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Model study of penetration of C1™ ions from solution into organic
self-assembled-monolayer on metal substrate: trends and
modeling aspects

Anton Kokalj**, Dominique Costa®
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bPSL Research University, CNRS - Chimie ParisTech, Institut de Recherche de Chimie Paris (IRCP), Physical
Chemistry of Surfaces Group, 75005 Paris, France

~

Abstract

Organic molecules that form self-assembled-monolayers on metal substfates may provide ef-
ficient corrosion protection. Herein we study how such self-assembled-monolayers hinder the
penetration of CI~ ions from aqueous solution toward the metal substrate. We first elucidate
some aspects that are relevant for modeling charged ions near surfaces with slab models that uti-
lize periodic-boundary-conditions, in particular: (i) Solvation effeéts, (ii) inter-ion electrostatics,
(iii) depolarization effects, and (iv) effects of periodic-boundary-conditions along lateral direc-
tions and, for multi-slab models, also alongthe.surface normal direction. The last two effects are
artifacts hence they can be avoided or at least minimized by proper modeling. We further present
a simple scheme that describes the activation barrier for CI~ penetration into self-assembled-
monolayer as a function of the electrode potentialland show that the activation barrier decreases
as the electrode potential increases, as,would be.intuitively expected, however, for thick self-
assembled-monolayers the barrier remains sizable even at rather positive potentials, which may
be one of the reasons why dense and sufficientlyithick self-assembled-monolayers can efficiently
inhibit corrosion. By utilizing a simple model where metal substrate, organic layer, and aqueous
solvent are described implicitly’by dielectric continuum slabs, we analyze two important effects
by which self-assembled-monolayers hinder the penetration of C1~ ions toward the metal sub-
strate. The first effect is due torinferior solvation of ions in organic layer compared to that in
aqueous solvent and the estimated difference is larger than 1 eV. This effect is independent of the
thickness of the organic layet, provided that the layer is sufficiently thick (2 10 A). The second
effect is due to electric field at the electrochemical interface and the extent by which it affects
the penetration of CL depends on the electrode potential and on the thickness of the organic
layer. Other effects, such,as local deformation of organic layer during C1~ penetration, cannot
be described by current simple models and will be considered in our next publication. Finally,
calculationgsindicate that due to stronger solvation of Na* counter-ions their penetration into or-
ganic layeris inferior to that of C1~. Energetically the most favorable way for Na* to penetrate
is in the'form of Na*/Cl~ ion-pairs, but it is inferior to penetration of C1~ alone.

*Tel: +386-1-477-35-23; Fax: +386-1-251-93-85; Email: tone.kokalj@ijs.si; URL: http://www.ijs.si/ijsw/K3-
en/Kokalj; ORCID ID: 0000-0001-7237-0041.
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Introduction

Localized corrosion by chlorides is a major issue ' and chromates have been traditionally used
to mitigate the problem. However, due to their carcinogenicity they have been banned and a
replacement is needed. Organic corrosion inhibitors represent an attractive optionsand several
families of compounds have been proposed to efficiently inhibit corrosion of Al and its alloys.
In our previous publications we have shown that gallic acid,? silanoles,>* phosphonates,” and
n-alkyl carboxylic acids®® are able to adsorb on oxidized Al surfaces. Améng them, n=alkyl
carboxylic acids (CAs) were shown to be able to efficiently inhibit corrosion of Al, provided
that their alkyl chains are long enough.®® With aid of density-functional-theory.(DFT) model-
ing it was shown that the stability of the CA self-assembled-monolayer (SAM) depends on the
adhesion of the carboxylic headgroup to the surface and on the lateral cohésion between alkyl
chains,®’ the latter being proportional to the number of C atoms in the alkyl chain./Consequently,
the adsorption is stabilized by about 1 eV/molecule at full monolayer coverage as passing from
CA-2 to CA-18,7 where the suffix number indicates the number/of.C atoms in the CA molecule.
These studies provided a sound explanation of why CAs withJdonger alkyl chains are better cor-
rosion inhibitors than short chain CAs. % In particular, longér alkyl'ehains result in a more stable
molecular film on the surface and its greater stability provides a larger thermodynamic force for
displacing carbonaceous contamination from the surface. Furthermore, due to molecular tilting
the longer alkyl chains cover the surface more effectively than short chains, in particular, for
coverages that are nominally too small for the carboxylicthead-groups to fully cover the surface.

A step forward in understanding the corrosion inhibition action of CAs would be to study how
and to what extent the organic SAMs are able to,hinder the penetration of CI~ ions toward the
metal substrate. While the fundamental mechanisms responsible for pitting corrosion that involve
localized passive film breakdown remain debated; ! the- mechanism of chloride adsorption and
penetration into the oxide film on Al is'Supported by experimental evidence.'? Moreover, even
mechanisms that do not attribute to adsorption and penetration of chlorides the seminal cause of
passivation breakdown, such as the point defeet model (PDM) or the film breakdown mechanism
(FBM), include, at some pointy.either the penetration of CI~ into the oxide film (PDM)—an
aspect recently studied computationally using DFT '*—or the adsorption of chlorides at places
where the passive film is weakened (FBM). Here also, this aspect has been recently investigated
using DFT, showing a clear trend between a chloride susceptibility index and the repassivation
potential. '* Thus, whatever the #avelved mechanism, the question of the availability of chlorides
at the oxide surface is relevant'and, consequently, the role of inhibitors to impede CI~ penetration
as well. The purpose of the present paper is not to prove this premise, but rather to explore its
consequences, thatis, by what.-méchanism SAMs inhibit the penetration of chlorides toward the
metal substrate. If such,a hindrance is substantial, then SAM layers could efficiently reduce the
chloride-induced pitting.

However, due to diverging long-range Coulomb electrostatic interactions, the modeling of
charged “objects” is difficult when periodic-boundary-conditions (PBC) are used and should be
exercised'with care:=@oulomb electrostatic interactions scales as R~!, where R is the distance
between ions. Fora 3D.PBC system, which is infinite, summing (integrating) these interactions
over all the'space gives a diverging R?, where R — oo. Only when the system is charge neutral,
the/interactions-become conditionally convergent, !> because for ionic charge neutral system the
electrostati¢interactions can be approximated by dipole—dipole interactions and dipole—dipole
interactions scale as R=>. Even if the surface is modeled as a 2D PBC system, the Coulomb
electrostatic interactions are still divergent, because their summation (integration) scales as R,
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and the system should be made charge-neutral to prevent divergences. For example, in the current
work we want to study the penetration of C1~ anion from the aqueous phase into the organicSAM
that covers the metal substrate. A way to achieve the charge neutrality of the supereell is to add
also a counter-ion, for example Na*. But this typically leads to strong electric fields, because the
supercells used in DFT calculations are relatively small, and consequently, the concéntration, of
ions is high.

one supercell many supercells (PBC applied laterally) multi-slab model
applied also along the s

[T
Na* L ®

CI

SAM

oxide Ill\llllllll? "lIII|||-||III II!'II\I\

TS ||l|u1\|\

lpenetration of CI” into SAM

| I EREAR IR

(b)

N

Figure 1. A typical way to model surfaces by. DFT methods is,to utilize periodic-boundary-conditions (PBC) by means
of periodic (multi) slab models. In a slab model, the system is described with a supercell that is repeated periodically
in lateral directions, whereas in multi-slab models the PBC are ﬁ)hed also in the surface normal direction. The figure
shows how a penetration of C1~ into SAM/substrate system would be studied by DFT methods; to ensure the charge
neutrality a Na* counter-ion is also added to the supercell. (a) One supercell and (b) many supercells with C1~ ions just
above SAM and with (c) Cl™ ions entering into SAM. (d) With plane-wave DFT codes surfaces are typically modeled
with multi-slab models where periodic-beundary-conditions are applied also in the surface normal direction.

To illuminate the problem, let us consider how surfaces are usually modeled by DFT methods.
They are modeled by periodic(multi)slab models. In a slab model, the system is described
with a supercell (Fig. 1a) that is repeated periodically in lateral directions (Fig. 1b,c), whereas
in a multi-slab model, which is typically utilized when using the plane-wave DFT codes, the
PBC are applied also in the susface normal direction (Fig. 1d). Note that the lateral directions
are almost alway$ chosen to be along the xy plane and therefore the z direction is the surface
normal direction (this,choice of directions is also used herein). To study the penetration of C1~
anion into the organic.SAM that covers the metal substrate, the supercell can be constructed
as shown in Fig. 1a. The shown supercell consists of about 240 atoms and is composed of
an Al meétal slab, located at the bottom of the supercell, that supports a hydroxylated native
ultra-thin Aléoxide film. An organic SAM, composed of CA-12 molecules, is adsorbed over
the oxide-layer. Above the SAM layer a CI™ anion is solvated in an implicit aqueous solvent
and a Na™ counter-ion is also added to the solvent phase as to ensure the charge neutrality of
the supercell. With such a setup, however, one does not study a single Cl~ anion, but rather
an infinite 2D layer of them as can be seen from Fig. 1b where the supercell is multiplied in the
lateral directions. One C1~ anion and one Na* counter-ion per supercell therefore form two layers

https://mc04.manuscriptcentral.com/jes-ecs
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Figure 2. The double-layer of C1~ and Na* ions shown in Fig. 1b,c can be approximately described by a parallel plate
capacitor. (a) Electric potential ¢ in the parallel plate capacitor with two dielectrics in betweenthe plates and (b) potential
energy U, as given by the parallel plate capacitor model, as the C1~ layer moves away from the Na*layer: The electric
potential and potential energy within a given dielectric are linear with the slope propottional t0 /&, where o is the
magnitude of the surface charge density and ¢ is the relative static permittivity of a dielectric:

of charges that are reminiscent of a parallel plate capacitor with a strong electric field between
the two layers of charges. As the C1™ ion is moved in the simulation from/aqueous solvent into
organic SAM, it is the whole infinite C1~ layer that moves inward, as,illustrated in Fig. 1b,c. But
such a movement of the whole CI™ layer is an artifact of the modeling and due to a strong electric
field between the two layers this modeling artifact can.substantially affect the energy barrier for
CI™ penetration into SAM (electric potential in the parallel plate cg)acitor and the corresponding
change of potential energy as the two plates are moved away from each other are schematically
shown in Fig. 2). While strong electric fields.indeed develop/due to the formation of a double-
layer at electrochemical interfaces, the double-layer created by the aforementioned layers of C1~
and Na* ions seems nevertheless artificial. In teality, dealing with localized corrosion, it is more
likely that CI~ ions penetrate a SAM individually, that'is; a given ion penetrates at a given time
here and another ion at another time there:

Furthermore, with plane-wave DFT codes the surfaces are usually modeled with the multi-
slab model, where the PBC conditions are applied also in the surface normal direction. This
implies that slabs are stacked one on top of the other in the surface normal direction and in
between a “thick” vacuum or implicit solvent layer is inserted (Fig. 1d) as to prevent chemical
interactions between adjacent slabs. In contrast to short-range chemical interactions, in PBC
calculations the long-range Coulombic interactions between charged “objects” cannot be made
small by increasing the ydcuumi¥orsolvent) thickness. For example, if a C17/Na* double-layer
is studied by a 3D multi-slab model, then the potential energy changes parabolically and not
linearly with the interlayer/distance and if this effect is not corrected by some means then this
results in yet another artifact.

