The role of hydrophobic hydration in the free energy of chemical reactions at
the gold/water interface: size and position effects
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Metal/water interfaces catalyze a large variety of chemical reactions, which often involve small hydrophobic

molecules.

In the present theoretical study we show that hydrophobic hydration at the Au(100)/water

interface actively contributes to the reaction free energy by up to several hundreds of meV. This occurs either
in adsorption/desorption reaction steps, where the vertical distance from the surface changes in going from
reactants to products, or in addition and elimination reaction steps, where two small reactants merge into a
larger product and viceversa. We find that size and position effects cannot be captured by treating them as
independent variables. Instead, their simultaneous evaluation allows to map the important contributions, and
we provide examples of their combinations for which interfacial reactions can be either favoured or disfavoured.
By taking a No and a CO4 reduction pathway as test cases, we show that explicitly considering hydrophobic
effects is important for the selectivity and rate of these relevant interfacial processes.

I. INTRODUCTION

Metal/water interfaces provide a unique environ-
ment for a large variety of chemical reactions, with
applications in e.g. electrochemistry and heterogeneous
catalysis.'® The ability of these interfaces to modulate
reaction free energies, and therefore selectivity and
rate, is usually evaluated in terms of the interactions
between the reactive species and the surface.” 1 How-
ever, interfacial water also contributes to the reaction
free energies by hydrating reactants, intermediates and
products.!1"1® In interfacial reactions involving small
hydrophobic molecules, such as CO5 and Ny reduction,
understanding how hydrophobic hydration free energies
at the interface modulate thermodynamics could hence
provide novel opportunities for improving reactions
efficiency and selectivity.

From a theoretical point of view, while the cat-
alytic role of the solid surface is generally evaluated
with accuracy by high level Density Functional Theory
(DFT) calculations,”1520 the free energy contributions
arising from changes in hydrophobic hydration during
chemical reactions are often overlooked. One reason
is that, due to the high computational cost of DFT
approaches, interfacial water is often either represented
in the calculations by implicit models or only few
molecules are explicitly treated. However, hydrophobic
hydration free energy depends on the characteristic of
the water H-Bond network at the interface.?!:22 Indeed,
the hydration of a hydrophobic molecule is determined
by the process of perturbing the water H-Bond network
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and creating a cavity in the liquid.?3?* Recent advances
in molecular dynamics (MD) simulations that include
multiple layers of explicit water allow to more accurately
describe the hydration contributions to interfacial chem-
ical reactions.2>30 However, these simulations still face
challenges related to the length (nanometers) and time
scales (up to tens of nanoseconds) needed to describe
the changes in the water network in contact with metal
surfaces.?!

In a recent work, based on constant potential
classical MD simulations we have shown that the
mechanisms and energetics for hydrophobic hydration
at an electrified Au(100)/water interface differ from
what is known in the bulk.?? As a consequence, we have
proposed an adaptation of the Lum-Chandler—Weeks
theory that allows quantifying the free energy cost of
cavity formation (i.e. the free energy cost to hydrate
ideal hard-sphere solutes) at the interface directly from
the well-known free energy cost in the bulk plus an
interface-dependent correction term obtained from the
simulations.?? While hydrophobic hydration in the bulk
only depends on the size of the cavity formed by the
hydrophobe, the correction term also depends on the
distance of such cavity from the metal surface. As a
result, both the size of the molecule and its distance from
the surface largely modulate hydrophobic hydration
free energies. By applying the adapted theory to a
simple model chemical reaction, we have shown that the
outer-sphere (i.e separated from the surface by one water
layer) addition between two ideal hydrophobes of size
comparable to a CO molecule suffer from an energetic
penalty imposed by the high cost of large cavities
formation at the Au(100)/water interface.?? However,
since hydration free energies can largely vary within few
angstroms at the interface, rationalizing hydrophobic
effects requires going beyond the simplification that



reactants and products are ultimately confined in the
outer layer. To this end, we here quantitatively evaluate
how the hydrophobic hydration contribution to model
chemical reactions changes as a function of both the size
of the reactive species and their vertical distance from
the surface. We also provide two examples of chemical
reactions where the unravelled hydrophobic effects play
an important role.

