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Current models to understand the reactivity of metal/aqueous interfaces in electrochemistry, e.g. volcano
plots, are based on the adsorption free energies of reactants and products, which are often small hydrophobic
molecules (such as in CO2 and N2 reduction).calculations, played a major role in the quantification and
comprehension of these free energies in terms of the interactions that the reactive species form with the
surface. However, also solvation free energies come into play in two ways: (i) by modulating the adsorption
free energy together with solute-surface interactions, as the solute has to penetrate the water adlayer in
contact with the surface and get partially desolvated (which costs free energy); (ii) by regulating transport
across the interface, i.e. the free energy profile from the bulk to the interface, which is strongly non-monotonic
due to the unique nature of metal/aqueous interfaces. Here, we use constant potential Molecular Dynamics
to study the solvation contributions and we uncover huge effects of the shape and orientation (on top of the
already known size effect) of small hydrophobic and amphiphilicsolutes on their adsorption free energy. We
propose a minimal theoretical model, the S.O.S. model, that accounts for size, orientation and shape effects.
These novel aspects are rationalized by recasting the concepts at the base of the Lum-Chandler-Weeks theory
of hydrophobic solvation (for small solutes in the so-called volume-dominated regime)into a layer-by-layer
form, where the properties of each interfacial region close to the metal are explicitly taken into account.

I. INTRODUCTION

Chemistry at electrified solid/liquid interfaces strongly
depends on the way reactive species are adsorbed and
solvated at the interface.1–11 First, adsorption of re-
actants and desorption of products are the initial and
last step of any electrocatalytic process, which regulate
the transport of matter across the interface and are
often rate-determining. Second, adsorption energy of
reactants and products are used as descriptors in volcano
analyses to assess the catalytic efficiency of a surface.

Adsorption free energies are commonly evaluated
with the help of theory, by means of static calculations
at the Density Functional Theory (DFT) level, which
greatly advanced the field of electrocatalysis and even
inspired in-silico design of electrode materials in some
cases.5–9,11–13 These calculations are performed either
excluding the solvent molecules or treating them with
implicit models, thus not taking into account the
specific solvation properties of the interface. However, a
growing number of experimental and theoretical studies
highlighted that solvation properties at the interface
play a major role in shaping the adsorption free energies,
as well as in regulating the transport of reactive species
across the whole interfacial region.1–3,14–22 From a
theoretical point of view, some of the solvation effects
can be studied with the help of molecular dynamics
(MD) simulations.23–33 Taking the case of electrified
metal/aqueous interfaces, recent works have shown
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that the peculiar organization of water molecules at
the interface gives rise to solvation and adsorption
behaviors that cannot be captured by existing solvation
theories (generally developed for bulk systems), neither
by implicit solvation models that are currently used in
DFT calculations.15,22,34 For example, we have recently
shown that hydrophobic solvation at these interfaces
follows different rules than in the bulk:15,18 an additional
free energy term must be considered, which accounts for
the specific molecular arrangement of the interface, and
which e.g. strongly modulates the size-dependence of
hydrophobic solvation close to the electrode. However,
if on the one side, tuning the interfacial solvation
contribution opened interesting perspective for reg-
ulating electrochemical processes, on the other side,
we currently lack the knowledge to exploit these avenues.

In the present work, we tackle this problem by study-
ing the solvation contribution on a Au(100)/water inter-
face with the aid of constant potential classical MD. We
focus on the solvation of hydrophobic and amphiphilic
molecules that are particularly relevant for electrocat-
alytic processes at metal/aqueous interfaces, such as
for CO2 reduction and alcohol oxidation. For such
molecules, the solvation free energy (∆µv) is dominated
by the process of cavity formation (that must be care-
fully described in order for implicit solvation and micro-
solvation approaches to meaningfully reproduce the sol-
vation behavior).The free energy of cavity formation de-
pends on the probability that a cavity of the right size to
host the solute is spontaneously formed in the liquid via
fluctuations of the water density (Pv(0)):35–39

