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Abstract

This paper reviews some recent canonical Monte Carlo simulations of the Au(210)/H,O
interface using a DFT force field developed by us. New results are reported on the
solvent contribution to the potential of mean force (PMF) for the phenol adsorption,
from a dilute aqueous solution, onto the Au(210) surface. The Monte Carlo simulations
show the common features normally observed in the simulation of water in contact with
metallic surfaces, where the water molecules adsorb forming bilayers. The molecules
adsorbed over the Top gold sites form hydrogen bonds between the first and second
solvent layers. The PMF calculations indicate that the phenol molecule penetrates the
solvent layers with the aromatic ring in a perpendicular configuration and the oxygen
atom pointing to the surface. The PMF results also suggest the existence of hydrogen
bonds between the phenol molecule and the first solvent layer of the water molecules
adsorbed onto the Top sites.

Keywords: potential of mean force, phenol adsorption, Au(210), Monte Carlo
simulation.

Introduction

The adsorption of ionic species and organic molecules on electrode surfaces is of
the utmost importance in the field of interfacial electrochemistry, since it affects
a large variety of electrode processes. For example, adsorption is involved in the
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mechanism of charge transfer reactions at electrode surfaces [1-3], capacitance
dispersion in the electrode/solution interface [4-10] and self-assembly processes
[11-16]. As such, adsorption is a crucial subject for various technologic research
fields, ranging from surface modification [17-19] to heterogeneous catalysis
applied to fuel cells [20-22].

In the last decades, ab initio quantum calculations, especially those using density
functional theory (DFT) [23-36], and molecular simulation techniques, namely
Monte Carlo (MC) [37-45] and molecular dynamics (MD) [46-55], have become
powerful tools to study molecular and ionic adsorption on metallic surfaces.

The ab initio/DFT calculations of the interactions between different molecules
and ions with a broad variety of metallic clusters, representing different
crystallographic orientations of noble metals, mainly platinum [29, 32, 35], gold
[25, 31, 34-36, 56, 57], copper [24, 27, 36, 57-59] and silver [27, 36, 57, 60, 61],
enable to draw a picture of the influence of the surface structure on the
adsorption processes. The results of such calculations have pointed, for example,
to the occurrence of preferential site adsorption and the influence of the site
geometry on the orientation of adsorbed molecules. These calculations are also
the basis of the development of analytical potential functions to be used in MD
and MC simulations of adsorption processes, such as halides on copper [39],
water on platinum [55, 62] and gold [34], and ethanol on gold [31].

MD and MC simulations have provided invaluable information on the structure
of the adsorbed layers, assessing the preferential orientation of adsorbed
molecules in the presence of the solvent, the preferential sites for adsorption and
the changes on the interface properties in the direction normal to the surface.

For example, the MD simulations carried out by Yeh and Berkowitz [55] showed
that water molecules adsorb at every top site, with a square lattice packing in a
Pt(100) surface, whilst in the case of the Pt(111) surface, the molecules still
adsorb at top sites, but form rings of six and five molecules around an
unoccupied site. This study also showed that the introduction of surface
corrugation remarkably affects the adsorbed layer structure and, in a minor
degree, the distribution of water molecules in the direction normal to the surface.
More recently, the MC simulations of water adsorption on the Au(210) surface,
carried out by Neves et al. [38], have also shown that the molecules adsorb
preferentially on top sites, but the high surface corrugation degree and
heterogeneity strong influences the orientation of water molecules adsorbed on
different sites. The results also indicate that molecules in the first adsorbed layer,
with the molecular plane perpendicular to the surface, form hydrogen bonds
between the first and second layers.

Besides the structural and dynamical properties from these simulation studies, it
is important to understand the driving forces involved in the adsorption process,
particularly the contribution of the solvent structure to them. To this end,
potential of mean force calculations (PMF) are able to assess the solvent
contribution to the total variation of the adsorption free energy, considering the
influence of the surface sites involved and the adsorbing molecules orientation
[37, 39, 51, 63]. The PMF may also provide additional information, especially in
the cases of 2D transitions in the adsorbed layer or reorientation of the adsorbed
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molecules. Indeed, the understanding of the relaxations that take place during the
processes is invaluable to probe dissipative phenomena at the interface [4-7].