The purpose of this paper is to disentangle the aforementioned artifacts from the real effects
by means of simple theory as well as model calculations and once the artifacts are dealt with to
scrutinize the real effects by which organic SAM can hinder the penetration of CI~ ions to the
metal substrate., To this'end, a simple scheme is developed that describes the activation barrier
for C1~ penetration into SAM as a function of the electrode potential.

Technical details

DET calculations and implicit description of dielectrics.— DFT calculations were performed by
the PWscE code from the Quantum ESPRESSO (QE) distribution. !¢ Kohn-Sham orbitals were
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expanded in a plane-wave basis set with a kinetic energy cutoff of 30 Ry (240 Ry for the charge-
density cutoff) and core electrons were described implicitly by the projector augmented swave
(PAW) method. -1

Metal substrates and organic SAMs were modeled implicitly as continuum dielectric slabs. For
metal a huge relative static permittivity of a few thousands was used. Note that such dielectric
models are representative of dielectric liquids, because ions can easily penetratehem without
any elastic penalty or Pauli repulsion that would be present in solids. It has to be kept,in mind
therefore that the results presented herein do not capture these effects. Hence'an implicit metal
is at best representative of a liquid metal, such as mercury at room temperature. The ‘situation
is a bit alleviated for a SAM, because it can be seen as a sort of smecticdiquids, In contrast to
dielectric slabs, ClI~ and Na™ ions were modeled explicitly using the Pérdew—Burke—Ernzerhof
(PBE) functional '® (for consistency with the next publicaltion20 where the‘substrate and SAM
will be modeled explicitly, the PBE-D2 functional was actually used, where the suffix stands for
the Grimme D2 empirical dispersion correction).?! A typical supercell used in the calculations
therefore consists of only C1~ and Na* ions, whereas the metal/SAM/water System is described
implicitly by continuum dielectric slabs.

Solvation of Na* and Cl~ ions in dielectrics was modeled with the Environ plugin?? for QE.
Mainly the soft-sphere-continuum-solvation (SoftCS) method >° was used, because it affords eas-
ier SCF convergence than the self-consistent-continuum-solvation (SCCS) method,? although
few calculations were also performed with the latter. For comparison, a few ion solvation calcula-
tions were also performed withe Gaussian162® using thé SMD solvent model>* and def2TZVP
Gaussian basis set.>

In some cases Na™ and Cl™ ions were represented by Gaussian charges, labeled as Q" and
O™, respectively, where the spread of the O~ was fitted to reproduce the calculated solvation free
energy of CI~ (the O~ spread of 1.67 A was used). In such cases, a single He atom was added
to the supercell far away from Q% and Q7 The reasons for adding the He atom is to have some
electrons in the system, which enables a QE calculation.

Relative static permittivity of SAM layer was estimated by performing explicit PBE-D2 cal-
culations of polyethylene crystahand hypothetical crystal of CA-12 molecules arranged in layers
that mimics SAM. Respective calculations were performed with the PHonon code from the QE
distribution using the linear re$ponse theory. 2® The so calculated permittivity values for polyethy-
lene and CA-12 are similar, about 2.3, hence this value was used to model implicit SAMs.

As stated above, SAMsWwere described implicitly as continuum dielectric slabs with permittiv-
ity of 2.3, hence SAMs of CAdmolecules with different alkyl chain lengths were modeled simply
by adjusting the thickness ©of the dielectric SAM slabs to that of the respective explicit SAM
models.”2% SAM=18, SAM-12,-SAM-9, SAM-6, SAM-3, and SAM-2 were considered, where
the suffix numbet represents the number of C atoms in the CA molecule (e.g., SAM-12 con-
sists of CA-12dmolecules).»The following thicknesses of SAMs were used: SAM-18 (25.6 A),
SAM-12 (18 A), SAM-9(14.2 A), SAM-6 (10.4 A), SAM-3 (6.6 A), and SAM-2 (5.3 A).

Model electrostatic point-charge calculations.— In addition to DFT calculations, much simpler
model calculations:were.also performed, where ions were treated as point-charges (labeled as g~
and ¢*). The respective electrostatic equations (see below) involve lattice sums, which were cal-
culated by means by purposely written Fortran codes. Furthermore, some equations were solved
numerically\(also by purposely written simple codes), whereas fitting and graph plotting were
petformed with the Gnuplot program.?’ Postprocessing of figures was done in Inkscape?® and
molectilar’ graphics were generated with xcrysden.?’
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hydroxylated oxide-layer

Al(111)

Figure 3. A top-view snapshot of the supercell used in our previous studies %% to model hydroxylated oxidized Al
surface, i.e., the so-called AIOOH/Al,O3/Al(111) model. The supercellshown in ﬁg. la is also based on this supercell.
The supercell designation of (g 2) corresponds to the underlying Al(111) support (shown on the bottom-left) that is
covered by an ultra-thin hydroxylated oxide film (shown on the top-right)./ The lateral dimensions of this supercell,
labeled as S or 18, cf. Eq. [1], are also the basis for the.current study.

2D supercells.— As for the lateral dimensions of the supercells, the (; 2) supercell of the so-
called AIOOH/A1,03/Al(111) model, used in‘our.previous studies,*’ will be taken as a reference
(Fig. 3); note that this supercell designation.refers to the Al(111) support. This reference super-
cell is designated by matrix Sy that is, S = (g 2). Several (N x N) supercells of this reference
supercells will be used herein. LetN stands for a diagonal matrix, i.e. N = (1(\)’ 1(\),). We will use
the NS supercells, which in crystal-basis can be written as:

N 0)\(3 O 3N 0
N§ - (0 N)(z 4) = (2N 4N) [1]
with N ranging from 1 t0.6, shere, e.g., 6 stands for the (8 2) matrix. The Cartesian representa-
tion of the NS supercell can be written as:

3N 0 \/a
NS=(2N 4N) (b)’ 21

where a andb are the AI(111)—(1 x 1) unit-cell vectors, i.e.:

1 ‘/g) (3]

ar, as,
azﬁ(l,O) and b:%(_E’T

and.agg. 18 the bulk lattice parameter of Al bulk. By using the PBE-D2 calculated lattice parameter
of Al bulk of 4.06 A,%° the NS supercell can be written in Cartesian A units as:

N 0)(8.574A 0 )

0 N 0 9.901 A [4]

o
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9 The lateral dimensions of the orthogonal S supercell of Al(111) are therefore 8.574 x 9.901 A2,
10 whereas the largest considered 6S supercell is 36-times larger and has the lateral dimensions of
11 51.45 x 59.40 A,

Theory

17 The Hartree atomic units will be used for equations throughout the manuscript, because we
18 find them convenient, although the results will be mainly given in A, eV, andsV units. In Hartree
19 atomic units e = 1 and 4regy = 1, where e is the elementary charge and/gy is the-permittivity of
20 vacuum, hence the interaction energy between two point-charges (q; and.gp)'in a dielectric with
21 a relative static permittivity of & can be written as:

23 U= 9192 _ 9192

24 elr—nl erp’

(5]

where ri, is the distance between the two charges in Bohr units. This,equation implies that the
interaction energy between two elementary unit-charges in wacuum at a distance of 1 Bohr is
1 Hartree = 27.21 eV. For N point-charges, the electric potential at the position of the point-
charge i due to other charges and the Coulomb interaction energy between N charges can be
written as (in Hartree atomic units):

31 v
32 = —— Nand W=

33 i elri =l

N —

N
D didi [6]
i=1

49 R=|R|; Rzz=5 = \/R? + (2 — 20)?; Ro+» = VR? + (2 + 20)?; R2zy = VR? + (220)%;

Figure 4. Parallel infinite layersyof ¢* and ¢~ charges. The layer of positive charges (red solid points) is located at zo in

51 dielectric-1, whereas the layer of negative charges (blue solid points) is beneath it at z and is also located in dielectric-1.
52 Image charges are shown by open dashed circles and arrows indicate various components to the electric potential. Left
53 picture shows/the exemplar components contributing to the electric potential at the position of the reference ¢* charge,
54 #11(0, 0, z9), and right picture shows analogous for the reference ¢~ charge, ¢11(0, 0, z).

55

56

57
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59
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€
$15(0, 0, zp)
° ° (

=|R|; Ryy—z = VR? + (2 — 20)% Raz, = VR? 4+ (220)% R, = Y/R? +(522)%

Figure 5. Similarly as in Fig. 4, but for the layer of negative charges (blue solidpoints) located in dielectric-2 at z (notice
that in this case z < 0).

Electrostatic interactions between ions: two infinite parallel layers of point-charges near the
interface between two dielectrics.— Let us consider’a model system composed of two semi-
infinite dielectrics, characterized by € and &, and two infinite:layers of point-charges, the first
consisting of positive charges (¢*) and the second consisting of negative charges (¢~). The
interface between the two dielectrics lie on the xy plane at z/= 0 and the layer of ¢* is located
at zo in dielectric-1, whereas the layer of ¢~ is'loeated beneath it at z. Such system of point-
charges near the interface between two dielectrics can be described by the method of images (see
Appendix). When both layers are indielectric-1'(Fig. 4), the electric potential at the position of
the reference ¢* charge at (0, 0, z9) 1s:

q+ 1 g —&nl q 1 e -& |
0,0,20) = — Yl = + + = * ’ 7
¢ ( 20) £ Z (R £l +& Rzzo) & ZR: (R €1+ & Ry; g

R+0 20—2

whereas the electric potential‘at the position of the reference g~ charge at (0, 0, z) is:

81 -5 1 q" 1 g —& 1
0,0,2) = T ) + — ( + , [8]
¢11 €+ & Rzz &1 ER] RZU—Z &+ & RZo+z

where the potentialis labelediby'the 11 subscript to indicate that both layers are in dielectric-1.
The lattice sums run-over all lattice vectors R, except the left sums in Egs. [7] and [8] exclude
the self-interactions (i.e., the’R = 0 term is omitted). The label R, .. stands for:

R, = VR? + (20 + 2)? [9]

and the'meaning of Ryz; and R, is analogous. The interaction energy per ion-pair is therefore:

1
Un@ = 5(¢"¢11(0,0.20) + g 11(0.0.2)). [10]

The interaction energy is written as a function of z, because in calculations only the position of
g~ layerat z will be moved, whereas the ¢* layer at zy will be held fixed.
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When the two layers are in different dielectrics, i.e., ¢* layer in dielectric-1 and ¢~ layer in
dielectric-2 (Fig. 5), then:

_q 1 e-& 1 2q~ 1
$12(0.0.20) = - Z( * )+ > [11]

1 53\R e ter Ry, ) e1+e 44 Ry
and
q 1 &-& 1 2q* 1
©0,0,7)= L (—+——)+ —a [12]
12 & RZ#) R e+ & R,zz &g+ & ; Rzo—z

~
and the interaction energy U, per ion-pair can be calculated analogously toEq. [10], i.e.,

1
Un(@) = 5(4"12(0.0.20) +47612(0.0.2)). [13]

Here the subscript 12 is used to indicate that the first layer islocatedin the dielectric-1 and the
second layer in the dielectric-2. There is an important cayeat to netice: the subscript, such as
20 — z in R, _,, indicates the distance between the two layers and the distance is never negative.
This is the reason why the subscript label in Eq. [12] is writtemas R_,., because in this case z < 0
and, therefore, -2z > 0. .
The interaction energy (per ion-pair) as a function of zfor the two parallel infinite layers of ¢*
and g~ charges can be thus written as:
U(Z)Z{Uu(z) for z >0 [14]
U12(Z) forz< 0,

where Uj,(z) is given by Eq. [10] and Uja(z) by Eq. [13].