METHODS

We consider in the following model reactions occur-
ring at the Au(100)/water interface where reactants (R)
and products (P) are ideal spherical hydrophobes. The
system is considered at its point of zero charge (PZC),
which corresponds to an applied voltage of 0V in our
model. Since we are dealing with ideal hydrophobes, the
free energy of the reaction is solely determined by the
difference in the free energy cost to form the cavity of
the products and of the reactants:

AFreaaz = A}{_‘cavity =
Np Ngr
=3 A () =Y Al (g, z) (1)
i=1 j=1

where Ngr and Np are the number of reactants and
products respectively, while Aui™ is the free energy cost
of cavity formation at the interface. The Api™ value
(at PZC) for any reactant or product solely depends on
its radius (r) and vertical distance from the surface (z)
and is obtained from the adapted LCW theory we have
introduced in Ref. 22. According to eq.l, AF quity is
function of the size and position of all reactive species,
and in the following we restrict our attention to values
of r < 3.0 A and -1.0 A < zz* < 1.0 A, where z*
identifies the most stable position for ideal hydrophobes
at the Au(100)/water interface. As shown in Ref. 22,
z* is a function of the cavity radius, r, and it is equal
to the z-position of the water adlayer in direct contact
with Au plus r. Therefore, as illustrated in the snapshot
of Figure 1, z-z*= 0 A corresponds to an outer-layer
adsorption, where the hydrophobe is separated from the
Au surface by one water layer (the adlayer), while z-z*=
-1.0 A corresponds to an inner-sphere adsorption, the
hydrophobe being in direct contact with the surface.

In order to estimate how much hydrophobic hydration
free energy contributes to the “real” chemical reactions
discussed in section II C, only the knowledge on the po-
sition and size of the reactive molecules is required; from
this, AFcquity is obtained via eq. 1. The position of
the cavities formed by reactants and products are known
from Refs. 17,31 (vide infra), while their sizes are ap-
proximated with spheres. The radius of the spherical
cavity formed by a molecule can be considered as the
average distance between the molecule center of mass

FIG. 1. MD snapshot of the interface between Au(100) (yel-
low) and water (red, oxygens and white, hydrogens) at PZC.
Water molecules belonging to the adlayer (in direct contact
with Au) are highlighted. The blue curve represents the free
energy profile to bring an ideal hydrophobe from the bulk
to the surface (see Ref. 22 for more details), while the white
circles at z-z*= 0 and -1.0 A illustrate the outer-layer and
inner-layer adsorption for an ideal hydrophobe, respectively.

and the oxygen centers of the closest water molecules;
the distance is deduced from the radial distribution func-
tions, RDFs.32:33 For molecules that deviate from spher-
ical shape, the radius of the equivalent sphere is con-
sidered. This approximation has been validated in the
case of the CO molecule by quantitatively comparing its
adsorption profile at the Au(100)/water interface to the
one of a cavity of 2.5 A radius (see ref. 22). The RDFs
values are taken from refs. 32,34,35, and the cavity radii
obtained are 2.5 A for CO and N», 3.1 A for CoH, and
3.0 A for NoH,. Molecules that differ only for one H atom
are assumed to form cavities of the same radius, while the
OCCOH* intermediate (which is also considered in the
following) is assumed to have the same volume as two CO
units. It is important to stress here that such values are
approximations, and for a more accurate quantification
of the hydrophobic contribution the exact cavity volume,
including its deviation from spherical symmetry, must be
considered.