In the case of phenol adsorption on noble metal electrodes, electrochemical
studies [64] have shown that, at potential of zero charge (pzc), the phenol
molecules adsorb parallel to the surface on polycrystalline gold. However, for
potentials greater than pzc, the adsorbed molecules change to a perpendicular
orientation, with the oxygen atom pointing to the surface. Moreover, studies of
phenol adsorption on platinum [65] have shown that the same behaviour is
observed for adsorption from dilute solutions, but when it takes place from
concentrated solutions, the perpendicular orientation is always the preferred one.
In a previous work we have realized PMF calculations for the phenol adsorption
on a flat gold electrode [37], which show that the molecule firstly adsorbs almost
perpendicular to the surface and then changes its orientation to the parallel one
observed experimentally. The results have also indicated that this behaviour is
clearly associated to the strong repulsion between the water layer adsorbed on the
surface and the adsorbing phenol molecule, when it approaches the surface in the
parallel orientation. Nonetheless, since this study used a flat surface, the
influence of the surface corrugation on the preferential adsorption and on the
local properties of the solvent layer has not been assessed.

In this context, the objective of the present work is to calculate, by canonical MC
simulations, the solvent contribution to the PMF for the adsorption of phenol,
from a dilute aqueous solution, now on a corrugated Au(210) electrode, over
different surface sites and molecular orientations under conditions similar to pzc,
from a DFT force field recently proposed by us [34]. The Au(210) surface is a
suitable choice, since it is experimentally accessible as a single crystal surface
that does not undergoes potential induced surface reconstruction, and has
electrochemical characteristics resembling those of gold polycrystalline surfaces
due to its high heterogeneity [66, 67].

Section 2 outlines MC and PMF computational details as well as the interaction
potentials used in the simulations. Section 3 reviews some previous results
related to the MC simulations of the Au(210)/H,O interface, and reports the new
calculations of the solvent contribution to the PMF for the phenol adsorption on
the Au(210) surface. Finally, section 4 presents the concluding remarks.

Models and methods

Monte Carlo simulations of the Au(210)/H,0 interface

The canonical MC simulations were carried out on a system composed by 1000
molecules of water encapsulated by two Au(21 0) surfaces in the z direction. The
simulation box was of rectangular shape, with 22.43 A, 26.40 A and 50.47 A in
the x, y and z directions, respectively. Standard periodic boundary conditions
(PBC) were applied to the simulation box on the x and y directions and the
dimensions of the box in these directions were chosen in order to ensure the
periodicity of the crystallographic surface under the PBC. The total simulation
box volume was chosen in order to reproduce the density of water at temperature
and pressure of 298.25 K and 1 bar, respectively.
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Equilibration runs of 5,000 MC cycles were performed prior to the production
runs consisting of 25,000 MC cycles. Each cycle consisted of random
translations and rotations applied to each water molecule of the system, with an
acceptance rate of ~50%. The simulations were carried out using the time saving
energy repository algorithm [68].

Ewald’s sum method, adapted to a two dimensional periodic system [69, 70], was
used to calculate the long range corrections for the electrostatic component of the
interactions in the liquid phase.

Calculation of the solvent contribution to the PMF for the phenol adsorption
The PMF acting on the phenol molecule at distance z from the Au(210) surface is
defined as the reversible work necessary to approach the molecule, in a
determined orientation inside the solvent, from a distance z,, where the influence
of the electrode can be neglected, to a nearer distance z. Thus, the PMF is the
Helmohltz free energy change taking into account the presence of the solvent.
The total free energy change (AA) has two contributions: one due to the solvent
(AAg) and other due to the interaction of the adsorbing molecule and the
electrode surface. The solvent contribution can be calculated by the free energy
perturbation (FEP) method [71-73], whose general equation can be written as:

UEEE+5Z]— UEE'E)]} (1)
Zi

SALCz; - 7, 4 62) = kTInlexp | —

where U(z;) is the potential energy of a configuration of the reference system,
U(z; + 8z) is the potential energy of a configuration of the perturbed system, k is
the Boltzmann constant and T the absolute temperature. In eq. 1, the brackets
represent the ensemble average over an assembly of configurations, generated for
the reference system by random translations and rotations of the water molecules
composing the system, but keeping the adsorbing molecule at the distance z;
(measured from its mass centre to the electrode) and at a fixed orientation. In this
stage of the calculations, only the water-water, water-phenol and water-electrode
interactions are accounted for. The assembly of configurations for the perturbed
system are the same as the preceding ones concerning the water molecules, but
with the phenol molecule at the same orientation in the new fixed distance (z; +
0z;), where 9z; is a small displacement applied to the phenol molecule in order to
generate the perturbed system. The reference and perturbed states are different
only in what concerns the phenol molecule position and they can be identified by
the coordinate z of the centre of mass of the adsorbing molecule.

Under these conditions, the term U(z; + 0z;)-U(z;) in eq. 1 is the difference
between the phenol — water interaction potential energies in the two states, since
the solvent-solvent and solvent-electrode interaction potential energies are the
same for the reference and perturbed systems.

To ensure a consistent convergence of the calculated PMF, the difference
between the energies for the reference and the perturbed states must be
considerably smaller than kT. For calculations effects, it means that the distance
z-7¢ should be divided into a number of windows (,,), each one characterized by
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the z; of eq. 1. The solvent contribution to the potential of mean force, acting on
the phenol molecule at distance z, is calculated by the sum of eq. 1 over the N,,
windows:

Nw ) (2)
Mc(z, = 2) = Z §AL

i=1

For each window, the ensembles of states were generated by canonical MC
simulations under the same conditions presented in section 2.1, with the addition
of one single phenol molecule. Equilibration runs of 15,000 MC cycles followed
by production runs of 10,000 cycles were performed for each window. The first
window was chosen at a distance zp = 13.5 A from the Au(210) surface and the
following windows were located at successive displacements of 0.22 A toward
the surface. The selected perturbation distance, dz;, was 0.1 A and a double-wide
sampling was used [72]. In order to improve the relaxation of the solvent
surrounding the adsorbing phenol molecule, during the production runs the
phenol molecule was allowed to move in the directions parallel to the surface (x
and y), however keeping the orientation fixed.

The calculations were carried out considering two molecular orientations for the
phenol adsorption on three surface sites: Top(7T), Hollow 1 (HI1) and Hollow 2
(H2), related, respectively, to the gold atoms of the first, second, and third and
fourth surface layers (see Fig.1) . The selected orientations were: i) O1: aromatic
ring parallel to the surface; ii) O2: aromatic ring perpendicular to the surface,
with the oxygen atom pointing to the surface. These are the most interesting
geometries considering the structural properties of the molecules and the
previous experimental and theoretical works on phenol adsorption [37, 64].

Interaction force fields

The interactions between the components of the liquid phase were described by
the 12-6 Lennard — Jones potentials between the sites of each molecule,
submitted to a cut off radius of 8 A, combined with Coulombic interactions
related to the partial charges at each site and Ewald’s sum for their long range
corrections.

H1

H2

Figure 1. Section of an Au(210) surface used for the simulations. The sites T, HI and
H2 are indicated by the arrows.
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Table 1. Interaction parameters for the atoms on the liquid phase.

€/ kJ mol! /A q/e
Water — TIP4P

(0] 0.649 3.15 0
H 0 0 0.5200
e 0 0 -1.0400

Phenol

H(O) 0 0 0.4400
(0] 0.650 3.07 -0.6400
C; 0.294 3.55 0.5400
Crs 0.294 3.55 -0.4125
Css 0.294 3.55 -0.0300
Cy 0.294 3.55 -0.3000
H;s 0.126 2.42 0.2000
H> 4 0.126 2.42 0.1430
H; 0.126 2.42 0.1590

In the case of the water molecules, the TIP4P [74] model was used. This model is
composed by 4 interaction sites, three of them corresponding to the atoms of the
water molecules and one related to the electronic charge density due to oxygen
electronic pair, which is located 0.15 A apart from the oxygen, between the two
hydrogen atoms. The phenol interaction parameters and geometry were those
proposed by Mooney et al. [75], with the internal degrees of freedom constrained
to the minimal energy molecular geometry. All the potential parameters are
presented in Table 1 and the indexes for the phenol atoms can be seen in Fig. 2.

