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Abstract

This paper reviews some recent canonical MonteoGamulations of the Au(210)4@
interface using a DFT force field developed by New results are reported on the
solvent contribution to the potential of mean fo(&MF) for the phenol adsorption,
from a dilute aqueous solution, onto the Au(210jaxe. The Monte Carlo simulations
show the common features normally observed in ithelation of water in contact with
metallic surfaces, where the water molecules ad&wrhing bilayers. The molecules
adsorbed over th&op gold sites form hydrogen bonds between the first sexcond
solvent layers. The PMF calculations indicate that phenol molecule penetrates the
solvent layers with the aromatic ring in a perpentdr configuration and the oxygen
atom pointing to the surface. The PMF results alsggest the existence of hydrogen
bonds between the phenol molecule and the firstesbllayer of the water molecules
adsorbed onto thE€opsites.

Keywords potential of mean force, phenol adsorption, Au{21lMonte Carlo
simulation

Introduction

The adsorption of ionic species and organic moéscoh electrode surfaces is of
the utmost importance in the field of interfacil@arochemistry, since it affects
a large variety of electrode processes. For exgmaplsorption is involved in the
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mechanism of charge transfer reactions at electsodiaces [1-3], capacitance
dispersion in the electrode/solution interface (}-dnd self-assembly processes
[11-16]. As such, adsorption is a crucial subjectvarious technologic research
fields, ranging from surface modification [17-19) heterogeneous catalysis
applied to fuel cells [20-22].

In the last decadea) initio quantum calculations, especially those using dgnsi
functional theory (DFT) [23-36], and molecular siation techniques, namely
Monte Carlo (MC) [37-45] and molecular dynamics (MB6-55], have become
powerful tools to study molecular and ionic adsiampbn metallic surfaces.

The ab initio/DFT calculations of the interactions between differerdlecules
and ions with a broad variety of metallic clustergpresenting different
crystallographic orientations of noble metals, maplatinum [29, 32, 35], gold
[25, 31, 34-36, 56, 57], copper [24, 27, 36, 57-&9 silver [27, 36, 57, 60, 61],
enable to draw a picture of the influence of thefame structure on the
adsorption processes. The results of such calongtiave pointed, for example,
to the occurrence of preferential site adsorptiod ¢e influence of the site
geometry on the orientation of adsorbed moleculbéese calculations are also
the basis of the development of analytical potéritiactions to be used in MD
and MC simulations of adsorption processes, suchadides on copper [39],
water on platinum [55, 62] and gold [34], and ettlaam gold [31].

MD and MC simulations have provided invaluable mfation on the structure
of the adsorbed layers, assessing the preferentiahtation of adsorbed
molecules in the presence of the solvent, the pefal sites for adsorption and
the changes on the interface properties in thetilre normal to the surface.

For example, the MD simulations carried out by Yagld Berkowitz [55] showed
that water molecules adsorb at every top site, widguare lattice packing in a
Pt(100) surface, whilst in the case of the Pt(1djface, the molecules still
adsorb at top sites, but form rings of six and fimwlecules around an
unoccupied site. This study also showed that theodoction of surface
corrugation remarkably affects the adsorbed layarctire and, in a minor
degree, the distribution of water molecules indhiection normal to the surface.
More recently, the MC simulations of water adsanpton the Au(210) surface,
carried out by Neves et al. [38], have also shohat the molecules adsorb
preferentially on top sites, but the high surfacerrugation degree and
heterogeneity strong influences the orientatiorwater molecules adsorbed on
different sites. The results also indicate thateuooles in the first adsorbed layer,
with the molecular plane perpendicular to the swgfaform hydrogen bonds
between the first and second layers.