The electric potentials ¢ and ¢, involverinfinite lattice sums and therefore the dependence
of the interaction energies, Eqs.'[10] and [13], on the interlayer distance is not trivially obvious.
If one is only interested in the main. trend then these two equations can be simplified by ap-
proximating the lattice sums by integralsi(for the corresponding derivation, see Appendix). The
resulting approximate equations are:

N
U'dppl’OX f Z 0
[/ 2pPiox (Z) — ;llll)pr()x (Z) or z [15]
Uy () forz<0,
where R )
2nq : 2nq” (z0 z
Uapprox h _ d Udpprox — 02, 16
= Ag ‘-2 an 12 A \e & el
where ¢ is the magnitude of the point-charge, ¢ = g* = —¢~, and A is the area of the supercell.
The slopes of the interaction energy with respect to z are therefore:
) Uapprox ) g Uapprox 5
11 =_27UI «-Z and 12 =_27TCI Oc_g’ [17]
0z Ag £ 0z Asy &

where o is the magnitude of the surface charge density, o = ¢g/A. This implies that approximating
Eqgs. [10]rand [13] by transforming lattice sums into integrals gives the result analogous to that
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of the parallel plate capacitor® (Fig. 2), where the electric potential and potential energy within
a given dielectric-i are linear with the slope proportional to o-/g;. With this knowledge, we can
generalize the result to the case of multiple dielectric slabs stacked together one on top of the
other along the z-direction. In each dielectric slab the slope is proportional to the ifiverse of
its permittivity, i.e. U™ /dz o 1/&;. Here, it should be noted that the negative slopes, of
AU ™ [0z and AU 5™ |0z as well as U1 /0z and U 1,/ 0z are a consequence of the setup, i.e.,
the layer of positive charges fixed at zy and the layer of negative charges at z < zg. moving away
from it in the —z direction. The negative slope is therefore a consequence of the “movement”
in the negative direction. The main message is thus that the larger is the interlayer distance, the
more positive (endothermic) is the energy.

~
5 ‘ e ‘ 12 e ‘ - g+
- \ '\ | a=5Bohr — a=25Bohr —= 4 q
/(z) \ | a=10Bohr— 0L a=10 Bolir — 1 organic SAM: ®water ®
A 1| a=15Bohr 1 - a =20 Bohr == PS °
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Figure 6. Analysis of the electrostatic potential energy for two ‘parallel infinite layers of g* and g~ charges near the
interface between the organic SAM (esam = 2.3) and water (eyawer = 78:3)dielectrics, U(z) of Eq. [14], for square 2D
unit-cells with various lattice parameters a. The ¢* layerisilocated at zg = 20.6 A on the far right in water (out of
scale), whereas the ¢~ layer is located at z (see the schematic on‘the right). (a) U(z) for various a lattice parameters with
charges held constant, g = g* = —¢~ = 1. The value of U(z) at z = 4A is chosen as the reference zero energy so that
all curves start from the same “point”. Notice that-while U?PP'*(z) is bilinear (dashed lines) with slope discontinuity at
the interface, the explicitly calculated U(z) smoothly changes,theislope as going from water into SAM, with the change
of slope mainly taking place in the dielectric with the smaller permittivity; this smooth transition can be attributed to
interaction with image-charges. (b) U(z) for surface charge density held constant at o = g/A = 0.01 ¢/Bohr? and varying
the a lattice parameter; here the value of\U(z) at the interface at z = 0 is chosen as the reference zero energy. Note that the
smaller is the lattice parameter a the closer'is the U(z) to the bilinear behavior of the parallel plate capacitor, U*PP™*(z)
of Eq. [15].

The comparison betweensU(z).and U?PP™*(z) is made in Fig. 6a for a bilayer of ¢* and ¢~
charges—several squareflattices with various lattice parameters a are considered—near the in-
terface between organic SAM (esam = 2.3) and water (eyaer = 78.3) dielectrics. It can be seen
that while U*PPX(z)veproduces the dU/0z slopes far enough from the interface, it fails to repro-
duce the details near the interface between the two dielectrics. In particular, U*PP™*(z) is bilinear
(dashed lines inFig. 6a) withsslope discontinuity at the interface, whereas the slope of explicitly
calculated U(g) smoothly changes from water to SAM with the smooth transition mainly taking
place in thetdielectric with the smaller permittivity; this smooth transition can be attributed to
interactionswith image-charges. Fig. 6b compares the U(z) curves for square lattices of constant
surface/charge density.and it can be seen that the smaller is the lattice parameter a the closer is
the U(g) curve to the bilinear behavior of the parallel plate capacitor, U*P**(z) of Eq. [15].

“There is'a factor of 2 difference between the current case and the parallel plate capacitor—i.e., the potential energy
of a point-charge inside the parallel plate capacitor is proportional to 47roqg/e—and this difference will be clarified later
on.
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Na*/CI~ in a supercell
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Figure 7. Emulation of a Na*/C1~ (or ¢*/q™~) double-layer with a 3D system: While the 2D system consists of a single
q*/q~ double-layer, the corresponding 3D system consists of double-layersstacked one on top of the other, such that the
stack can be described with the lattice parameter C as shown in (a). (b) Comparison between the interaction energy of the
2D system versus the 3D system with and without the PBC along the,C direction as the layer of ¢~ charges moves away
from the ¢g* layer. Note that for the 2D system the energy increases linearly with the interlayer distance for distances
larger than about 10 Bohr (the actual distanceé where this,happens depends on the lateral dimensions of the cell), whereas
for the 3D system the energy first increases and then, for large enough distances, starts decreasing because the g~ layer
approaches the adjacent periodic-image layer of ¢* ions. For a 3D system without PBC along the C axis, the interaction
energy profile is “tilted” upwards dueito a dipole that develops; the corresponding electric potential is shown in (d). Such
a profile of electric potential and interaction energy is not compatible with PBC along the C axis, because for the 3D PBC
case the electric potential is translationally invariant, as shown in (e), and the interaction energy profile is “symmetric”,
ie, U(z) = U(z+ C) and ¢(z) = ¢(z+ C). Although for 3D PBC the interaction energy profile is parabolic, it is still
divergent with respect to the C lattice parameter, as shown in (c) that compares interaction energy profiles for two unit
cells with the size of C and 2C. It is evident that in the limit of C — oo the interaction energy profile approaches that of
the true 2D system.

Modeling 2D system with 3D-setup: 3D PBC artifacts.— As shown above, the case of two
infinite layers of opposite charges is easy to understand, i.e., the interaction energy increases lin-
early with the ifiterlayer distance (for large enough interlayer distances). However, in plane-wave
DFT calculations we typically use 3D PBC and what happens when a 2D double-layer system
is modeled by 3D PBC is shown in Fig. 7 for a simple case of a Na*/Cl* double-layer in water
dielectric: Due to 3D-PBC, the interaction energy is not linear with the interlayer distance, but
it is instead parabelic (for large enough interlayer distances), which is an artifact due to the use
of 3D PBC. In particular, for the 3D system the energy first increases as the layer of ¢~ charges
moves away from the ¢* layer, but then eventually it starts decreasing as the ¢~ layer approaches
the adjacent'periodic-image layer of ¢* ions. For a 3D system without PBC along the z-direction,
theiinteraction energy profile is “tilted” upwards (Fig. 7b) due to a dipole that develops. Such
an interaction energy profile is not compatible with PBC along the z-direction, because for the
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Figure 8. An illustration of 3D PBC artifacts (red curve) by means of comparison to/the correSponiding 2D system
(purple curve) for the penetration of Q~ layer from water into the SAM-12/metal substrate.The system consists of a
double-layer of Q*/Q~ Gaussian charges and three implicit dielectric slabs (metal, ofganic SAM-12,/and water, where
the metal is modeled as implicit dielectric with a huge permittivity constant of a few thousands)mThe O layer is held
fixed in water, whereas the O~ layer is moved from water, into SAM-12, and finally into metal.in the —z direction (the
setup is shown schematically on the right). The lateral dimensions of the system are those of the reference S supercell,
defined in Fig. 3 and Eq. [1], which corresponds to a surface charge density of 1.18 e/im?.

3D PBC case the interaction energy should be translationally invariant, i.e., U(z) = U(z + C),
where C is the lattice parameter along the z-directions and as a censequence its profile becomes
parabolic (unless the two layers are too close). Although for 3D'PBC the interaction energy pro-
file is parabolic, it is still divergent with respect to the C lattice parameter, as shown in Fig. 7c
that compares the interaction energy profiles for two unit ecells with the size of C and 2C along
the z-direction. It is evident that in the limit of C"=5,c0 the interaction energy profile approaches
that of the true 2D system.

The next relevant question is how'the.3D PBC artifacts affect the energy profile of the pene-
tration of “C1™” layer from water into SAM/metalisubstrate when the system is modeled without
any correction for the 3D PBC artifacts. The:answer to this question is provided by Fig. 8, which
considers the SAM-12/metal §ystem for the 1S'supercell, and the result is astounding: the system
simply cannot be modeled with the,3D PBC setup if no correction is made! Note that only for
the first several A into SAM the 3D PBC interaction energy follows the 2D case, but then the
parabolic profile of 3D PBC 'starts deviating considerably from the linear 2D case and as a con-
sequence the predicted barrierwig“only” about 2 eV for the currently considered case, whereas
the 2D calculation gives‘a barrier of about 8 eV.