Figure 2. Representation of the phenol molecule with the indexes used in Table 1.

The interactions between the water molecules and the Au(210) were modelled by
the DFT force field recently proposed by us, whose full details are described
elsewhere [34], submitted to a cut off radius of 25 A. As this force field is
somewhat elaborated we recall here its main components. The general form of
the potential is:

Uk, 0-auz1e)0C6 3. Z2) = Up(Z) + Uy, (2)ACx, ) + Uy (2B G, v 3)
ZE{ZQ,ZHQ,ZHEJ} -
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were Ur is the interaction energy for the water molecule with the TOP site of the
Au(210) surface, which is taken as the reference energy, and Uy; and Uy, are the
energetic contributions, relatively to the TOP site, of the water molecule
interaction with the sites H/ and H2, respectively. These functions depend only
on the distances (zp, 7y, and zy;) between each atom of the water molecules and
the plane defined by the first atomic layer of the surface:

Usira(Z2) = Ug_au(@o) + Una_au(@ZHad + Ugp_sulZhp) 4)

The structural periodicity of the surface is introduced in the force field through
the functions A(x,y) and B(x,y):

1.74 4+ b - }r)“

174 + b -° 5
ACey) = ftﬂsm( —1’) )

+11 - ffx}]cas(

(1.40 +b -}r)” (1.40 +b -}r)“ (6)

B(x, v) = f(x)cos +[1 - flx)lsin
where x and y are the co-ordinates of the centre of mass of the water molecule

parallel to the metallic surface and perpendicular to the z direction. The functions
f(x) and b depend on the parameter of the gold cell (a =4.0786 A):

e = sin (2 g
Zm ]
o 2 ®)

When the centre of mass of the water molecule is over the site 7, both functions
A(x,y) and B(x,y) are equal to zero and eq. 3 reduces to Uy. If the centre of mass
of the molecule is over site HI, B(x,y) is zero and A(x,y) = 1, and the interaction
energy is Ur + Uy;. Finally, when the centre of mass is over the site H2 A(x,y) =
0 and B(x,y) = 1, and the interaction energy is Uy + Up,. As the x and y co-
ordinates are measured from a site 7, any of these sites can be used since the
surface is periodic.

The application of eq. 3 requires the knowledge of the functions Uy, Uy, and Ups,.
They are written (see eq. 4) as the sum of the interactions between each water
atom and the surface:

Ug_au(zg) = cpexplcyzg) — cz explczzg) — cgexpl(cszg) (9)

Ug_su(zy) = cgexplc;zp) — cgexplcozyg) (10)

The coefficients of egs. (9) and (10) are given in Table 2.
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Table 2. Coefficients of the equations 8 and 9 for the different surface sites.

Coefficient T H1 H2
Co/KJ mol’ 4774 x 10° 4136.72 7642.4
C, /A" 5.12 -1.67 -1.66
Cy /K] mol! 4015.23 4709 x 10° 4773 x 10°
Csy/ A -1.69 5.12 -5.12
Ca/kJ mol™! 0 341.73 3214.1
Cs/ A’ 0 -1.11 -1.50
Co/kJ mol™! 43994.8 5900 3888.21
C, /A 3.48 3.24 -3.09
Cs/kJ mol™! 3.33798 46500 47771.9
Co/ A 0.16 3.44 3.45

5 —a) | 4

4 - _
L 8r ]

o

'

P

H
- N W A O,
T

25 50 75 100 125
z/ A

Figure 3. Normalized density profiles for water molecules at the interface. a) oxygen

atoms, b) hydrogen atoms.

Results and discussions

Au(210)/H,0 interface

The structural characteristics of the interface are of utmost importance for the
proper interpretation of the PMF results. As such, we review here the main
aspects of our previous MC simulations which have been reported elsewhere
[38].