Pv(0) = e−β∆µv (1)

where v is the volume of the cavity formed by the
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molecule in water and β = 1/kBTWhile until now the
size dependence has been regarded in hydrophobic sol-
vation theories/modelsas the most relevant effect on the
free energy of cavity formation (with few exceptions40,41),
we uncover here shape and orientation effects that exceed
size-effects by order of magnitude. We show that this is
due to how water density fluctuations evolve across the
distinct water layers formed in contact with the metal,
and we propose a minimal theoretical model, the S.O.S.
model, that accounts for the effects of size, orientation
and shape of small solutes. These novel aspects call for
re-evaluating our understanding of interfacial solvation,
and have interesting implications for electrocatalysis.

II. RESULTS AND DISCUSSIONS

A. Some background on interfacial structure and solvation

The molecular organization of metal/water interfaces
has been investigated in a number of previous works
(e.g. Refs. 15,19,34,42–47), and is illustrated in Fig. 1
for an Au(100)/water interface. The strong binding of
water molecules to the metal leads to the formation of a
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FIG. 1. The Au(100)/water interface. A) Water density
profile in the direction perpendicular to the surface, as ob-
tained from constant potential classical MD simulations. B)
MD snapshot highlighting the 3 interfacial regions (I1, I2 and
I3) formed close to the electrode, with I2 being a hydropho-
bic water-water interface. The black curve represents the free
energy profile to bring an ideal spherical hydrophobe (i.e a
cavity of r= 2.5 Å) from the bulk to the surface. The gray
sphere at z − r = 0 Å shows the cavity in its more stable
position within the I2 region.

hydrophilic interface (I1) between the metal and the wa-
ter adlayer on top of it. The adlayer has a very ordered
structure, maximizing both water-metal interactions and
water-water H-Bonds. However, it retains only few spots
for H-bonding with the adjacent water layer, behaving
as if it were a hydrophobic surface. This leads to the
formation of a second interfacial region (I2) between
the two water layers, exhibiting some features typical of
hydrophobic environments, e.g. enhanced fluctuations of
the water density15,34 and a spectroscopic feature in the
THz range.16,48 A third interfacial region (I3), similar to
the topmost water layer in contact with a hydrophobic
surface, is observed before reaching a bulk-like structure.
Therefore, metal/water interfaces can be regarded as
composed of several interfaces in series.

This layering influences the free energy profile to
adsorb hydrophobic/amphiphilic solutes (Fig. 1B),
which is non-monotonic as it depends on how water
density fluctuations evolve across I1-I315 (see eq. 1 and
method section). In the following, we will show that
such layering and the associated abrupt changes in
density fluctuations are responsible for atypical effects
of shape and orientation on the solvation at the interface.

B. Shape and orientation effects

We start our investigation by performing a simple
theoretical experiment. We compute (see methods)
the adsorption free energy for bringing three idealized
solutes (i.e. cavities) of different shape or orientation
but same volume from the bulk to their most stable
location at the Au(100)/water interface (which is right
after the I1 region for all solutes, see Fig. 2A for a
sketch). As illustrated in the figure, for the shape we
consider spheres and bricks, while for the orientation
H-bricks and V-bricks, which longest edge is either
parallel or perpendicular to the surface. The difference
in shape and orientation modifies how the solute cavity
is distributed among the interfacial layers. We then
repeat the same experiment for different sizes, ranging
from an equivalent radius (r) of 2.0 Å to 3.5 Å. For the
bricks, the volume is increased by elongating the longest
edge. This, for example, means that when increasing
the volume H-bricks will remain mostly within the I2
region, while V-bricks will protrude into I3 and then into
the subsequent bulk region. Cavities in this size-range
are typically formed by small organic molecules such as
CO, CO2, CH4, CH3OH, as previously confirmed in e.g.
ref. 15. The bricks, in particular, can be thought as an
idealized approximation of linear molecules such as CO2.
The computed adsorption free energy values are plotted
in Fig. 2B as difference with respect to the value in the
bulk, δµv(z∗), normalized by r2 (in units of kBT , with
β = 1/kBT ). A negative δµv(z∗) means a more stable
solvation at the interface than in the bulk, i.e. favorable
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FIG. 2. The atypically large shape and orientation effects at metal/water interfaces and the S.O.S. model.
A) Illustration of a theoretical experiment performed on three ideal hydrophobes (i.e cavities) of same volume but different
shape/orientation: spheres (red), V-bricks (orange) and H-bricks (dark yellow), where H/V-bricks are horizontally and vertically
lying cuboids.The shape/orientation changes the way the cavities spread among the interfacial I1-3 regions (highlighted in
different blue shades). B) Adsorption free energy values obtained from the MD simulation for the three cavities as a function
of increasing volume (i.e. increasing equivalent radius, r). The free energies, as a function of r, are reported as differences with
respect to bulk, (δµv(z∗), in units of kBT , with β = 1/kBT ) and normalized by r2. As discussed in the text, comparison of the
three sets of δµv(z∗) reveals that shape and orientation dramatically change the solvation free energy at the interface, as well
as its size dependence. The continued lines are the δµv(z∗) values predicted with the S.O.S. model.