Besides the structural and dynamical propertiesftioese simulation studies, it
is important to understand the driving forces inreal in the adsorption process,
particularly the contribution of the solvent stwe to them. To this end,
potential of mean force calculations (PMF) are atieassess the solvent
contribution to the total variation of the adsooptifree energy, considering the
influence of the surface sites involved and theodalag molecules orientation
[37, 39, 51, 63]. The PMF may also provide addaianformation, especially in
the cases of 2D transitions in the adsorbed layeearientation of the adsorbed
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molecules. Indeed, the understanding of the ralaxathat take place during the
processes is invaluable to probe dissipative phemanat the interface [4-7].

In the case of phenol adsorption on noble metattldes, electrochemical
studies [64] have shown that, at potential of zeharge (pzc), the phenol
molecules adsorb parallel to the surface on postaiyne gold. However, for
potentials greater than pzc, the adsorbed moleallasge to a perpendicular
orientation, with the oxygen atom pointing to theface. Moreover, studies of
phenol adsorption on platinum [65] have shown ithet same behaviour is
observed for adsorption from dilute solutions, lten it takes place from
concentrated solutions, the perpendicular oriesnas always the preferred one.
In a previous work we have realized PMF calculaitor the phenol adsorption
on a flat gold electrode [37], which show that thelecule firstly adsorbs almost
perpendicular to the surface and then changegiggatation to the parallel one
observed experimentally. The results have alsccatdd that this behaviour is
clearly associated to the strong repulsion betviieenvater layer adsorbed on the
surface and the adsorbing phenol molecule, whapptoaches the surface in the
parallel orientation. Nonetheless, since this stuthed a flat surface, the
influence of the surface corrugation on the prefea¢ adsorption and on the
local properties of the solvent layer has not bessessed.

In this context, the objective of the present wisrko calculate, by canonical MC
simulations, the solvent contribution to the PMF foe adsorption of phenol,
from a dilute aqueous solution, now on a corrugake210) electrode, over
different surface sites and molecular orientationder conditions similar to pzc,
from a DFT force field recently proposed by us [3fhe Au(210) surface is a
suitable choice, since it is experimentally acddssas a single crystal surface
that does not undergoes potential induced surfao®nstruction, and has
electrochemical characteristics resembling thosgotd polycrystalline surfaces
due to its high heterogeneity [66, 67].

Section 2 outlines MC and PMF computational detadsvell as the interaction
potentials used in the simulations. Section 3 regiesome previous results
related to the MC simulations of the Au(210)Hinterface, and reports the new
calculations of the solvent contribution to the PkF the phenol adsorption on
the Au(210) surface. Finally, section 4 presengsabncluding remarks.

Models and methods

Monte Carlo simulations of the Au(210)/4D interface

The canonical MC simulations were carried out @ystem composed by 1000
molecules of water encapsulated by two Au(21 Ojleses in the direction. The
simulation box was of rectangular shape, with 28426.40 A and 50.47 A in
the x, y and z directions, respectively. Standard periodic boupdzonditions
(PBC) were applied to the simulation box on th@ndy directions and the
dimensions of the box in these directions were ehas order to ensure the
periodicity of the crystallographic surface undee PBC. The total simulation
box volume was chosen in order to reproduce thsityeof 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 perfodr@rior to the production
runs consisting of 25,000 MC cycles. Each cycle siad of random
translations and rotations applied to each watdeoute of the system, with an
acceptance rate of ~50%. The simulations wereethout using the time saving
energy repository algorithm [68].

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

Calculation of the solvent contribution to the PMfer the phenol adsorption

The PMF acting on the phenol molecule at distarftem the Au(210) surface is
defined as the reversible work necessary to apprahe molecule, in a
determined orientation inside the solvent, fromsiathcez,, where the influence
of the electrode can be neglected, to a neareardisz. Thus, the PMF is the
Helmohltz free energy change taking into accouatatesence of the solvent.