The dependence of the normalized density profiles of the water molecule atoms
on the distance from the surface, calculated as the average of the values for both
gold surfaces in the simulation box, are presented in Fig. 3. They show two well
defined water layers on the gold surface.
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Figure 4. Distribution of the cosine of the angle between the dipole moment vector of
the water molecules and the axis normal to the surface for three solvent lamina parallel
to the surface. a) First lamina (between O and 4 A), b) second solvent lamina (between 4
and 8 A), c¢) region with weak influence from the metal.

The first layer is at the region between ~1.2 and 3.8 A. The two most intense
peaks, for the O (Fig. 3a) and H (Fig. 3b) atoms are at nearly the same distance
from the surface (= 2.5 A), meaning that most of the water molecules in this
region are adsorbed, on average, with the molecular plane parallel to surface. The
sharpness of the peaks indicates that the molecules in the first solvent layer are
adsorbed in well defined positions and orientations. Yet, Fig. 3b shows a small
peak at ~ 3.3 A (peak I), which also suggests that some water molecules have one
or both hydrogen atoms pointing away from the surface, as observed in other
simulations of water in contact with different metallic surfaces [55].

The second solvent layer extends from ~ 3.8 to ~ 6.9 A. The peaks in this region
are less intense and broader than those of the first layer, meaning that the second
layer is more diffuse and less organized than the first. The molecules in this
region present a higher degree of mobility and a broader distribution of the
relative molecular orientations. The structure of the second layer has similar
overall orientations to the first layer, but not in the same proportion, as indicated
by the displacement of the more intense peak in Fig. 3b, for the hydrogen atoms
distribution, when compared with the peak corresponding to the oxygen atoms
(Fig. 3a). As for the small peak in Fig 3b, at ~ 4.3 A (peak II), it suggests that
some of the hydrogen atoms in the second layer are pointing towards the first
layer. The relation between the peaks I and II, and the ones for oxygen was
discussed elsewhere [38]. They indicate the existence of hydrogen bonds
between the second and first solvent layers, what is also observed for water
adsorbed over other metals.
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For distances greater than 12.5 A from the surface, the density profiles in Fig. 3
converge approximately to 1, that is, the influence of the surface can be neglected
at those distances.

Additional structural information about the two solvent layers can be obtained
from the distributions of the dipole moment (vq,) and H-H (vy_y) vectors. These
distributions were calculated as a function of the cosines of the angles between
those vectors and the axis normal to the surface, for three solvent laminae, each
with thickness of 4 A measured from the metallic surface. This dimension 18,
approximately, the observed one for the first and second water adsorbed layers.
The vq, distributions are shown in Fig. 4. In the first solvent lamina, between 0
and 4 A (Fig. 4a), the major part of the dipole moments are distributed
approximately parallel to the surface, as indicated by the broad peak at ~cos (0) =
0 (region II). In the same figure, another peak is observed in region III, at ~ cos
(0) = 0.75, corresponding to those molecules adsorbed with molecular plane
approximately perpendicular to the surface. It is interesting to point out that, in
this configuration, the hydrogen atom pointing towards the electrode is at ~3.4 A
from the surface, in agreement with the results for the hydrogen density profile
(Fig. 3b — peak I). As stressed in our previous paper [38], these structural
properties resembles the water bilayers formed in the adsorption of water
molecules on closed packed noble metal surfaces [76, 77], despite the fact that
the Au(210) presents a more heterogeneous structure.

In the solvent lamina between 4 and 8 A (Fig. 4b), a very weak v, preferential
orientation tendency is observed around cos (0) = -0.75 A (region I), suggesting
that the hydrogen atoms are pointing towards the bulk liquid phase, in agreement
with the density profiles of Fig. 3. It is also possible to see a weak wave at cos (0)
= - 0.6 (region I), which is related to peak II of Fig. 3b and is an additional
evidence of the hydrogen bonds referred to above.

In the case of the solvent lamina located between 8 and 12 A (Fig. 4¢), no
appreciable vg, preferential orientation is observed and the liquid structure
approaches the bulk behaviour.