adsorption, while a positive value means that adsorption
is disfavored.

The most evident result is that changing the shape
and/or orientation induces large variations in the ad-
sorption free energies, much larger by up to an order of
magnitude than a change in the volume. For example,
for a V-brick of 3.5 Å of equivalent radius, decreasing the
volume to 2.5 Å radius reduces βδµv(z*)/r2 by ∼ 0.04
kBT/Å2, while changing its orientation to H-brick by
∼ 0.3 kBT/Å2. Moreover, depending on the shape and
orientation, the size-dependence (i.e. volume changes)
of δµv(z*) is different: increasing size disfavors solvation
at the interface most in the case of spheres, less for
V-bricks, while it even becomes favorable (i.e. δµv(z*)
decreases with r) for H-bricks. These peculiar behaviors
have never been reported for solvation in the bulk, nor
for other interfaces. For example, in bulk systems shape
effects were found insignificant for small cavities, while
orientation effects do not exist due to the isotropic
environment.40 They are observed at metal/water
interfaces due to the presence of three interfacial regions
(I1-I3), with different properties, in series.

C. The S.O.S. model

To rationalize hydrophobic solvation at metal/water
interfaces and take into account shape, orientation and
size effects, we propose a minimal theoretical model, the
S.O.S. model. This model adopts a different point of
view with respect to existing solvation theories: it is not
the cavity volume, but the way the solute cavity is dis-
tributed among the interfacial layers that matters at the
interface. We introduce this idea into eq. 2 by decompos-
ing the free energy of cavity formation into partial free
energy terms (δµ∗VI

(z)), each of them corresponding to
the process to form a portion of the cavity in one specific
layer (I1 to I3):

δµv(z) =

3∑
I=1

δµ∗I(z) (2)

The δµ∗VI
(z) terms depend on the statistics of density

fluctuations within each layer (in analogy with eq. 1) and
on how much of the cavity volume is inscribed in that
layer according to:

βδµ∗I = −VI(ln
P IV (0)

P bulkV (0)
)V→0 (3)

where VI is the portion of the cavity that extends into the

I-th layer, while (ln
P I

V (0)

P bulk
V (0)

)V→0 is the logarithm of the

probability to form an empty volume in that layer divided
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FIG. 3. From ideal solutes to molecules relevant for electrocatalysis: orientation effects on the adsorption of a
CO molecule at the Au(100)/water interface. The MD snapshot of the interface highlights the three interfacial regions
(I1-3), as well as the preferential orientation of CO in each region. The black curve is the adsorption free energy profile of CO,
previously computed with the umbrella sampling technique,15while the cyan curve is the profile obtained for the CO cavity
with the S.O.S. model (see methods for details). The bar plots show the distribution of the cosine of the angle formed between
the CO bond vector and the normal to the surface in each region. Cos θ = 0 corresponds to a CO molecule parallel to the
surface, while cos θ = 1 to a CO molecule perpendicular to the surface.

by the value in the bulk, per unitary volume (therefore
it has the units of an inverse volume). The hypothesis
at the heart of the S.O.S. model is that, even though the
cavity formation process at the interface is spatially inho-
mogeneous, it can be approximated as a weighted sum of
partial cavity formation processes within each interfacial
region (I1-I3), which are spatially homogeneous.