The total free energy changeA) has two contributions: one due to the solvent
( A and other due to the interaction of the adsorbinglecule and the
electrode surface. The solvent contribution carcddeulated by the free energy
perturbation (FEP) method [71-73], whose generahggn can be written as:

U(Z:'-I-SZ]—U(Z:')] (1)
)

SALCz; - 7, 4 62) = kTInlexp | —

whereU(z) is the potential energy of a configuration of tleéerence system,
U(z + z)isthe potential energy of a configuration of the pdyéd system, k is
the Boltzmann constant and T the absolute temperatn eq. 1, the brackets
represent the ensemble average over an assemitxyfijurations, generated for
the reference system by random translations amdioos of the water molecules
composing the system, but keeping the adsorbingecutd at the distance
(measured from its mass centre to the electrodipaa fixed orientation. In this
stage of the calculations, only the water-watertewphenol and water-electrode
interactions are accounted for. The assembly ofigorations for the perturbed
system are the same as the preceding ones corgéhairwater molecules, but
with the phenol molecule at the same orientatiothennew fixed distance (+

z), where z is a small displacement applied to the phenol mbéem order to
generate the perturbed system. The reference amurlped states are different
only in what concerns the phenol molecule positind they can be identified by
the coordinate of the centre of mass of the adsorbing molecule.

Under these conditions, the terd(z + z)-U(z) in eq. 1 is the difference
between the phenol — water interaction potentiargies in the two states, since
the solvent-solvent and solvent-electrode inteoacpotential energies are the
same for the reference and perturbed systems.
To ensure a consistent convergence of the calcul&i@F, the difference
between the energies for the reference and theurped states must be
considerably smaller than kT. For calculations &@fgeit means that the distance
z-% should be divided into a number of window,), each one characterized by
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thez of eq. 1. The solvent contribution to the potentiimean force, acting on
the phenol molecule at distanzeis calculated by the sum of eq. 1 over e
windows:

Nw 2
M;(z,-z]:znﬁ*ﬂ} (@)

i=1

For each window, the ensembles of states were giukiby canonical MC
simulations under the same conditions presentséction 2.1, with the addition
of one single phenol molecule. Equilibration rums5,000 MC cycles followed
by production runs of 10,000 cycles were perforfadeach window. The first
window was chosen at a distarige= 13.5 A from the Au(210) surface and the
following windows were located at successive disptaents of 0.22 A toward
the surface. The selected perturbation distargewas 0.1 A and a double-wide
sampling was used [72]. In order to improve theaxation of the solvent
surrounding the adsorbing phenol molecule, during production runs the
phenol molecule was allowed to move in the diretiparallel to the surfaca (
andy), however keeping the orientation fixed.

The calculations were carried out considering twaetular orientations for the
phenol adsorption on three surface sites: (TppHollow 1 (H1)andHollow 2
(H2), related, respectively, to the gold atoms of iin&t,fsecond, and third and
fourth surface layers (see Fig.1) . The selectezhtations weret) O1: aromatic
ring parallel to the surface;) O2: aromatic ring perpendicular to the surface,
with the oxygen atom pointing to the surface. Thase the most interesting
geometries considering the structural propertiesttld molecules and the
previous experimental and theoretical works on phadsorption [37, 64].

Interaction force fields

The interactions between the components of thedighase were described by
the 12-6 Lennard — Jones potentials between thes 0f each molecule,

submitted to a cut off radius of 8 A, combined willoulombic interactions

related to the partial charges at each site andd=svaum for their long range

corrections.

H1

H2

Figure 1. Section of an Au(210) surface used for the simaoitetti The sites T, H1 and
H2 are indicated by the arrows.
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Table 1 Interaction parameters for the atoms on the digpiase.

/ kJ mol™ /A q/e
Water — TIP4P
@) 0.649 3.15 0
H 0 0 0.5200
e 0 0 -1.0400
Phenol
H(O) 0 0 0.4400
@) 0.650 3.07 -0.6400
C, 0.294 3.55 0.5400
Cae 0.294 3.55 -0.4125
Css 0.294 3.55 -0.0300
Cs4 0.294 3.55 -0.3000
His 0.126 2.42 0.2000
Ho4 0.126 2.42 0.1430
Hs 0.126 2.42 0.1590

In the case of the water molecules, the TIP4P ii7ddlel was used. This model is
composed by 4 interaction sites, three of themespwnding to the atoms of the
water molecules and one related to the electromézge density due to oxygen
electronic pair, which is located 0.15 A apart frtm oxygen, between the two
hydrogen atoms. The phenol interaction parameteds geometry were those
proposed by Mooney et al. [75], with the internagjcees of freedom constrained
to the minimal energy molecular geometry. All thetgmtial parameters are
presented in Table 1 and the indexes for the phesinohs can be seen in Fig. 2.