A simple, though not computationally efficient, method to get rid of 3D PBC artifacts is to use
a “symmetric” sétup, where the metal/{SAM,CI™}/{water,Na*} system is described by a double-
sided symmetric {Nat,water}/{Cl~,SAM}/metal/{SAM,CI~}/{water,Na*} model. This way the
dipole created byithe Na*/CI7 double-layer above the metal slab is canceled by the Cl~/Na*
double-layer below the metal slab. Other possibility is, for example, to use a dipole correction
that inserts@counter double-layer above the layer of Na* ions but below the adjacent periodic
image of-metal slab, where the dipole of the counter double-layer is self-consistently adjusted
to cancel the dipole of.the metal/{SAM,CI1~}/{water,Na*} system. Herein the “symmetric” setup
method was used for the’QE calculations as to get rid of the 3D PBC artifacts, whereas the
point=charge caleulations were performed by true 2D systems.

Depolarization/deionization effects.— Fig. 8 reveals that for the concentration of ions as given

by the'reférence S supercell, which corresponds to a surface charge density of 1.18 e/nm?, the
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Figure 9. Comparison of the interaction energy profiles for the double-layer of Q*/Q~ /Gaussian‘charges and double-
layer of Na*/Cl~ ions for the penetration of the negatively-charged layer (O~ or C17) from water into the SAM/metal
substrate, where the water, SAM, and metal slabs are modeled by implicit dielectrics‘analogously to that of Fig. 8. The
positively charged counter-layer is held fixed in water (the setup is shown on the right). The lateral dimensions of the
system are those of the reference S supercell. Notice that the Na*/C1~ system depolarizes for < —6 A as to reduce the
energy.

interaction energy raises almost up to 8 eV as the O layer penetrates from water through SAM-
12 toward the metal. Due to the large surface charge density, the electric field in the SAM is
huge and the energy difference of about 8 eV is so large that “depolarization” occurs when the
system is modeled by the actual C17/Na* ions, that is, the,Cl~ and Na* ions partially de-ionize as
to lower the energy; this effect is evidenced by Fig. 9. Due to this “depolarization” the barrier for
the penetration reduces from about 8 eV to 3 eV. The comparison between these two barriers also
reveals that to prevent the depolarization the supercell should be at least about 3 times larger (i.e.,
8/3 = 3) than the reference S supercell, defined'in Fig. 3 This suggests, for example, that the 2S
supercell, Eq. [1], should be already applicable for modeling SAM-12, because it is four-times
larger than S (note that the minimal size of the supercell, which prevents depolarization, depends
on the thickness of SAM, i.e., thicker SAMsrequire larger supercells).

It should be also noted that the large slope of the interaction energy in SAM, shown in Fig. 9,
is not only responsible for the depolarization of Na*/Cl~ double-layer, but also masks another
important effect, that is, the change i solvation free energy as the CI~ moves from water into
SAM. This effect is analyzed below.

N
Solvation effects.— Another important aspect of the CI~ penetration from water into an organic
SAM are solvation effects. /According to the simple Born solvation model, the free energy of
solvation depends)on'the iom.radius 7i,, and the medium permittivity € and can be approximated
as (in Hartree atomic units):

2
n qi n 1
AGBS™ = _# (1 - g)’ [18]

where gjo, is theicharge of the ion. This model allows to approximately estimate the difference in
solvatioft of CI7 in water and organic SAM. The radius of C1~ ion is 1.81 A (3.42 Bohr), whereas
permittivities of water and SAM are 78.3 and 2.3, respectively. Hence:

AAGEE="AGEO™ (SAM) — AGE™ (water) = —2.2 — (=3.9) eV = 1.7 eV for CI". [19]

solv solv solv

Table I reports experimental and calculated solvation free energies for C1~ and Na* ions in water,
whereas the calculated data for solvation in SAM as well as the AAG,,y differences are given in
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Table I

Solvation free energies (in eV) for CI~ and Na™* ions in water (AG;ET}/ is the real solvation free energy). Experimental
values and values calculated with various continuum solvation models are given. Data labeled with “g16 SMD” were cal-
culated with Gaussian16 using the SMD implicit solvent model and data labeled with QE were calculatedwith Environ
plugin of Quantum ESPRESSO; SCCS refers to self-consistent-continuum-solvation method?> and Soft€S to soft-
sphere-continuum-solvation method. 30 Labels “water”, “water-anion”, and “water-cation” refer to various parametriza-
tions, in particular, “water-anion” and “water-cation” are Environ parametrizations specifically tuned for anions and
cations, respectively. Note that g16 SMD predicts too weak and QE too strong hydration of Na*, whereas for Cl~ the
calculated values are much closer to the experimental value.

Method Cl- Na*
(eV) (eV)

AG™2  expt. (Ref.?") -3.08 428
AGyy  expt. (Ref.3!) -330 4.8

gl16 SMD -2.92, -3.13

QE water SCCS -2.89 " =5.59

QE water-anion SCCS -3.22 /

QE water-cation SCCS / -5.60

QE water SoftCS =3.14 »-5.69

Born (rci- = 1.81 A, ryer = 097 A) —3.93, —7.33

Table II. The more sophisticated implicit solvent calctlations,give;somewhat smaller differences
compared to the above Born value, i.e., SMD model (Gaussian16%alculation) gives the AAGory
difference of 1.3 eV for CI~, whereas Quantum ESPRESSO gives the difference of 1.4 + 0.1 eV,
depending on the specific implicit solvent methed. These afe sizable differences and represent
an important contribution to the SAM hindrance of the penetration of C1~.

It should be noted, though, that in the current context,the relevant difference is the difference
in the real solvation free energies>' joetween the two phases, because as the ion moves from one
phase to the other it needs to make work against the'dipole barrier that develops at the water/SAM
interface. The two solvation free energy differences are related by:

AAG=S = AAGory + Gionks [20]

solv

where gjon is the charge of the ion and y»is the dipole potential at the interface between the
two dielectrics. For halide.anions,the real solvation free energies (AG;Z?'V) for the transfer of ion
from vacuum into aqueous solution are by 0.2 to 0.3 eV more endergonic than the solvation free
energies (AGqpy).>!

In this study dieléctrics are modeled implicitly, hence the dipole potential y at the interface
between the two dielectrics cannot be properly described—for liquids this dipole potential by and
large arises due tojpreferentialimolecular orientations at the interface—hence in the following we
will not make/any distinction between AAGQZ‘]‘\II and AAG,y and, for simplicity, only the AAGy1y

designation/will be used.

Results
As shownrabove, to understand the penetration of CI™ from water into SAM/metal substrate
the knowledge of the following four important aspects is required: (i) solvation, (ii) inter-ion

electrostatics, (iii) depolarization effects, and (iv) 3D PBC artifacts. It is worth emphasizing that
the last two effects can be avoided by proper modeling. By using appropriate models as to avoid
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Table II

Comparison of calculated solvation free energies of C1~ and Na* ions in water and SAM as given by various methods.
The difference in AGsoly between the two solvents are also given, AAGoly = AGsoly(SAM) — AGopy(Water)d Rows
labeled as “Cl~ + Na™” report the sum of ClI~ and Na* AAGj,y values.

AGsolv (GV) AAGsolv (€V)
water SAM  SAM - water

gl6 SMD
Cl -292 -1.66 1.26
Na* -3.13  -1.79 1.34
Cl” + Na* 2.60
QE SCCS
cr -2.89 -1.52 1.38 =
Na* -5.59 -2.99 2.60
Cl” + Na* 397
QE SoftCS
cl- -3.14 -1.62 1.52
Na* -5.69 -2.55 3115
Cl- + Na* 4.66
Born
Cl- -393 -225 1.68
Na* -7.33 A~420 3.13
Cl” + Na* .81

effects (iii) and (iv), we performed several sets of DFT calculations with QE, where only C1~ and
Na™ ions were treated explicitly, whereas water;, SAM, and metal slab were described implicitly
as described in the Technical section. With aid of the theory presented above we will analyze
below the QE calculated data as to«disentangle the inter-ion electrostatics and solvation effects;
by the term “inter-ion electrostatics” we refer only to the electrostatic interactions between ions,
whereas the electrostatic interaction of an ion'with a dielectric is treated under solvation effects.
As for the inter-ion electrostaticypart, the Uy, and U, components of the explicit Eq. [14] are
too complicated to be used forfitting the QE calculated data, whereas Eq. [15] for U*P™*(z)
is too approximate, because it does not describe the “soft” transition of the interaction energy
at the interface (cf. Fig. 6). Inianalogy jto Eq. [B.3] in the Appendix, where the lattice sum is
approximated by the integral, 1.6

q q R
£ 1L X Zno'f—dR =2n0 VR? + 22 + const., [21]
; R. ; VR¥+ 2 R,

we will use thedl(ghoc VR24 72 ansatz. In particular, the interaction energy U(z) will be fitted

to:
+3 (Va?+ 22— lal) forz<0
U@ ~Up+q [22]
- A_;\(vqaler forz > 0,

where the water/SAM interface is at z = 0, &g, and Eyaeer are the permittivities of SAM and water,
respectively, a.is the fitting parameter, and U is a reference energy at z = 0 (for convenience it
c¢an be set t0,0). Note that in the above equation the water part of U(z) was simplified, because
the:0U (z)/dz slope in water is so much smaller than that in SAM that using the simplified linear
expression is adequate.
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Figure 10. Top-row: QE calculated interaction energies (points) for patallel infinite layers of CI~ and Na* ions near the
SAM/water interface, with dielectrics modeled implicitly, for 2S, 3S,.and.4S supercells; the setup is shown schematically
on the bottom-left (the Na* layer is held fixed in water, whereas/he CI7 layer iSsmoved inward to the left). Total QE
calculated interaction energies (points) are fitted with the Uq(z) function of Eq.'[25] (purple curve) and its components,
U(z) (dashed green curve) and AAG,y(z) (dot-dashed blue curve), are‘also shown. Bottom-right: difference of solvation
free energies between SAM and water phases, AAG‘S’:)‘ISV of Eq. [23], versus the inverse of the supercell size as obtained

from fitting the QE data (as a measure of the size of the supercell det(N) = N2 is used).

As for solvation effects, it is worth noting;that an.ion is not a point object but has a finite size
and, also, in QE the dielectric interface isimodeled as having some spread. Hence, the transition
in solvation free energy from water to SAM phases is smooth. For this reason the change of
solvation free energy will be modeled as:

1 +
AAGoi(2) =5 erfe (Zﬂ) AAG™® (23]

Fls solv?
N
where erfc() is the complementary error function, z,s and ry, are fitting parameters (label “w|s”
stands for “water|SAM™),.and AAG::)'ISV is, in principle, the real solvation free energy difference

between SAM and Wwater phases«(cf. Eq. [20]):

ANG™S eNAG™ = AGio1y(SAM) — AGiory (Water) + Gionk' [24]

solv

although the distinction between real free energy and free energy of solvation is not really rel-
evant here, because AAG::)'ISV is a fitting parameter and, moreover, the implicit dielectric models
cannot/propetly describe the dipole potential y.