Il. RESULTS AND DISCUSSIONS

Chemical reactions where hydrophobic effects are ex-
pected to play an important role are those where either
(i) the vertical distance from the surface or (ii) the size of
the product(s) is different from the one of the reactant(s).
Condition (i) is satisfied in adsorption/desorption reac-
tion steps, where the reactive species move across the
interface; condition (ii) in addition and elimination reac-
tion steps, where two reactive species merge into a larger
product and viceversa.
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FIG. 2. AF;cqs for the adsorption (from bulk to interface)
of a spherical ideal hydrophobe, as a function of its radius.
Two distinct adsorption processes are compared, bringing the
hydrophobe either in the inner-layer (z-z*= -1.0 A, orange)
or in the outer-layer (z-z*= 0.0 A, green).

A. Adsorption/desorption reaction steps

We start by considering the adsorption/desorption of
hydrophobic species to/from the surface. Both the size of
the hydrophobe and whether it is adsorbed in the inner or
outer layer can influence the thermodynamics. In order
to quantify these effects, we consider a model adsorption
process, where an ideal hydrophobe (R) is moved from
the bulk to the interface:

Rbulk _ R'mt (2)
with associated reaction free energy:

AFream = A‘F‘cavity = Aﬂli;nt (TR7 Z) - A/'[/f)uz}c (TR) (3)
where rr is the size of the ideal hydrophobe, and z-
z*= -1.0 and 0 A for the adsorption in the inner- and
outer-layer, respectively (see illustration in Fig. 1). The
AF,eqr values in Figure 2 show that the adsorption in
the outer-layer (green) always requires lower free ener-
gies than in the inner-layer (orange), and the difference
between the two becomes larger with increasing radii.
For real hydrophobic molecules, this implies that the ad-
sorption in the inner-layer can occur only if the molecule
is sufficiently stabilized by the direct interaction with the
surface (chemi- or physisorption), while a free energy cost
is paid in term of hydrophobic hydration. Moreover, our
results suggest that the adsorption in the inner-layer can
efficiently activate the reactants involved in any interfa-
cial chemical process by bringing them to a high energy
(unfavourable) solvation state and making them more re-
active. If no additional stabilization is involved, the des-
orption of a spherical product from the surface (which
free energy is minus the AF, .., values reported in Fig-
ure 2) is favoured by hydrophobic hydration.

B. Addition/elimination reaction steps

When two ideal spherical hydrophobes (reactants, R4
and Rs) addition to form a larger cavity (product, P),
with its volume being the sum of the volumes of R; and
Rs

Ri+Ry— P (4)

AFcqs is expressed by:

AFreaz = AFcam’ty = Aﬂrzunt (TP7 ZP)+
— Apy(rry, zr1) — Apy™ (rR2, 2R2)  (5)

where rp = (7”?1’%1 +r?§2)1/3. The full landscape of AF,.cqz
over its 5-dimensional domain (rg1, rre, Zr1, zr2 and zp)
has been mapped by combining eq. 5 and the adapted
LCW theory (see Methods). We find a variation of
AF,cqr of several hundreds of meV, from a minimum
of -420 meV to a maximum of 620 meV, indicating that
hydrophobic hydration can provide large contributions to
interfacial reactions. In the following we focus on relevant
subdomains of the AF,..,, function, obtained by simulta-
neously exploring two dimensions while fixing the other
three. This is required to map the important contribu-
tions, as considering one dimension only does not yield
any relevant information (see Supplementary Figure S1).

1. Effect of the vertical distance from the surface

Firstly, AF,cq; is evaluated by fixing the radii of
R; and Ry to 2.5 A (approximately the size of a CO
molecule??) and by varying the vertical distance of
reactants and product from the surface.