The (ln
P I

V (0)

P bulk
V (0)

)V→0 ratios for the interfacial region

I2 and I3 have been quantified in this work by fitting
the free energy curves of Fig. 2B with eqs. 2-3. We

determined −(ln
P 2

V (0)

P bulk
V (0)

)V→0 = −18.1 nm−3 for I2 and

−(ln
P 3

V (0)

P bulk
V (0)

)V→0 = 16.8 nm−3 for I3, i.e. cavity forma-

tion is favorable in I2 with respect to bulk, while it is
unfavorable in I3. The results from the S.O.S. model are
presented as continued line in Fig. 2B. The model nicely
reproduces the solvation free energy variations as a func-
tion of shape, orientation and size. In the case of the I2

region, we further confirmed that −(ln
P I

V (0)

P bulk
V (0)

)V→0 is a

constant value for a set of other 15 solutes (on top of the
ones analysed in fig.2) of cylindrical and orthorhombic

shape, for which we obtained −(ln
P 2

V (0)

P bulk
V (0)

)V→0 = −18.1

± 1.9 nm−3. We checked that the same value is obtained

if −(ln
P 2

V (0)

P bulk
V (0)

)V→0 is determined by the probability to

form cavities of decreasing volumes (all inscribed within
in the I2 region), divided by the cavity volume. We also
carefully checked in a previous study15 that the linear
scaling between solvation free energy and cavity volume
is preserved at the interface at least until a cavity radius
of ∼4 Å. This size range covers the cavities formed by
the reactive species involved in important electrocat-
alytic reactions, such as CO2 reduction (including C2
products), N2 reduction, small alcohols oxydation and
water splitting. Therefore, the present S.O.S. model is
relevant to a wide range of electrochemically interesting
solutes.

Once validated, the S.O.S. model allows a straight-
forward rationalization of the shape and orientation ef-
fects. H-bricks have the lowest solvation free energy at
the metal/water interface because their most stable lo-
cation corresponds to being mostly solvated within the
hydrophobic water-water interface (I2). Here, density
fluctuations are maximized and the free energy of cav-
ity formation is consequently minimized. Increasing the

   
    

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t. 

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I:

10
.10

63
/5.

01
86

92
5



5

size of H-bricks corresponds to increase the cavity volume
formed within I2, making the adsorption at the interface
more and more favorable. Instead, increasing the size for
spheres and V-bricks requires forming an empty volume
not only within I2, but also within I3, where creating a
cavity costs more than in the bulk. Therefore, the ad-
sorption is most favorable for small cavities because they
are inscribed within I2, while it becomes less favorable
with increasing size. In particular, for the spheres, it even
becomes unfavorable for r ∼ 3.0 Å, because increasing
the radius of the sphere makes the partial cavity-volume
in I3 larger than that in I2. For the V-bricks the free
energy reaches saturation because elongating the longest
edge from an equivalent radius of 2.0 Å to 3.0 Å requires
forming all the additional empty volume in I3. However,
increasing beyond r = 3.0 Å, the additional empty vol-
ume is formed in the bulk-like region (beyond I3), while
the partial volumes in I2 and I3 do not change anymore.