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

The interactions between the water molecules amd\tt{210) were modelled by
the DFT force field recently proposed by us, whadeé details are described
elsewhere [34], submitted to a cut off radius of R5As this force field is
somewhat elaborated we recall here its main comgendhe general form of
the potential is:

Uk, 0-auz1e)0C6 3. Z2) = Up(Z) + Uy, (2)ACx, ) + Uy (2B G, v (3)
Z=1{20.ZHa- ZHp} -
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wereUr is the interaction energy for the water molecuitihe TOP site of the
Au(210) surface, which is taken as the refereneggn andJy; andUy, are the
energetic contributions, relatively to thBOP site, of the water molecule
interaction with the sitebl1 andH2, respectively. These functions depend only
on the distancesd, z, andzy,) between each atom of the water molecules and
the plane defined by the first atomic layer of shieface:

Usiea(Z) = Ug_au(Z0) + Unia—au(Zra) + Unp_auZan) (4)

The structural periodicity of the surface is inwodd in the force field through
the functionsA(x,y)andB(x,y}

(1.?4 +b -_v)" (1.?4 ; b -_u)" (5)

ACe, v) = flcdsin +I[1 - fx)ecos

(1.49 +b -_v)“ (1.40 +b -_v)g (6)

B(x, v) = f(x)cos +[1 - flx)lsin
wherex andy are the co-ordinates of the centre of mass ofndir molecule
parallel to the metallic surface and perpendictdahez direction. The functions
f(x) andb depend on the parameter of the gold cell (a =860%):

_ o Y (7)
fm_sm(;)
L (8)
avs

When the centre of mass of the water molecule & the sitel, both functions
A(x,y)andB(x,y)are equal to zero and eq. 3 reducdd-toIf the centre of mass

of the molecule is over sitdl, B(x,y)is zero andA(x,y) = 1, and the interaction
energy isUt + Uy;. Finally, when the centre of mass is over the BReA(x,y)=

0 andB(x,y) = 1, and the interaction energylUs + U,,. As the x and y co-
ordinates are measured from a Siteany of these sites can be used since the
surface is periodic.

The application of eq. 3 requires the knowledgtheffunctiondJt, Uy andUs.
They are written (see eq. 4) as the sum of thedot®ns between each water
atom and the surface:

Up_au(Z0) = cq explcyzg) — cz explcazg) — cgexp(cszp) 9)

Ug_an(zy) = cgexplczg) — cgexp(cozp) (10)

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

Coefficient T H1 H2
Co / kJ mot* 4.774 x 16 4136.72 7642.4
C,/ Al -5.12 -1.67 -1.66
C, / kJ mol* 4015.23 4.709 x o 4.773 x 16
Cs/ At -1.69 -5.12 -5.12
Cal I/E\Jlmoll 0 341.73 3214.1
Cs/ A 0 -1.11 -1.50
Cs / kJ mol* 43994.8 5900 3888.21
C, /A -3.48 -3.24 -3.09
Cs / kJ mol* 3.33798 46500 47771.9
Cyo/ At -0.16 -3.44 -3.45
5 —a) | -
4L 4
o 3r .
!
|

P

H
- N W A O,
T

2.5 I 5.0 I ?.IS I 10|.0 I 125

z/ A
Figure 3. Normalized density profiles for water moleculeshet interface. a) oxygen
atoms, b) hydrogen atoms.

Results and discussions

Au(210)/H,0O interface

The structural characteristics of the interface @reitmost importance for the
proper interpretation of the PMF results. As suale, review here the main
aspects of our previous MC simulations which haeerbreported elsewhere
[38].