The distributions of the vy vectors are presented in Fig. 5. They support the
conclusions presented above. In the first solvent lamina (Fig. Sa), the major part
of the vy.y 1s nearly parallel to the surface (region II, peak at ~ cos (®) = 0),
whilst the small peaks in regions I and III indicate the presence of some
molecules adsorbed with the molecular plane perpendicular to the surface. Both
observations are in clear agreement with vy, distribution (Fig. 4a).

In the case of the second solvent lamina, between 4 and 8 A (Fig. 5b), a weaker
vu.p preferential orientation tendency is observed as for the vy, distribution in the
same lamina (Fig. 4b), thus corroborating the formation of hydrogen bonds
between the different solvent layers.

For the last solvent lamina, between 8 and 12 A (Fig. 5¢) no specific tendency is
observed and the solvent structure resembles that of the bulk.
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Figure 5. Distribution of the cosine of the angle between the H-H vector of the water
molecules and the axis normal to the surface for three solvent lamina parallel to the
surface. a) First lamina (between O and 4 A), b) second solvent lamina (between 4 and 8
A), ¢) region with weak influence from the metal.

To proper understand the PMF calculations of the solvent contribution to the
phenol adsorption, it is necessary to assess not only the mean structural
properties of the water layer over the surface as a whole, but also the adsorbed
water configuration over the different surface sites. Our previous results [38]
have essentially shown that the water molecules of the first adsorbed layer adopt
a configuration very close to the so called ice like structure, forming irregular
hexagonal structures with a molecule in the centre. On average, the molecules
adsorb preferentially over T sites, followed by the HI sites, with a low water
density over the H2 sites. An interesting feature is that the water molecules in the
first solvent layer, with the molecular plane nearly perpendicular to the surface,
adsorb preferentially on the T sites. The hexagonal structures in the first water
layer are represented in Fig. 6. The oxygen surface density distribution, in Fig. 7,
shows the higher densities over the T sites, followed be the HI ones. Fig. 8,
presents the surface density of the hydrogen atoms in the region of the first
solvent layer related to the peak I of Fig. 3b, which form hydrogen bonds with
the second layer. It indicates that the hydrogen density is significantly higher
over the T sites.

497



R.S. Neves et al. / Port. Electrochim. Acta 27 (2009) 487-503

Figure 6. Snapshot of the water molecules adsorbed on the Au(210) surface. The
darkest oxygen atoms are of water molecules interacting with the first solvent layer via
hydrogen bonds. Hexagonal centred structure is highlighted.

intensity

Q@ 1layer
D 2™layer
D> 3"layer

Figure 7. Oxygen surface density distribution in the first solvent layer: (a) total surface
and (b) surface unit cell (ref [38], with Elsevier’s permission).

intensity

Q@ 1*layer
D 2" layer
3 3“layer

Figure 8. Hydrogen surface density distribution of the hydrogen atoms in the first
solvent layer, which form hydrogen bonds with the second solvent layer: (a) total
surface and (b) surface unit cell (from ref [38], with Elsevier’s permission).
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Solvent contribution to the PMF for the phenol adsorption

The contribution of the solvent to the total free energy change associated to the
adsorption of phenol from a dilute aqueous solution on the sites 7, HI and H2 of
the Au(210) surface, for the orientations O1 and O2, are presented in Fig. 9.

T T T T T H T T T

GO ey | 11 SO a) |

40 o : 4

z
-

/ -1
.-'_\ASI kJ mol
%] I (s3]
(=] (=] (=]
T T T T
.|! L
. L ]
AS)
1 1 1

o
—
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Figure 9. Solvent contribution to the PMF for the phenol adsorption onto different sites
of the Au(210) surface: a) site H2, b) site HI, c) site T. (®) orientation O1, parallel to
the surface; (o) orientation O2, perpendicular to the surface.