D. Implications for electrocatalysis: orientation and shape
matter

In the following, we switch from idealized solutes (i.e.
cavities) to realistic molecules in order to test the impact
of the observed effects on solutes that are of practical in-
terest for electrocatalysis. We focus, as an example, on
how the orientation changes during the adsorption of a
CO molecule. This is expected to exhibit the behavior
of H/V-bricks. The adsorption free energy profile for the
CO molecule was previously computed with the umbrella
sampling technique and is reported in Fig. 3 together
with a MD snapshot illustrating the preferential orienta-
tion of CO when it travels across the distinct interfacial
regions. We also computed the adsorption free energy
profile for the CO cavity with the S.O.S. model, as re-
ported in cyan in the figure. For the model, the size of the
CO cavity was estimated in a previous work,15 while we
determined the preferred orientation from the CO orien-
tation distribution in each interfacial region, as obtained
from the umbrella sampling simulations (vide infra). The
good agreement between the two profiles provides a fur-
ther validation of the S.O.S. model.Orientation distribu-
tions of the angle formed between the CO molecule (CO
bond vector) and the normal to the Au surface are shown
in bar plots in the figure. Going from the bulk to the sur-
face, the molecule undergoes precise changes in preferen-
tial orientation that are well rationalized by the S.O.S.
model. While no preferential orientation is observed in
the isotropic bulk region, the CO molecule prefers to ori-
ent perpendicular to the surface when traveling across
the I3 region. This is to minimize the cavity-volume
formed within I3, where cavity formation is disfavored
with respect to the adjacent I2 and bulk regions. On the
contrary, when located in I2, CO prefers to lay parallel
to the surface in order to maximize the cavity-volume
formed within this region where density fluctuations are
maximized. Finally, the orientation switches again to

perpendicular when the molecule penetrates the water
adlayer and access the I1 region, in order to minimize the
perturbation on the adlayer structure. In the preferred
perpendicular orientation assumed by CO in I1 and I3,
the oxygen atom systematically points away from the hy-
drophobic water-water interface (i.e. I2), where the H-
Bonding capability of water is low. In the case of I1,
the vertical orientation is further stabilized by CO-gold
interactions. This result, together with the theoretical
experiment of Fig. 2, has an interesting implication for
theoretical electrocatalysis, as well as for the success of
predictions based on volcano analyses: the orientation
that a molecule has to assume in order to adsorb on the
metal surface is a crucial parameter, which produces the
largest free energy contribution from solvation to the ad-
sorption of planar and linear molecules. This effect has
been so far systematically overlooked by static DFT cal-
culations using implicit solvation models.

CONCLUSIONS

We uncovered unexpectedly large effects of the
shape and orientation of hydrophobic and amphiphilic
molecules on their adsorption free energy, due to the
atypical solvation properties of metal/water interfaces.
These effects exceed by up to an order of magnitude the
already known effects of size and position, which were
reported to be sufficiently large to potentially tune the
selectivity and rate of e.g. some CO2 and N2 reduction
pathways.18 Therefore, tuning shape and orientation
effects could open promising avenues for controlling
interfacial reactivity, once fully understood.

Toward this goal, we here identified the molecular ori-
gin of these peculiar behaviors and proposed a mini-
mal theoretical model, the S.O.S. model, that allows to
capture and rationalize size, orientation and shape ef-
fects. The model is specific for the cavity-formation
contribution to the solvation free energy, which is the
dominant contribution for hydrophobic and amphiphilic
molecules.35 In order to have a more complete view, the
S.O.S. model can be directly combined with the thermo-
dynamic cycle that we introduced in refs.18,35 in cases
where the additional contribution from attractive inter-
actions formed by the solute is expected to be relevant.
With this combination, it will be possible to apply the
S.O.S. model even to rationalize the adsorption behavior
of some ions, e.g. Cl−, which was found to be dictated
by the cavity formation contribution despite their hy-
drophilic nature.16,48

The main idea introduced in the S.O.S. model is that
solvation at metal/water interfaces is determined by (i)
the way the solute cavity is distributed among the dis-
tinct hydrophilic/hydrophobic interfacial regions formed
close to the metal and by (ii) how water density fluc-
tuations change in each region. Both parameters are
highly tunable. The first can be tuned by playing with
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the shape of the reactive molecules, their size and the
way the molecule adsorb on the surface (e.g. preferred
orientation). The second is instead tuned by the na-
ture and symmetry of the metal surface and/or the elec-
trolyte composition. For example, recent studies have
shown that the hydrophobicity of metal/water interfaces
can be regulated by changing metal (e.g. Au vs Pt15) or
by changing surface topology (e.g. different facets of the
same metal34). It can be even boosted by functionalizing
a metal surface with organic polymers, which can result
in e.g. a substantial increase in the efficiency of CO2 elec-
trochemical reduction to ethylene on Cu.20 Furthermore,
molecules adsorbed at the interface during electrochem-
ical processes are expected to modulate the properties
of interfacial water, and therefore solvation free ener-
gies.The ideas introduced in the S.O.S. model provide
a framework to understand such effects in future studies,
connecting changes in interface architecture to changes
in the properties of the distinct interfacial regions and
ultimately to changes in solvation free energies and reac-
tivity.