The dependence of the normalized density profifeth® water molecule atoms
on the distance from the surface, calculated astkeage of the values for both
gold surfaces in the simulation box, are presemdelg. 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 betweea dipole moment vector of
the water molecules and the axis normal to theasarfor three solvent lamina parallel
to the surface. a) First lamina (between 0 and,bf¥econd solvent lamina (between 4
and 8 A), ¢) region with weak influence from thetate

The first layer is at the region between ~1.2 ar@l8 The two most intense
peaks, for the O (Fig. 3a) and H (Fig. 3b) atonesairnearly the same distance
from the surfacex 2.5 A), meaning that most of the water moleculeshis
region are adsorbed, on average, with the molepldae parallel to surface. The
sharpness of the peaks indicates that the molequlé first solvent layer are
adsorbed in well defined positions and orientatiofest, Fig. 3b shows a small
peak at ~ 3.3 A (peak 1), which also suggestsgbate water molecules have one
or both hydrogen atoms pointing away from the su#faas observed in other
simulations of water in contact with different mbtasurfaces [55].

The second solvent layer extends from ~ 3.8 t03-A6.The peaks in this region
are less intense and broader than those of ttiddysr, meaning that the second
layer is more diffuse and less organized than tist. fThe molecules in this
region present a higher degree of mobility and @ader distribution of the
relative molecular orientations. The structure loé second layer has similar
overall orientations to the first layer, but nottire same proportion, as indicated
by the displacement of the more intense peak in ¥hgfor the hydrogen atoms
distribution, when compared with the peak corresipan to the oxygen atoms
(Fig. 3a). As for the small peak in Fig 3b, at 3 A (peak I1), it suggests that
some of the hydrogen atoms in the second layepairging towards the first
layer. The relation between the peaks | and Il, dred ones for oxygen was
discussed elsewhere [38]. They indicate the exsteaf hydrogen bonds
between the second and first solvent layers, whadlso observed for water
adsorbed over other metals.
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For distances greater than 12.5 A from the surfteedensity profiles in Fig. 3
converge approximately to 1, that is, the influeatthe surface can be neglected
at those distances.

Additional structural information about the two \set layers can be obtained
from the distributions of the dipole moment{yand H-H (y.4) vectors. These
distributions were calculated as a function of tlwsines of the angles between
those vectors and the axis normal to the surfamethfee solvent laminae, each
with thickness of 4 A measured from the metallicfate. This dimension is,
approximately, the observed one for the first aaxbad water adsorbed layers.
The ., distributions are shown in Fig. 4. In the firsh@mt lamina, between 0
and 4 A (Fig. 4a), the major part of the dipole nemts are distributed
approximately parallel to the surface, as indicdtgdhe broad peak at ~co9 €

0 (region Il). In the same figure, another peakhserved in region Ill, at ~ cos
() = 0.75, corresponding to those molecules adsorid molecular plane
approximately perpendicular to the surface. Inigresting to point out that, in
this configuration, the hydrogen atom pointing todgathe electrode is at ~3.4 A
from the surface, in agreement with the resultstiier hydrogen density profile
(Fig. 3b — peak 1). As stressed in our previousepa38], these structural
properties resembles the water bilayers formedh@ &dsorption of water
molecules on closed packed noble metal surfaces7[7l6 despite the fact that
the Au(210) presents a more heterogeneous structure

In the solvent lamina between 4 and 8 A (Fig. 4byery weak y, preferential
orientation tendency is observed around c9s=(-0.75 A (region I), suggesting
that the hydrogen atoms are pointing towards thie loquid phase, in agreement
with the density profiles of Fig. 3. It is also gdse to see a weak wave at cop (
= - 0.6 (region 1), which is related to peak Il lBig. 3b and is an additional
evidence of the hydrogen bonds referred to above.

In the case of the solvent lamina located betweean® 12 A (Fig. 4c), no
appreciable y, preferential orientation is observed and the tqgstructure
approaches the bulk behaviour.