The total interaction energy, obtained from QE calculations, is therefore fitted by the Uso(z)
function, defined as:

Uiol(z) = U(2) + AAGo1y(2), [25]

where for U(z) the simplified version of Eq. [22] is used.
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A simpler case: SAM/water system.— Before analyzing the results for the whole
metal/SAM/water system, let us first analyze a simpler case, that is, a layer of CI~ iongynear
the SAM/water interface with the layer of Na* counter-ions held fixed in water above the CI=
layer. Fig. 10 shows the results for the 2S, 3S, and 4S supercells (6S supercell wasalso con-
sidered). These large supercells prevent the depolarization effects (in the considered z range)
and allow to disentangle the solvation effects from the inter-ion electrostatic repulsion as evident
from the perfect fit of QE calculated data points by Eq. [25] (purple curve). The dependence of
the interaction energy on the z-coordinate of the Cl~ layer can be described as follows. For all
considered supercells, the interaction energy appears nearly constant in water, due to'its large
permittivity. As the C1~ ions pass from water into the SAM, the energy first raises quickly with
decreasing z and the corresponding AU,y (z)/0z slope is roughly independent-ofsthe supercell
size: this increase in energy is mainly due to inferior solvation of Cl™iens in SAM compared
to water (i.e., the AAGo(z) component). Upon further penetration of CI™ ionsdnto SAM, for
7 < —4 A, the slope of QU (z)/0z becomes less steep and also dependention the supercell size,
i.e., the smaller is the supercell the steeper is the slope. This dependence is due to electrostatic
interactions between ions (i.e., the U(z) component). In particular, the attraction between the
Cl™ and Na* layers diminishes linearly as the distance between the two layers increases with the
0U(z)/0z slope being proportional to A~!, where A is the:supercell area. The decomposition of
Uiot(z) to the AAGov(2) and U(z) components yields abeut 1.1eV for the difference in solvation
free energy of Cl~ between SAM and water (note ffom the bottom-right panel of Fig. 10 that
the so estimated AAG::)'ISV slightly increases with the supercell size, but the dependence is weak
and the value extrapolated to the infinitely Jarge supercell is 1.12 eV). This value is somewhat
smaller than the difference calculated from calculations of standalone ions (cf. Table II).

The whole metal/SAM/water system.— Before commenting on the interaction energy of the pen-
etrating CI~ layer from water into the SAM/metal substrate, let us remind that metal is modeled
as implicit dielectric with huge permittivity.constant of a few thousands’ and that such a model
is representative for liquid metal, e.g., mercury at room temperature. For this reason CI~ ions can
easily penetrate into such metal-model without any elastic penalty or Pauli repulsion that would
be present in a solid metal.

In the metal/SAM/water system, theresare two interfaces—metal/SAM and SAM/water—
hence Egs. [22] and [23] for U(z) and AAG,y(z) should be augmented to account for the ad-
ditional metal/SAM intetface. I compliance with the previous subsection, the SAM/water in-
terface is kept at z = 0, hence the metal/SAM interface is at 7 = —wg,n, where wg,, is the SAM
width (thickness). The corresponding augmented equation for U(z) is:

2
b (2\/m _ 2|a|) for z < —Wam
Esam
2rq? 'sam S
AZZm (2 \/m — a?+ (Z + Wsam)2 - |a'|) forze [_Wsama _Wé ] 26
: [26]

U(Z) 7 U() Eb
2 )
jm’ (Vaz +72— Ial) for z € (—=*2,0)
Esam
{ 2ng* f >0
Aewater orz=u,

We arbitrarily used emera; = 2666. With this value the emeal/Ewater ratio is the same as the eyater/Esam ratio.
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Figure 11. QE calculated interaction energies (points) for the penetration of C1~ layer from water into the implicit
SAM/metal systems for the 2S (top row)and 4S (bottom row) supercells; the layer of Na* is held fixed in water above
the C1™ layer. (a,c) QE calculated interactionenergies of the metal/SAM-12/water system (points); these data points are
fitted by the Uyoi(z) function of Eq. [25] and its components, AAGo1v(2) of Eq. [26] and U(z) of Eq. [27], are also shown.
(b,d) QE calculated interaction energies for the metal/SAM-x/water systems for x = 2,3, 6,9, and 12. Thicknesses of the
SAM-12, SAM-9, and SAM-6 layers are also indi¢ated.

where « is a fitting parameter. Note that the U(z) term for z < —wg,y is set to a constant, which
implies that the metal is considered to be a perfect conductor. The corresponding augmented
equation for AAGyyy (2) is:

1 +
AAG1y(2) = 5 [erfc (ﬂ) AAG:Z)'ISV —erfc (

2+ Zmjs + Wsam)
I'w|s

AAG;‘ij] , [27]

Tm|s

where the labels w|s and m|s indicate the water/SAM and metal/SAM interfaces, respectively,

and ks, ZmfssLwlés 7mis, and AAG:QISV are fitting parameters,” whereas AAG:;‘ISV is calculated from

*Themiumber of parameters can be reduced by setting Zwls = Zmls And Tyjs = Fms.
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1

2

3

4

5

6

7

8

9 AAG;Z)‘ISV by utilizing the Born model:

10

1 mls 1 - wls

12 AAG = (l -2 ) AAG .- [28]
water

13

14 The results for the penetration of the CI~ layer from water into the SAM/metal substrate is

15 shown in Fig. 11 for the 2S and 48 supercells. The plots on the left side of the figure display

16 the results for the SAM-12/metal substrate, where the QE calculated data points are fitted by, the

17 Uit(z) = U(z) + AAGy1v(2) function with the two components defined by Egs. [26] and [27].

18 The excellent fit provides confidence that the presented physical picture<sisound and that the

19 U(z) and AAGy,)y(z) components are reliably determined. The value of AAG:Z)'ISV,Extrapolated to

20 zero coverage analogously to that in the the bottom-right of Fig. 10, is'1:26'eV, which is some-

21 what smaller than the difference calculated from calculations of standalone ions'(cf. Table II).

22 The interaction energy profile around the SAM/water interface is similar-as,for the SAM/water-

23 only system (Fig. 10), that is, in water the interaction energy is‘nearly constant and then it rises

24 steeply as the C1~ ions enter into SAM due to the inferior selvationitherein. After about 4 A

25 into SAM, the energy profile becomes less steep with the energy rising linearly with the slope of

26 —271¢” /(EsamA) up until the CI~ comes to within about 4 A from the meétal surface (note that the

27 slope for the larger 4S supercell is four times smaller compared to that of the smaller 2S super-

28 cell). From this point on, the energy decreases due tosuperior:solvation of C1~ ions in the “liquid

29 metal” and becomes constant once the C1~ ions enter the/metal. The right-part of Fig. 11 shows

30 the QE calculated data points for the metal/SAM-x/water systems for x = 2,3,6,9,and 12. It

31 can be seen that the barrier for the penetration of Cl~ ions toward the metal surface decreases

32 from SAM-12 to SAM-2. From SAM-12 to SAM-6:this is mainly due decreasing thickness of

33 SAM and consequently lower U(z) electrostatic repulsion contribution. Note that this contri-

34 bution decreases as the supercell size increases (ot surface density of C1~ ions decreases), i.e.,

35 U(z) « A™! « o, and becomes vanishing, for very small coverage. In contrast, the AAGqy(2)

36 component is largely independent on the SAM thickness provided that SAM is sufficiently thick.

37 Namely, the bottom-right plot of Fig. 11 suggests that, due to spatial extent of the AAGy(2)

38 transition, the AAG,y(z) barrier will start decreasing for SAM thicknesses smaller than about

39 10 A and indeed this effect is clearly seen for SAM-3 and SAM-2, whose thickness is about 6.6

40 and 5.3 A, respectively.

41 In Fig. 11 the metal substratesis considered to be directly in contact with the SAM. However,

42 metal surfaces are oxidized and metal-oxides have much smaller permittivity (for example, the

43 relative static permittivitysof Al,O3 is about 10).3? For this reason, Fig. 12 compares the implicit

44 metal/SAM-6/water system with'two implicit oxide/SAM-6/water systems with the permittivity

45 values of 5 and 10 forithe oxide dielectrics. It can be seen that the barrier for the penetration

46 of CI™ is not much affectedsby the considerably smaller permittivity of oxides; the differences

47 mainly emerge after the\barrier (that is, for z — zgyr < 4 A) and are related to a smaller ionic

48 solvation in the implicit oxide compared to that in the metal and much weaker electrostatic

49 screening of the oxide; which results in the more steep slope of the energy curve once the ions

50 enter the oxide.

51 Fig. 11 suggests that irrespective of the details of the implicit substrate (either metal or oxide),

52 some attractiverinteractions between Cl~ and the oxidized surface are to be expected. Such

53 attractive interactions are indeed plausible if the oxidized surface is hydroxylated, however, the

54 implicit description of the oxide is definitely too simplistic to describe this situation (implicit

55 dielectric'with an extraordinarily large permittivity can be at best an approximate model of the

56

57
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Figure 12. Similar as in Fig. 11b, but here the energy profile of the implicit metal/SAM-6/water.system is compared to
those for two implicit oxide/SAM-6/water systems, with the oxide permittivity values of £,x =S and 10. The position of
metal/SAM and oxide/SAM interfaces is at 7 = Zgy,f.

