111) surface in the aqueous phase much like

in the vacuum phase. We propose that a far more likely, as shown by the results here and

previous ab initio MD studies65 that compounds such as phenol and furfural adsorb hori-

zontally to the Pt(111) surface under electrochemical conditions. Our findings also support

the presence of high local coverages of the adsorbates at the aqueous Pt(111) interface,24 as

shown by the relatively high values of ∆Gsolv
ads predicted at saturation coverage for cyclohex-

anol. However, we note that a lack of atomistic understanding of adsorption in the aqueous

phase makes facile comparison with experiment difficult. In an area where experimental

data is limited and difficult to measure, the proposed techniques provide an inexpensive

toolset for validation and prediction of ∆Gsolv
ads and ∆Ssolv

ads on solvated metallic surfaces.

However, more statistically significant validation requires more empirical measurements for

the aqueous entropy/free energy of adsorption.
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