The 2D-map of Figure 3A is obtained by simul-
taneously moving the reactants (zpi1=zge=zg) on the
x-axis, while the position of the product is varied on
the y-axis. At a first glance, one can notice that any
vertical distance from the surface has a huge impact
on the free energy, which goes from -200 meV (dark
blue) to +450 meV (dark red), even for very small
displacements within a 1 A range. This means that
addition reactions involving small hydrophobic molecules
as CO or Ny can be either favoured or disfavoured by
the hydrophobic term depending on subtle differences in
the way reactants and products are adsorbed at the Au
surface. In particular, the addition reaction is favoured
when R; and Ry are adsorbed to the surface (zg-z*<
-0.5 A), while the product that is formed desorbs from
it (zp-z*> -0.5 A), as illustrated by scenario I in Figure
3C. The reason is that the solvation of the product
cavity is stabilized in the outer-layer, while a much
higher free energy cost is required to solvate the two
reactants cavities in the inner-layer. Accordingly, if we
now move from I to I in the map, we can see that when
also the reactants are solvated in the outer layer, their
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FIG. 3. A) AF,eqr (from dark blue to dark red) as a function of the position of the reactants, zr-z*, which are moved
simultaneously across the interface (zr1=zr2=2zr), and of the position of the product, zp-z*. The size of the two reactants is
fixed to rr1=rre=2.5 A. B) Same as A, but the position of one reactant is fixed in the inner-layer (zg1-z*= -1.0 A). Some of
the relevant scenarios are marked with roman numbers (I-IV) and illustrated by the schemes in panel C.

addition is not favoured anymore and AF,..., becomes
positive. Finally, the addition reaction becomes even
more disfavoured when P is adsorbed to the surface,
whatever the position of the reactants (red stripe at
zp-7*< -0.5 A).

To complete our analysis on the effect of the po-
sition, in the 2D-map of Figure 3B we now fix zg;-z*=
-1.0 A (i.e one reactant is in the inner layer), and we
let Ry and P free to move. Again we can see that the
reaction is most favourable when the product is solvated
in the outer-layer, with the vertical distance of the
reactants from the surface also playing a crucial role.
This can be quantified by comparing scenarios I, IT and
IIT in the two maps, which only differ for the position
of the reactants. Scenario I, with both reactants in the
inner-layer, provides AF, ... ~ —200 meV, which is
~150 meV lower than III, where one reactant is in the
inner-layer and one in the outer-layer. This latter in
turn is ~150 meV lower than II, where both reactants
are in the outer-layer. Based on the hydrophobic effects,
reactants adsorbed on the surface are hence more prone
to undergo addition reactions than reactants coming
from the outer-layer. This result is very interesting and

could explain why in the COs reduction to multi-carbon
products, the formation of C2 intermediates from
addition of two CO units usually occurs when both CO
groups are adsorbed to the surface.!7-36

This effect is more general and independent on
the exact dimension: fixing the radii of R; and Rs
to a different value than 2.5 A leads to the same
conclusions for the effect of the vertical distance from
the surface, as shown in Supplementary Figure S2 for
the 3.0 A case. The changes in AF,.,; become however
more pronounced for increasing reactants radii.

2. Effect of the size of the reactants

In the following, the effect of the size of R; and Ry at
fixed distance of reactants and products from the surface
is investigated by focusing on two different scenarios.
In the first one, shown in Figure 4A, Ry is fixed in
the inner layer while Ry and P in the outer-layer, and
AF,.cqr is evaluated as a function of the radii of R; and
Rs. The difference in the size-effect of the two reactants
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FIG. 4. A) AFcas (from dark blue to dark red) as a function
of the radius of R, x-axis, and Ra, y-axis, for a fixed vertical
distance of reactants and product: zgi-z*= -1.0 A7 ZRro-7*
and zp-z*= 0 A. B) Same as A, but now zgi-z* and zp-z*=
-1 A and ZRQ-Z*: 0 A

is striking. While the free energy strongly varies, from
positive (red) to negative (blue) values as a function of
the radius of Ry, it is almost insensitive to the size of
Rs. This is due to the fact that Ry is located in the
outer-layer, i.e. same position as the product. Thus,
any increase/decrease of its size (which also implies an
increase/decrease of the size of P) modifies the free
energy cost to solvate the reactant and the product in a
similar way, and the free energy of the model reaction

is not significantly altered. On the contrary, increasing
the radius of Ry, which occupies the inner-layer where
the free energy cost for hydrophobic hydration is much
larger, results in a greater destabilization of the hydra-
tion state of the reactants, thus favouring their addition
reaction.