liquid mercury and even there implicit description cannot describe chemical interactions). In the
next publication?’ we will address this issue with the@xpli¢it atomistic DFT modeling, but here
only a very simple 2D point-charge model is utilized instead. In Particular, the structure of the
top layer of the hydroxylated oxide-film of the AIOOH/AIl,O3/Al(111) model of Fig. 3 is taken
in a 28 supercell configuration and Na, Cl; H3»O, and Aliens are modeled as +1, —1, +1, =2,
and +3 point-charges, respectively (the structare of this 2D model—with one C1~ and Na* per
supercell—is shown on the right side of Fig. 13). The model is charge-neutral and contains 48
H, 60 O, and 24 Al point-charge ionsiper.2S supercell. The electrostatic Coulomb energy (per
supercell) of this point-charge model is calculatedras:

oo N
1 94
=— -0, 0r0)
2e RZ:OZZ] IR +7; =il J
1 (S & g 4iq;R
L J 1 J
~— —~0;jOR0) + — f
2e R=0 IZ IR +T - N Reu ZZ] R? + (Zj - Zl)2
Ry
1 i qlqj T 2 2
—EZZIR” |(1—6,-,,-6R,o>—§Zqiq,- R+ (= 2, [29]
R=0.i,j i T i,j

where A is the'areaof thessupercell, z; is the z-component of the position of an ion i, T, =
(xi,¥i, 2i), and the (1-05,jor o) term is used to omit the ion self-interaction. Ry is the cutoff radius
up to which the lattice sums are evaluated explicitly and beyond it they are approximated by the
integral #At first sight; the result of this integral appears to be linear in R, and thus divergent
at the R, —( oo limit. This, however, is not the case, because due to charge neutrality this term
is propottional to RC’U{ and thus tends to zero as Rq,y — oo (see the Supporting Information of
Ref. 33). Forthe permittivity &, the value of 2.3 of SAM is taken. The results of this model for
CI™ ions approaching the hydroxylated oxide surface are shown in Fig. 13, where the average
position of Al ions is taken as the surface plane (zs,.r = 0). The interaction energy profile indeed
mimicsithose shown in Figs. 11 and 12. In particular, it can be seen that for z — 7yt = 6 A the
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Figure 13. Electrostatic energy of the 2D PBC point-charge model immersed in implicit SAM dielectric (esam = 2.3)
as a function of the height of C1~ ions above the surface (z — zguf). The average height of Al'ions,is taken as the surface
plane, zg,s = 0. For the reference zero energy, the energy for Cl~ at z — zgyr = 13 A is arbitrarily used. The structure
of the 2D PBC point-charge model is shown on the right (perspective view of several supercells and top view of a single
supercell); the model consists of the top layer of the hydroxylated oxide<film of the AIOOH/Al,03/Al(111) model of
Fig. 3 in a 28 supercell configuration, where the H, O, and Al ions are represented by,+1, —2, and +3 point-charges,
respectively.

energy profile is linear (note that here only SAM without water, abo’ve it is considered), but below
about 5 A the energy starts decreasing and reaches a minimum at about 2.5 A from the surface.
This simple model thus reproduces the suggestion of the implicit models (cf. Fig. 12) that C1~
ions can interact attractively with the surface after the “penetration” barrier is passed.

Penetration of a charge-neutral layer of Na'/CL" ions from water into the SAM/metal sub-
strate.— Na* ions solvate much stronger,than Cl=(see Table I), hence from this point of view
their presence in SAM seems_unlikely. Butis,it viable that Na* cation penetrates together with
the C1~ anion into SAM? In"general, Na* concomitantly identified with CI~ is associated with
the presence of residuals from_the electrolyte. For example, chloride entry into passive films
(not covered with inhibitors) have been studied with surface science tools, especially by X-ray
photoelectron spectroscopy (XPS). It is known that C1~ may penetrate into the passive films and
that the Na* counter-ions.are notpresent therein. ** Can, however, Na* ions be present in organic
SAM? To the best of our knowledge, very few experiments have been performed to measure
the amount of chloride adsoerption in the presence of an inhibitor layer. From the available data,
no Na* counter-ion$ were identified when Cl~ anions are present in the inhibitor layer.*=" To
further illuminate‘the question of whether Na* ions can be present in inhibitor layers, the results
of the corresponding model.calculations are presented below.

Fig. 14 shows the QE calculated energy profiles for the penetration of a charge-neutral layer,
consisting 0f Na*/CI~ ions from water into the SAM/metal substrate. Three different Na*/C1~
configurations are considered: a “uniform” layer of Na*/Cl™ ions with the Na* and CI~ coor-
dinates of (040, z)aand (a/2, b/2, z), respectively, and two different layers of Na*/Cl~ ion-pairs,
with the iofn-pairs oriented along either z or x directions (the corresponding schemes are shown
Fig. 14). The:main observations are the following: due to the charge-neutrality of the layers the
interaction@nergies are flat in each phase (far enough from the interfaces) and the energy position
in agiven phase is determined by two effects: (i) the electrostatic attraction between Na* and C1~
1ons in'the layer (notice that this contribution is more attractive in SAM than in water, because
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Figure 14. (a,b) QE calculated interaction energiesfor the penetration of charge-neutral Na*/C1~ layer from water into
the implicit SAM-12/metal system for the 1S and 2S supercells. Three different variants are considered (the correspond-
ing schematics are shown at the bottom left), i.e., a “uniform” layer of Na*/Cl~ ions with coordinates of (0,0, z) and
(a/2,b/2,7) and two different layers of Nat/Cl~ ion-pairs, with the ion-pairs oriented along either z or x directions. For
the layer of z-oriented ion-pairs, the ion=pair barycenter is taken as the reference z position. (c) Difference between
plain electrostatic attraction between'ions in SAMhand water, AUiper-ion = isnﬁelt’_lion - I“r‘:fetf‘mn, as a function of the a
lattice parameter for the S type lattices for the three considered configurations of ions (QE optimized Na—Cl distance for
the ion-pair is 3.43 A in water and:2.53"A in SAM). For ion-pairs AUjpeer-ion 1S (almost) converged with respect to the
supercell size already for the 28 supercell (ion=pair can be seen as a dipole), whereas for the uniform configuration the
interactions are far more long-ranged.

water much better screens electrostatic interactions) and (ii) the difference in solvation free en-
ergy of the ions between the'two phases. The solvation of ions in water is much stronger than in
SAM and this contribution wins over the electrostatic attraction between ions in the layer, which
is why the ‘energy is much higher in SAM than in water. In particular, for the uniform layer
of Na*/Cl= ions, compatible with the 1S supercell, the electrostatic attraction is about 1.5 eV
stronger in SAM than in, water, but the solvation of Na* and CI~ ions is stronger by about 4.7 eV
per ion-paif in water than'in SAM, hence the difference is about 3.2 eV. This difference coincides
with the QE calculated difference between the stability of the uniform Na*/Cl™ layer in SAM and
water (Fig{l4a). For the larger 2S supercell the electrostatic attraction between ions is reduced,
because ions are farther apart from each other. The difference between inter-ion attraction in
SAM and water thus diminishes to about 0.8 eV (Fig. 14¢) and the uniform Na*/Cl~ layer is by
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about 4.7 — 0.8 = 3.9 eV less stable in SAM than in water (Fig. 14b).

Fig. 14 further reveals that in SAM the two considered layers of ion-pairs are more stableithan
the uniform Na*/Cl~ layer, mainly due to additional “intra-molecular” electrostati¢'stabilization
within each ion-pair. For the smaller 1S supercell the layer of ion-pairs oriented along x4direction
is by about 0.3 eV more stable that the layer of z-oriented ion-pairs. Ion-pairs can'be seen,as
dipoles and it is obvious from the bottom-left part of Fig. 14 that the x-oriented dipoles are
more stable than the z-oriented dipoles (for the latter the inter-dipole interactions.are exelusively
repulsive, whereas for the x-oriented dipoles the inter-dipole interactions are attractive along,the
x direction and repulsive along the y direction). It is worth noting from Fig. 14c¢ that for ion-pairs
the dipole—dipole interactions converge much faster with respect to the supercell.size—they are
(almost) converged already for the 2S supercell—than those of the uniform Na*/€l= layer (the
latter tend to zero as the supercell size goes to infinity).

The results presented in Fig. 14 suggest that Na* ion would penetrate,.SAM together with C1~
ion in the form of an ion-pair. However, by comparing the penetration barriers in Fig. 14 to those
in Fig. 11 it is evident that the barrier for the penetration of the Na*/Cl~ ion-pair is by about 1
eV higher than that for the penetration of the C1~ ion, which suggests that the penetration of C1~
alone is favorable.

metal surface charge density compatible with +1e/4S-supercell

2.0 - 2.0
metal | o ‘ organic SAM-12 | "water
16 ©Cag,, 1.6
12 [ £ o 1.2
< 08 . 5 08
) Y o
55 04 3 ~< 55 04 ¥
=) : ~ )
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Figure 15. Model calculation of the,potential energy, U (z) of Eq. [30], for the penetration of a single C1” ion from

water into the SAM-12/metal system, according to the model described in the text, for (a) negatively and (b) positively
charged metal surface with the magnitude ©f the surface charge density equivalent to 1 e/4S-supercell = 0.074 e/nm?>.
The electrostatic U(z) and solvation AAGsgly(z) components are also shown. Data points correspond to QE calculated
data, QE(z;) from Figalde, that were augmented for the current purpose, in particular, in (a) the data points correspond
to QE(z;) + U(z;) and in (b).to QE(z;Y=3U(z;).

Dependence of the penetration barrier on the electrode potential: a simple Helmholtz-like
double-layer picture~— The repulsive electrostatic component U(z), shown in Fig. 11, develops
because the whole:ClI7 layer moves away from the layer of Na*™ counter-ions. While on the one
hand thisis an artifact due to lateral periodic boundary conditions—in reality it is extraordinarily
more likely thatC1™ ions penetrate SAM individually—on the other hand, it can be seen to mimic
the effect of the electrode potential. To elaborate on this point, let us imagine a simple picture
of the Helmholtz-like electrochemical double-layer, where the potential drop entirely happens
in SAMrand SAM itself is impermeable to ions (actually almost impermeable, because we will
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consider the penetration of individual ions). The system thus consists of metal covered by SAM
and Na* and CI™ ions in aqueous solvent.

For electrode potentials that are negative with respect to the potential of zero charge, the
metal surface is negatively charged, hence the Na* ions will be attracted by the surface and
will make a counter-layer on top of SAM (recall that SAM is impermeable) and s an electric
double-layer is formed. Now imagine that a single Cl~ ion penetrates the SAM (Fig. 15a). This
situation is very similar to that shown in Fig. 11, but with the important difference,that here the
electrostatic component in the SAM is given by 2U(z) and is therefore twiceSteeper than inrthe
case considered above, where the whole Cl~ layer moves away from the Na* layer toward the
charge-neutral metal surface. The reason for the twice steeper slope is theffollowing. As the C1~
ion moves away from the Na* layer it needs to overcome attraction that/pulls GI= iit the opposite
direction and this costs 27qo/esam per unit of z, where o is the magnitudeof the surface charge
density of ions and g is the magnitude of the individual charge (in the case of Na* and Cl~ ions,
g = qna = —qcr- = 1 and o = A7"). But CI~ also moves toward the negatively charged metal
surface, hence it needs to overcome repulsion which also costs'2wgo/es,m per unit of z. Hence
the two contributions sum and the electrostatic component displays the =470/, slope (recall
that the minus sign is due to C1~ moving in the negative z direction).