The distributions of the \ vectors are presented in Fig. 5. They support the
conclusions presented above. In the first solvemina (Fig. 5a), the major part
of the vy is nearly parallel to the surface (region Il, pedk~ cos () = 0),
whilst the small peaks in regions | and lll indeathe presence of some
molecules adsorbed with the molecular plane peipaltad to the surface. Both
observations are in clear agreement wighdistribution (Fig. 4a).

In the case of the second solvent lamina, betweand48 A (Fig. 5b), a weaker
vy preferential orientation tendency is observedoashfe v, distribution in the
same lamina (Fig. 4b), thus corroborating the fdiomaof hydrogen bonds
between the different solvent layers.

For the last solvent lamina, between 8 and 12 4.(5¢) no specific tendency is
observed and the solvent structure resembles thiaé dulk.
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Figure 5. Distribution of the cosine of the angle betweea hH vector of the water

molecules and the axis normal to the surface foeettsolvent lamina parallel to the

surface. a) First lamina (between 0 and 4 A), bpsd solvent lamina (between 4 and 8

A), c) region with weak influence from the metal.

To proper understand the PMF calculations of tHges contribution to the
phenol adsorption, it is necessary to assess nbt te mean structural
properties of the water layer over the surface agale, but also the adsorbed
water configuration over the different surface sit®ur previous results [38]
have essentially shown that the water moleculdbefirst adsorbed layer adopt
a configuration very close to the so called ice I&tructure, forming irregular
hexagonal structures with a molecule in the cere.average, the molecules
adsorb preferentially over sites, followed by théd1 sites, with a low water
density over théd2 sites. An interesting feature is that the wateltetwes in the
first solvent layer, with the molecular plane nggrerpendicular to the surface,
adsorb preferentially on thEe sites. The hexagonal structures in the first water
layer are represented in Fig. 6. The oxygen surdi@osity distribution, in Fig. 7,
shows the higher densities over thesites, followed be théll ones. Fig. 8,
presents the surface density of the hydrogen atontbe region of the first
solvent layer related to the peak | of Fig. 3b, ahhform hydrogen bonds with
the second layer. It indicates that the hydrogemsithe is significantly higher
over theT sites.
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Figure 6. Snapshot of the water molecules adsorbed on tli21A) surface. The
darkest oxygen atoms are of water molecules intiegawith the first solvent layer via
hydrogen bonds. Hexagonal centred structure idigigied.

intensity

Q@ 1layer
D 2™layer
D> 3"layer

Figure 7. Oxygen surface density distribution in the firstvent layer: (a) total surface
and (b) surface unit cell (ref [38], with Elseviepermission).

intensity

Q@ 1*layer
D 2" layer
3 3“layer

Figure 8. Hydrogen surface density distribution of the hy#noe atoms in the first
solvent layer, which form hydrogen bonds with treemd solvent layer: (a) total

surface and (b) surface unit cell (from ref [38jthnElsevier's permission).

498



R.S. Neves et al. / Port. Electrochim. Acta 27 ©2@B7-503

Solvent contribution to the PMF for the phenol adgaiion

The contribution of the solvent to the total freeeryy change associated to the
adsorption of phenol from a dilute aqueous solutinorthe site§, H1 andH2 of
the Au(210) surface, for the orientatioDd and O2, are presented in Fig. 9.

Figure 9. Solvent contribution to the PMF for the phenol@agsion onto different sites
of the Au(210) surface: a) sik2, b) siteH1, c) siteT. ( ) orientationO1, parallel to
the surface; () orientationO2, perpendicular to the surface.