In the second scenario the position of P is in
the inner-layer. As shown in Figure 4B, the effect of
the size becomes now less prominent and hydrophobic
hydration disfavours the addition reaction for any com-
bination of Ry and Ry radii. Thus, the effect of the size
of the reactants cannot be evaluated independently from
their position, and it can provide a decisive contribution
to AF, ez In cases where the vertical distance from the
surface is different between the product and at least one
reactant.

C. Application to “real” chemical reactions

We now investigate how the hydrophobic hydration
contributions rationalized in the previous sections affect
the free energy of “real” electrochemical reactions
occurring at the Au/water interface. In particular, we
report in Figure 5 two examples; the first one (panel A)
is the reduction of Ny to NHgs, following the mechanism
proposed from high-level DFT calculations®' and surface
enhanced infrared absorption spectroscopy (SEIRAS).3”
The second one (panel B) is a theoretically determined
reaction pathway for the reduction of CO to ethylene.'”

In both examples and for each reaction step, the
free energy difference between reactants and products
is given by the changes in the free energy of the re-
active species, their interaction with the surface and
their hydration. The first two terms were quantified
in previous DFT calculations.'”3! However, due to
the lack of explicit water, such calculations were not
accounting for hydrophobic hydration free energies
(AF cquity) at the interface. By using our adapted LCW
theory, we can estimate AF 4ty given the position
and the size (see Methods for size estimation) of the
cavities formed by the reactive species. In the figure, the
molecules adsorbed to the surface, which form cavities
in the inner-layer (at z-z*= -1.0 A), are marked with
*. The AFquity values for the most relevant steps are
highlighted with colored boxes.

In Figure 5A we show the Ns reduction mecha-
nism. The first step (red box) involves the reductive
adsorption of a Ny molecule from the bulk to the Au
surface, with formation of the *NNH intermediate.
This is predicted to be the rate determining step by
DFT calculations®! and proposed to be at the origin of
the low efficiency of the Ny reduction on different Au
surfaces. According to what we have shown in Figure
2, hydrophobic hydration contributes unfavourably to
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FIG. 5. A) Reaction pathway for the reduction of N2 to NHg
at the Au/water interface, as proposed in Refs. 31,37. The
reaction step leading to the formation of hydrazine (NoHi)
byproduct is also reported. B) Reaction pathway for the re-
duction of CO to ethylene (C2Hy4) at the Au/water interface,
as proposed in Ref. 17. In both cases, molecules adsorbed
on the surface (i.e. in the inner-layer, at z-z*= -1.0 A) are
marked with *, while the colored boxes identify the relevant
reactions steps discussed in the text. The AF qvity values are
the hydrophobic contributions to the associated reaction free
energies, in eV.

this step, since a free energy cost of ~0.1 eV is needed
to bring the cavity formed by Ny from the bulk to the
inner-layer. From the *NNH intermediate, the reaction
continues exothermically until *NHoNH, is formed. At
this stage, which plays a crucial role for selectivity, the
reaction can either proceed toward the formation of
*NHyNH3 (green box) and then to the main product
NH3, or follow an alternative path with the desorption
of hydrazine (NHyNH3) as byproduct (blue box). This
latter step is predicted by DFT to be endothermic, with
a free energy cost in the 0.2-0.7 eV range (depending on
the Au surface), while the reaction toward *NHoNHjg
is exothermic. However, the formation of hydrazine
during Ny reduction has been observed experimentally
by SEIRAS.?” The hydrophobic hydration contribution
offers a rationalization for this experimental result.
For the reaction from *NH,NH,; to *NHy;NHjz, the
size and position of reactant and product does not
change, and the influence of the discussed hydrophobic
hydration term is negligible. In contrast, hydrophobic
hydration favours the desorption of hydrazine byproduct
by ~ -0.3 eV, and thus results in a more favorable free
energy for the formation of hydrazine than previously
anticipated.