For electrode potentials that are positive with respect to the potential of zero charge the sit-
uation is the opposite. The metal surface is positively'charged, hence the C1~ ions will make a
counter-layer on top of SAM thus forming an electric double-layer (Fig. 15b). In this case the
penetrating C1~ ion is attracted by the positively charged metal surfaces and pushed toward it
by the repulsive interaction from the layer/of,CI~ ions'on top of SAM, hence the electrostatic
component in SAM is given by —2U(z),® where the slope depends on the surface charge density
at the metal surface and is proportional to 47qgar/&sam-

These insights can be used to estimate the dependence of the Cl~ penetration barrier on the
electrode potential. For convenience let,us denote the total interaction energy by U and the
electrostatic component by Ucy-(z) = £2U(z), where the subscript “C1™” is used as a mnemonic
that this energy corresponds(te. the penetrationyof a single Cl~ ion toward the charged metal

surface. In analogy to Eq. [25], theitotal potential energy can therefore be written as:

AAGSO]V(Z) + 2U(Z) for £ < Epzc

[30]
AAGyo1(2) —2U(z)  for E > Epye,

U (2) = AAGSOW({) + Ucl-(2) = {

where the AAG gy (2)yand U(z) components are given by Eqgs. [26] and [27], respectively (pedan-
tically, this equality holds onlyfor z € SAM, see below). E stands for the electrode potential and
Ep, for the electrode potential,of zero charge (PZC). It should be noted that AAGyv(z) and U(z)
functions are known asithey have been obtained by fitting the data of Fig. 11.

It is usefal to generalize Eq. [30] and to explicitly indicate its dependence on the ion charge
(gion) andsthe:metal surface charge density (o), i.e.:

Uitg;(z; Gion» O-m) = AAGSO]V(Z; qion) + Uion(Z; Gion» O-m)’ [31]

$Note that the electrostatic component is constant outside SAM, taking one value for z < —wg,m and another one at
z > 0, ¢f. Eq. [32].
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where Ujon(Z; gion, Om) 1S given by:

4 Gion O m 2 Wsam \2 _ _

g (2 Jo2 + (2 2|a/|) for 7 < —wim

s (3o 4 (54877 = aT ¥ wam)? ~la) for 2 € [, ~55n
sam

enn (\o? + 27 |al) for z € (- %48,0)

Esam

Uion(z; ion» om) = Up +

0 forz > 0.
[32]

Note that Uj,, takes constant values for z < —wg,, and z > 0; this is/where UQ differs from
+2U(z). The reason is that the two layers of charges are located at.z = "=wyg,;, and z = 0 and
outside of the double-layer there is no double-layer induced electric-field\(furthermore water and
particularly metal efficiently screen electrostatic interactions).

The activation barrier for the C1~ penetration (Uéclf) is given bysthe maximum of the U i‘(‘)’;(z)
function in SAM, which obviously depends on the metal surfacecharge density o, cf. Eq. [31],
hence also Uéclt_ depends on o7, i.e.:

Ust(om) = max. U (zager , Tm)- [33]
- 4
The maximum of U(z;qc-,om) for a given! oy, | is given by the condition

0on

AU (z; gcr-, om)/ 0z = 0, which gives:

on

exp (—(Z + Zm|s)2/r12n\s)

OUion . exp (—(z + Zwis)?/ ’345) A

w(s m|S
% —v~ AGYN = - AAGTS =0 [34]
and 47GionTm THWlhin f Wsam
oz =\t N forz € (—=,0), [35]
0 otherwise.

This is a messy equations@and, therefore, Eq. [33] was solved numerically.

To complete the picture we need to link the metal surface charge density with the electrode
potential and to this end the/aforementioned simple Helmholtz-like electrochemical double-layer
model, where the potential drop (AE) entirely happens in SAM, is utilized. Within this model
the electrode potential relative to PZC, E — E,,., is given by this potential drop, which according
to the setup of/Fig. 15; can be obtained from the electrostatic Ujo,(z) contribution at z = —wg,p,
ie.

Uion(—Wsam)

dion ’
Here the surface dipole potential y at the SAM/water interface is neglected, because the currently
utilized implicit calculations cannot describe it. According to Eqs. [32] and [36] AE can be
wiitten as the following function of oy:

AE(0) = E(o) — E(0) = 48’“’“‘ (\/4a2 W — 2|a|) 37]

AE=E-E = [36]
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which, if @ is small, can be approximated by:

Anom 4rom
Weam — 2lal) =
sam sam

AE(om) =

Wsam- [38]

Note that Eqgs. [37] and [38] are written in Hartree atomic units, hence the electrode potential
has a unit of Hartree/e (1 Hartree/e = 27.21 V), where “e” is the unit charge. These equations
reveal that, in addition to o,, AE depends also on the SAM thickness wg,y, and.this implies that
at a given electrode potential the magnitude of the surface charge density is larger for thin SAMs
(low wgym) than for thick SAMs (high wg,n ), because AE o< 0y Wy .-

Let us now consider also the penetration of individual Na*/Cl™ ion-paifs. At PZC the energy
profile is as shown in Fig. 14b, but for electrode potentials away from PZC the jon-pair can
orient! along the electric field (&) as to lower the energy by —& - u =,—&uyWhere y is the dipole
moment of the Na*/Cl™ ion-pair. Note that the electric field in SAM is assumed to have only
the surface normal component, & = (0, 0, E), hence also u = (0, 0, ). For the positively charged
metal surface the Na*/Cl™ ion-pair orients with C1~ toward the ‘metal surface and vice-versa for
the negatively charged metal surface. Within the current model;ithe eleetric field in SAM can be
written as & = —qi‘oLanon /0z, where AUy, /0z is given by Eq. [35];.but for practical purposes
this can be approximated by the following function of o

Em ~ -2 TN [39]

Ssam

For not too strong electric fields, the barrier for the penetration of the Na*/Cl~ ion-pair from
water through SAM toward the metal surface ean be approximated as:

4ro
—‘“u‘ , [40]

gsam

act ~ wis _
Una+ o (T AAGsolv,Na+ /CI-

wls
where AAGSMV,N 2t CI-
w(s

tween SAM and water phases, ie., AAG ), Nar JCl- is analogous to AAG:Z)'ISV in Eq. [27] but pa-
rameterized for the Na*/Cl~ ion=pair.instead of Cl~. As stated above the Na*/Cl~ ion-pair is
assumed to align with the electric field,shence the corresponding term is written such that it
always diminishes the activation barrier.

Eq. [40] suggests that for strong enough electric fields (or surface charge densities), the barrier
would drop to zero. Howeverythe electric field takes the full effect only when the ion-pair is fully
in SAM, but the change'in solvation from water to SAM kicks in prior to that. This results in the
non-vanishing penetration barrier even for electric fields that are stronger than those for which
Eq. [40] predicts no battier. For this reason the dependence of the penetration activation energy
Ui, Jci- On the surface charge density o, was scrutinized by performing QE calculations (see
Appendix) and the so-obtained data were then fitted by a quadratic function of o ,:

is the difference of the,solvation free energy of the Na*/Cl~ ion-pair be-

5 2
U jer- (0m) = AAGY, o - = arlomml + @z, [41]
where @j and a, are the fitting parameters. For further details on dependence of U, Jc- ON O,

seeAppendix.

INote that currently SAM is described by implicit dielectric continuum, hence SAM itself does not prefer any
orientation'of the ion-pair nor is there any elastic penalty for reorientation.
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Figure 16. (a) Activation barriers for the penetration of standalone Cl~ (purple) and of.the Na*/Cl_don-pair (cyan) at
PZC as functions of the SAM thickness. (b) Activation barriers for the penetration into SAM=x with'x € {2,3,6,9, 12, 18}
as functions of the electrode potential (relative to PZC). The activation barriers for both the standalone C1~ ion and the
Na*/Cl~ ion-pair are considered, where the former are calculated by Eq. [33] and the latter by Eq. [41].

In the above equations the electrode potential, Eq. [37], and the Cl~ penetration barrier—
either for the standalone CI~ ion, Eq. [33], or for the Na*/Cl vion-pair, Eq. [41]—are expressed
as functions of the metal surface charge density, hence the dependence of penetration barrier
on the electrode potential can be plotted parametrically (the parameter being the metal surface
charge density). The corresponding resultseare shown [in Fig. 16b, whereas Fig. 16a plots the
Cl™ and Na*/Cl~ penetration barriers at PZC as,functions of the SAM thickness. At PZC the
barrier is due to the AAGv(z) component and, the figure shows that for thin SAMs the barrier
increases with the SAM thickness but then it “saturates” for sufficiently thick SAMs (say, for
Wsam 2, 10 A); this is the trend already discussed above in conjunction with Fig. 11. As for
the dependence of the C1~ penetration barrier on the electrode potential, Fig. 16b reveals, as ex-
pected, that for standalone C1~ the barrier decreases with increasing electrode potential (for thick
enough SAMs, the slope changes abruptly at PZC). In contrast, the barrier for the penetration
of the Na*/C1~ ion-pair decreases in,both directions, i.e., for E < Ey,. and for E > E,.. But
the AAG,,, component is much higher for the Na*/Cl~ ion-pair than for standalone C1~, hence
only at sufficiently negative potentials the Na*/Cl~ barrier becomes smaller than the CI~ barrier
(for thick SAMs this happens atshighlymegative potentials). This implies that the penetration of
Na* ions (more specifically Na*/CL ion-pairs) into SAM can become viable at highly negative
electrode potentials, particularly for thin SAMs.

Finally, for proper understanding of Fig. 16, the assumptions and approximations that were
used to derive the results should be clearly stated. These are: (i) it is assumed that CA-x
molecules fully’coverthe metal surface thus forming a complete SAM irrespectively of the size of
the CA molecules (in contrast, it was shown by experiments that only long-chain CA molecules
completely ‘cover Al surfaces),® (ii) surface is fully covered by SAM at all electrode potentials,
(iii) electrode potential (relative to PZC) is entirely given by the potential drop in SAM, (iv)
surface dipole potentiahat SAM/water interface is neglected, (v) water, SAM, and metal are rep-
resented implicitly by dielectric continuum, hence the model is unable to capture the “penalty”
for'local deformation of SAM during the Cl~ or Na*/Cl~ penetration, and (vi) implicitly cal-
culated solvation free energies of ions are only approximate (the error is most likely larger for
Na® than for C17). On this basis, the results of Fig. 16 should be understood qualitatively, i.e.,
they arergood enough to ascertain trends, but particular quantitative values may be susceptible to
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significant errors.

Conclusions

In summary, we analyzed the mechanism by which organic self-assembled-monolayers hinder:
the penetration of C1~ ions from aqueous solution toward the metal substrate. To this,end, we
developed a simple scheme that qualitatively describes the activation barrier for ClI~ penetration
into SAM as a function of the electrode potential. The scheme predicts that the activation barrier
decreases as the electrode potential increases, as would be intuitively expected. However, the
decrease of the activation barrier is rather gradual for electrode potential that arespositive with
respect to PZC and for thick SAMs the barrier remains sizable even at rather positive potentials.
This may be one among the reasons why dense and sufficiently thick,.SAMs efficiently inhibit
corrosion.