When the phenol molecule approaches the surface with the O/ orientation, where
the aromatic ring is parallel to the surface, a strong repulsion between the phenol
molecule and the first water adsorbed layer is verified for all the studied sites.
This repulsion is represented by the high positive values of AAg when the
distance of the centre of mass of the phenol molecule (CMp;,) from the surface is
less than 3 A (region I) and comes from the “compression” of the solvent layer
by the aromatic ring, which naturally blocks the phenol adsorption directly at the
surface. In the region between 3 and 5 A (region II), where the phenol molecule
interacts with the second solvent layer, a less intense repulsion is observed, since
the structure of this layer is less organized, as indicated by the above MC
simulations. Similar results were observed in our previous study with a non
structured (flat) gold surface [37], suggesting that this repulsion is relatively
uninfluenced by the surface structure, but uniquely by the interactions between
the phenol molecule and the first solvent layer, independent of the local structure
of the layer.

When the molecule approaches the surface in the O2 orientation, however,
distinct behaviours are observed for the different sites. In the case of the sites H2
(Fig 9a) and HI (Fig. 9b), the solvent contribution when the CMp, is around 5 A
from the surface (region II), is about 10 kJ mol™ for both the sites. It is worth to
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remember that if the phenol molecule approaches the surface in the O2
orientation, perpendicular to the electrode, when the CMpy, is at 5 A from the
surface, the OH group is well inside the first solvent layer, at = 2.2 A. In this
situation, the solvent contribution to the total free energy of adsorption is still
positive hindering the phenol adsorption. Yet, its value is considerably less than
the one for the Ol orientation near to the electrode (= 60 kJ mol™), indicating
that, concerning the solvent contribution, the orientation O2 favours for the
phenol adsorption on sites HI and H2. Again, the same qualitative tendency was
seen in our previous study with a non structured gold surface [37].

As for the site T (Fig. 9c), the solvent contribution is negative (= -10 kJ mol™)
when the CMp, is at ~ 5 A from the surface. The negative value suggests an
attraction between the phenol molecule and the first solvent layer over the site 7.
This is presumably associated to the formation of hydrogen bonds between the
phenol and the water molecules on sites 7, which are adsorbed in a suitable
geometry for that, as noted in section 3.1. This result indicates that when the
phenol molecule approaches the surface in a perpendicular orientation, the
solvent contribution to the PMF is strongly affected by the local structure of the
first solvent layer, which, in region II, becomes negative for the T sites.
Electrochemical studies [64] and our previous MC simulations [37] have
demonstrated that the final orientation of the phenol molecule adsorbed on a gold
surface is the OI, parallel to the electrode. However, our previous PMF
calculations with a flat gold surface [37] and the present results indicate that
despite the final orientation, the phenol molecule should penetrate the solvent
layers with the aromatic ring perpendicular and the oxygen atom pointing to the
surface (orientation O2).

The present results support previous experimental and simulation results which
show that, at the pzc, the phenol molecules, from a dilute aqueous solution,
adsorb firstly in the O2 orientation and then go through a smooth transition to the
parallel configuration (OI). They also do not contradict the experimental
observations that phenol adsorbs on noble metals, from concentrated solutions,
perpendicular to the surface and does not undergo reorientation [65] , even at
pzc. This presumably occurs due to the high coverage degree of the surface by
perpendicular adsorbed phenol molecules, which disable the reorientation
process.

Nonetheless, to properly analyze such details one needs a full quantum
mechanical potential to describe the interactions between phenol and gold. This
is one of the perspectives for future work.

Concluding Remarks

We have reviewed canonical Monte Carlo simulations of water adsorbed on the
Au(210) surface and reported new calculations of the solvent contribution to the
PMF for the phenol adsorption, from a dilute aqueous solution, onto that surface.
The results show that the water molecules adsorb on the Au(210) surface forming
structures similar to those observed in water bilayers on close-packed noble
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metal surfaces, with the molecules adsorbed over the T sites forming hydrogen
bonds between the first and the second solvent layers.

The PMF calculations indicate that the phenol molecule penetrates the solvent
layers in a perpendicular orientation with the O atom pointing to the surface.
Moreover, if the phenol molecule approaches the surface over T sites, in this
orientation, the solvent contribution to the PMF is negative when the centre of
mass of the phenol molecule is at =~ 5 A from the surface, suggesting an attraction
between the phenol and the water molecules in the first solvent layer due to
hydrogen bonds.
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