In the second example (Figure 5B), we consider

the addition reaction of two CO* to form a Cy inter-
mediate, *OCCOH. In Ref. 17, this is proposed to be
the rate determining step for the reduction of CO to C2
products (ethylene and ethanol) occurring on strongly
binding surfaces like Pt, while the associated free energy
cost is only ~ 0.1 eV for the weakly binding Au(100)
surface. However, this free energy value substantially
increases by ~ 0.2 eV once the hydrophobic hydration
contribution is taken into consideration, see Figure 5B.
Indeed, from the point of view of hydrophobic hydra-
tion, this reaction step corresponds to the unfavourable
case of the addition of two cavities of 2.5 A radius
that form a larger cavity of 3.25 A radius, in the
inner-layer (see [-1,-1] point in the 2D-map of Figure
3A). With the progress of the reaction, a second key
step is reached once the *HoCCHO intermediate is
formed. From this, an ethylene molecule desorbed from
the surface is produced as a result of the elimination
reaction step, as highlighted by the blue box. This
step was predicted to be the rate determining step on
Au(100), with a high free energy cost of 1.8 eV, as
well as the step determining the selectivity between
ethylene and ethanol products.!” For the release of CoHy
molecule from the inner-layer into the bulk, the AF qui1y
value estimated with the adapted LCW theory yields
a favourable contribution to the reaction free energy,
which is decreased by ~ -0.4 eV by the hydrophobic term.

The first step in COs reduction processes is usu-
ally the adsorption of the reactive molecule(s) from the
bulk to the surface, which is omitted from the mechanism
of Figure 5B despite it can become the rate determining
step at Au surfaces at intermediate overpotentials.®®
Hydrophobic hydration actively contributes to its free
energy cost, as AFcquity ~ 0.2 eV for the adsorption
of a COy molecule (which forms in water a cavity of
approximately 2.8 A radius®}) from the bulk to the
inner-layer. Overall, this second example demonstrates
how, by disfavouring both the adsorption of the re-
active species to the Au surface and their addition,
hydrophobic hydration contributions are detrimental
to the COy reduction to multicarbon products. This
provides an explanation for the low efficiency of the
reaction on Au surfaces, where CO is the preferred
product.??*? However, once the C2 intermediate is
formed, hydrophobic hydration contributes favourably,
mitigating the high free energy cost for desorbing the
ethylene product from the surface.

CONCLUSIONS

We have evidenced the importance of hydrophobic
hydration contributions to chemical reactions occur-
ring at the Au(100)/water interface that involve addi-
tion/elimination or adsorption/desorption steps. In par-
ticular, by applying our adaptation of the Lum-Chandler-
Weeks theory?? to model chemical reactions between



ideal spherical hydrophobes, we have found that both
the size of the reactive species and their vertical distance
from the surface modulate reaction free energies. We
have mapped the conditions for which interfacial reac-
tions can be either favoured or disfavoured by hydropho-
bic hydration. By considering two reaction pathways re-
lated to CO5 and Nj electrochemical reduction processes
at the Au/water interface, we have shown that hydropho-
bic hydration free energies provide driving forces that ac-
tively contribute to reactions rate and selectivity. Such
driving forces can be tuned with subtle modifications of
the size of the reactive species and of the way they are
adsorbed on the surface. These results open the way
towards a quantitative understanding of how hydration
free energies and hydrophobic effects can be exploited
to modulate the energetics and mechanisms of chemical
processes occurring at metal/water interfaces.

SUPPLEMENTARY MATERIAL

See the supplementary material for addition plots of
the free energy of the model addition reaction discussed
in the main text.
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