METHODS

The numerical results on cavity formation free energies
have been obtained from a previously performed15 MD
simulation of a Au(100)-water interface, by evaluating
the probability, Pv(0), that zero water oxygen centers
are found within probing volumes of different shape
(spheres and bricks), volume, orientation and distance
from the surface. ∆µv was then obtained from Pv(0)
by means of eq.1. The classical MD simulation was
performed with the constant potential method (at a
fixed applied potential of 0V, corresponding to the point
of zero charge of the model) as implemented in the
MetalWalls code,49 over a water slab of 3,481 molecules
between two planar Au(100) electrodes (of five layers,
162 Au atoms each). We checked in previous studies
that the results on cavity formation free energies are
stable with respect to the choices in the computa-
tional method, e.g. surface parameters such as surface
metallicity and applied potential.15,50Two- dimensional
periodic boundary conditions were employed, with a
simulation box of Lx = Ly = 36.63 Å, and Lz = 78.6
Å. Water was described with the SPC/E51 model, while
Lennard-Jones parameters introduced by Heinz et al.52

were adopted for Au(100). The choice of a classical force
field to describe the metal-water interface can lead to
some short-comings on the fine details of the interfacial
molecular arrangement. However, the interfacial water
structuring close to the metal is preserved and also
observed in ab-initio MD.16,43After equilibration, a
production run of 80 ns, collected with a timestep of 2
fs (NVT, T = 298 K) was used for the analysis. More
details can be found in Ref. 15.

The umbrella sampling calculation of the CO adsorp-

tion profile along the vertical distance between the CO
center of mass and the water adlayer was accomplished
in a previous study15 by using the open-source PLUMED
library, version 2.5.53 Six calculations were performed at
regular intervals of z values. The force field parameters
from Ref. 54 were used for CO. The orientational
distribution of the CO molecule was evaluated for each
point of the umbrella sampling by computing the angle
between the CO bond vector and the normal to the Au
surface.
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49A. Marin-Laflèche, M. Haefele, L. Scalfi, A. Coretti, T. Dufils,
G. Jeanmairet, S. K. Reed, A. Serva, R. Berthin, C. Bacon,
S. Bonella, B. Rotenberg, P. A. Madden, and M. Salanne, “Met-
alwalls: A classical molecular dynamics software dedicated to the
simulation of electrochemical systems,” J. Open Source Softw. 5,
2373 (2020).

50A. Serva, L. Scalfi, B. Rotenberg, and M. Salanne, “Effect of the
metallicity on the capacitance of gold–aqueous sodium chloride
interfaces,” J. Chem. Phys. 155, 044703 (2021).

51H. J. C. Berendsen, J. R. Grigera, and T. P. Straatsma, “The
missing term in effective pair potentials,” J. Phys. Chem. 91,
6269–6271 (1987).

52H. Heinz, R. A. Vaia, B. L. Farmer, and R. R. Naik, “Accurate
simulation of surfaces and interfaces of face-centered cubic metals
using 12-6 and 9-6 lennard-jones potentials,” J. Phys. Chem. C
112, 17281–17290 (2008).

53G. A. Tribello, M. Bonomi, D. Branduardi, C. Camilloni, and
G. Bussi, “Plumed 2: New feathers for an old bird,” Comput.
Phys. Commun 185, 604 – 613 (2014).

54I. Poudyal and N. P. Adhikari, “Temperature dependence of dif-
fusion coefficient of carbon monoxide in water: A molecular dy-
namics study,” J. Mol. Liq. 194, 77 – 84 (2014).

   
    

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t. 

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I:

10
.10

63
/5.

01
86

92
5