When the phenol molecule approaches the surfatetetO1 orientation, where
the aromatic ring is parallel to the surface, argjrrepulsion between the phenol
molecule and the first water adsorbed layer isfieerifor all the studied sites.
This repulsion is represented by the high positredues of As when the
distance of the centre of mass of the phenol mt#gg&@iMy) from the surface is
less than 3 A (regioh) and comes from the “compression” of the solveryet
by the aromatic ring, which naturally blocks theepbl adsorption directly at the
surface. In the region between 3 and 5 A (regiprwhere the phenol molecule
interacts with the second solvent layer, a lessnsg repulsion is observed, since
the structure of this layer is less organized, radicated by the above MC
simulations. Similar results were observed in otgvpus study with a non
structured (flat) gold surface [37], suggestingtttias repulsion is relatively
uninfluenced by the surface structure, but unigumiythe interactions between
the phenol molecule and the first solvent layedempendent of the local structure
of the layer.

When the molecule approaches the surface inQBeorientation, however,
distinct behaviours are observed for the diffesst@s. In the case of the sitd2
(Fig 9a) andH1 (Fig. 9b), the solvent contribution when the G around 5 A
from the surface (region ), is about 10 kJ thédr both the sites. It is worth to
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remember that if the phenol molecule approaches dsinéace in the 02
orientation, perpendicular to the electrode, whem €M, is at 5 A from the
surface, the OH group is well inside the first soivlayer, at> 2.2 A. In this
situation, the solvent contribution to the totaédrenergy of adsorption is still
positive hindering the phenol adsorption. Yetvidue is considerably less than
the one for the O1 orientation near to the eleetrd60 kJ mol), indicating
that, concerning the solvent contribution, the maéion O2 favours for the
phenol adsorption on sitétl andH2. Again, the same qualitative tendency was
seen in our previous study with a non structurdd gorface [37].

As for the siteT (Fig. 9c), the solvent contribution is negatiwve-{0 kJ mof)
when the CM, is at ~ 5 A from the surface. The negative valuggests an
attraction between the phenol molecule and thédolvent layer over the site
This is presumably associated to the formationyafrbigen bonds between the
phenol and the water molecules on siteswhich are adsorbed in a suitable
geometry for that, as noted in section 3.1. Thaulteindicates that when the
phenol molecule approaches the surface in a peipdad orientation, the
solvent contribution to the PMF is strongly affettey the local structure of the
first solvent layer, which, in region I, becomesgative for thel sites.
Electrochemical studies [64] and our previous M@uations [37] have
demonstrated that the final orientation of the mhemolecule adsorbed on a gold
surface is theOl, parallel to the electrode. However, our previdesiF
calculations with a flat gold surface [37] and theesent results indicate that
despite the final orientation, the phenol molecsih®uld penetrate the solvent
layers with the aromatic ring perpendicular anddkggen atom pointing to the
surface (orientatio®?2).

The present results support previous experimemelsamulation results which
show that, at the pzc, the phenol molecules, fromil@e aqueous solution,
adsorb firstly in théD2 orientation and then go through a smooth transitiothe
parallel configuration @1). They also do not contradict the experimental
observations that phenol adsorbs on noble mdtals, concentrated solutions,
perpendicular to the surface and does not undergoentation [65] , even at
pzc. This presumably occurs due to the high coweragree of the surface by
perpendicular adsorbed phenol molecules, which btksahe reorientation
process.

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

Concluding Remarks

We have reviewed canonical Monte Carlo simulatiohsvater adsorbed on the
Au(210) surface and reported new calculations efgblvent contribution to the

PMF for the phenol adsorption, from a dilute aquesoiution, onto that surface.

The results show that the water molecules adsothe®u(210) surface forming

structures similar to those observed in water bilayon close-packed noble
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metal surfaces, with the molecules adsorbed owefl thites forming hydrogen
bonds between the first and the second solventdaye

The PMF calculations indicate that the phenol mdke@enetrates the solvent
layers in a perpendicular orientation with the @natpointing to the surface.
Moreover, if the phenol molecule approaches théasaroverT sites, in this
orientation, the solvent contribution to the PMFegative when the centre of
mass of the phenol molecule is»% A from the surface, suggesting an attraction
between the phenol and the water molecules in itise dolvent layer due to
hydrogen bonds.
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