By utilizing a simple model where metal substrate, organic{layer, and aqueous solvent are
described implicitly by dielectric continuum slabs, we identified ‘and analyzed two important
effects by which SAMs hinder the penetration of CI~ ions toward the metal substrate. The first
effect is due to inferior solvation of ions in organic layer, compared to,that in aqueous solvent
and the estimated difference is larger than 1 eV for SAMs thicker than about 10 A, whereas for
thinner SAMs this difference decreases with decreasing SAM thickness. The second effect is
due to the electric field at the electrochemical interface/and the extent by which it affects the
penetration of C1~ depends on the electrode potential and on the thickness of the organic layer. It
is worth emphasizing that the presented model is,not specific’to C1~ ions, but can be applied also
to anodic dissolution of metal, i.e., diffusion of metal cations from the metal substrate through
SAM toward the solvent, irrespectively of whether metal dissolves in the form of bare cations
or coordinated to ligands in a metal#ligand.complexes, provided that the complexes are charged.
Indeed, the model is based on electrostatic arguments and is therefore applicable to any charged
species.

The penetration of Na* counter-ions into organic layer was also addressed and calculations
indicate that due to their stronger solvation the penetration into organic layer is inferior to that
of CI~. Energetically the most favorable,way for Na* to penetrate into SAM is in the form of
Na*/Cl~ ion-pairs, but it is inferior to penetration of CI~ alone, unless the electrode potential
becomes sufficiently negative (fer'thick'SAMs the required value would be “extreme”).

While the developed scheme for estimating the activation barrier for C1~ penetration into SAM
as a function of the electrode potential is based on several assumptions and approximations, we
believe that it is ‘sufficiently good to ascertain trends, although particular quantitative values are
likely susceptible‘to significant errors. One among the effects that the current implicit calcula-
tions cannot describe,is the:energy penalty associated with the local deformation of the organic
layer during the CI~ penetration and this effect will be addressed in our next publication?’ by
means of explicit DFT calculations.

Finally, we alsorelucidated and discussed various aspects that are relevant for modeling
charged ions/near.surfaces with slab models that utilize periodic-boundary-conditions. Two of
them should be particularly made aware of, because they are artifacts of the modeling and can be
ayoided or atileast minimized by proper modeling. The first is the depolarization (deionization)
that can emerge due to use of small supercells in DFT calculations and consequently unrea-
sonably high concentration of ions. The second is due to periodic-boundary-conditions applied
along lateral directions and, for multi-slab models, also along the surface normal direction.
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Appendix A. A single point-charge near an interface between two diélectrics
~

Here we present some basic equations on which equations, used in the/Theory section, are
based. Let us consider a model system composed of two semi-infinite dielectrics; characterized
by &1 and &;, and a point-charge ¢ located in dielectric-1 near the planar interface between the
two dielectrics (beware that in other sections ¢ instead designates the magnitude of the point-
charge). Let the charge be located at (R, z) in cylindrical coeerdinates with zo > 0 and let the
interface lie on the z = 0 plane (Fig. A.1). In this case the electric potential can be obtained
by the method of images and the derivation closely follows Ref. 38. The electric potential in
dielectric-1 at point (0, z > 0) can be written as:

, IS

1

¢(0,z>0)=—( 4 , 4 ) [A.1]
1 \Ryy—z Ry

where

Ry = VR> +(z20—2)*> ‘and R, ., = VR> + (20 + 2)%, [A.2]

where ¢’ stands for the image-charge of 'a magnitude that will be determined by solving the
problem. The electric potential in dielectric-2 can be written as:

A0z < 0) = i( q” ) (A3]

&2 RZ(J—Z

where the magnitude of g”7is'tosbe.determined (notice that there is no image-charge counterpart
in this case, because thére are no charges! in dielectric-2). The ¢’ and ¢’ can be obtained by
considering the boundary conditions. At the interface there are no free charges and therefore no
discontinuities, hence approaching the interface from above (z — 0,) or from below (z — 0_)
should yield the same results, i.e.:

#0,) =4(0-) and £ 8E:(0,) = £26:(0-), [A.4]

where ¢ issthe electric potential and &, is the z-component of the electric field (note that &, =
—0¢/0%). Solving Egs. [A.1] and [A.3] subjected to boundary conditions of Eq. [A.4] gives:38

, &1 — & 1’ 282
g =——¢q and q’ = q. [A.5]
€+ & &+ &

IHereonly the so-called free charges are meant without the polarization charge that develops at the interface.
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Figure A.1. Electric potential at point (0, z) for a point-charge located in the dielectric-1 nearthe interface between the
two dielectrics, characterized by &) and &;, can be obtained by the method of images. Interface is located at z = 0,
dielectric-1 at z > 0, and dielectric-2 at z < 0. (a) Scheme for the potential‘at'z. > 0 in dielectric-1 and (b) the
corresponding scheme for the potential at z < 0 in dielectric-2.

where the following relations were used:

1

’ _1
OR:. | O(R*+(@o-2)7) ° _
- vp=-% 0z § ( =) _w < [A.6]
0z 0z 0z R

20—2

By utilizing Eqs. [A.1], [A.3], and [A.5], the electric,potential in dielectric-1 at point (0, z > 0)
is therefore given by:

q {1 e1—& 1
0,z>0)== ( + ) [A.7]
¢ €] Rzu—z g1+ & Rzo+z
and the potential in dielectric-2 at,(0, z < 0) is given by:
2q 1
0,z<0)= ( ) [A.8]
¢ &+ & Rzofz

It is worth noting that Egs. [7],\[8], [11], and [12] in the Theory section are based on Egs. [A.7]
and [A.8].

Appendix B. Slope of the electrostatic interaction energy with respect to the interlayer
distance

Electrostatic interaction energy for two infinite parallel layers of point charges near the inter-
face between two.dielectrics are given by Egs. [10] and [13] that are defined in terms of electric
potentials ¢ /and ¢jzsi.e.:

U11@) = (q $1100,0,20) + ¢~ ¢11(0,0,2))

- 1 1 2 - 2
R0 e T 9 D Pt e N
281 E1+ & RZZ() Rzz Rzofz E1+& Rzn+z

R
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and
1
Un(@) = 5(47¢12(0.0.20) + ¢ $12(0.0.2)
2 1 (1 -
_iy L (_ LEime 1 ) Z
2 20 €1 R &1+ & RZZO g+ & Zo z
1 1 &)y — & )
+ — =+ — [B.2]
RZ#‘J)&Q(R 81+82R 2z &€ +& ; zo—z
where ¢ is the magnitude of a point charge, ¢ = ¢g* = —g~. These equations involve infinite

lattice sums and therefore their dependence on the interlayer distance is not trivially obvious. If
one is only interested in the slope of the interaction energy with respect to.the interlayer distance
then these two equations can be simplified by approximating the lattice sums by integrals. For
example:

Rinax

max R
Z o~ 210 f dR = 210 (RE™ = (@o.— 2)). [B.3]
R=0 ‘%02 0 02

where o is the magnitude of the surface charge density, o = ¢/A, and A is the area of the 2D
unitcell (or supercell). The following limits will be used.below:

lim Ry, = lim VR + @ - 2 =27z, [B.4]
l;im R, .= l;im R? + (z0 =2>=R. [B.5]

But beware that:

lim R gg= lim VRZ+ (=272 = -2z, [B.6]

because R_,; is used when z < O (see Fig. 5) and, thus, —2z > 0 (note that the subscript of R
stands for the distance between the two layers'and a distance is never negative).

Using the integrals to approximate the sums, the interaction energy U;; of Eq. [B.1] can be
approximated as:

o 2 e - R R 2R = 2R
yeeos X9 [2 A ( + _) - T ( )] dR. [B.7]
glA 8t R2z() Ry, Rzofz &+ & RZo+Z

By using Egs. [B.3]-[B.5], this integral is equal to:

2
nq .
veren = i

81A R—oo

El— & E1 — &
—[1 2 (220 +22) = 2(z0 — 2) = 22—(20 + 2)
+ & g+ &

2R+2 R 2R — 2 R]
g+ & g+ &

€]

}. [B.8]

The part'in the first Square-brackets is 0, whereas the part in the second square-brackets is:

2(81 —&))(@0 +2) — (&1 + &) (20 — 2) — (81 — &2)(z0 + z)
€+ &

—2(z0 — 2).

Hence: ) P— )
2nq U 2nq o
U = 2 (79 — d n____ -—, B.9
1 AS] (ZO Z) an aZ AS] * £1 [ ]
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which is the result used by Egs. [16] and [17] in the Theory section. Note that according to this

equation U, ‘lpp "% = 0 for z = zo. This is because U ;“fp " measures only the interaction between

the two plates (per area A) and at z = zg the two plates merge and the charges annihilate.
Analogously, U, of Eq. [B.2] can be approximated as:

[JAPProx _”qz fm( 1 [1 e1—& R } )
2 Ty sl L
A 0 &1 g+ & RZZU &1 +82 RZU—’

1 - R
(+— 1+ M_]_ )dR. [B.10]
& &g+ & R_zz &+ & RZo—Z
After the integration the R — oo part of the integral is: ~
1 = 2 1 — 2
(—[1+'31 “21R- R)+(—[1+82 2 R):O,
£1 g+ & g+ & & g+ & 1+ &
which can be straightforwardly foreseen by noticing that:
_ 2 - 2
I e T L
g+ & &+ & &1 t & E +&

Only the R = 0 part therefore remains after the integration. Hence"

2
pProx _ 2nq lgl _8220 _ 1 G 7) + l82 _ )_
12 A \g e +& g+ & 88]+82 1+ &

(zo — z)). (B.11]

The part in the brackets is:

1 &1 — & 2 1 &1 — & 2 1 1

_—— - o0HL— + z=——20+ —2

E1& T & €+ & & &1+ & &g+ & &1 &
and therefore:

. 2ng*fz0 2 a U?gprox 2nq* o
Epprox _ 0 <~ d = — -, B.12
12 A (81 & an 0z Agy * & [ ]

which is the result used /by Eqs\[l 6]and [17] in the Theory section.

It should be noted that the‘negative slopes of U™ /dz and U 5" /8z are the consequence
of the setup, i.e4 the layer of positive charges ﬁxed at zop and the layer of negative charges at
z < zo moving away frem it in the —z direction. The negative slope is therefore the consequence
of the “movement™in the negative direction. The main message is thus that the larger is the
interlayer distance, the more positive (endothermic) is the energy.

Appendix C. Dependence of the activation barrier for penetration of Na*/Cl~ ion-pair into
SAM on the electric field

The electric-field & can stabilize the ion-pair (described by a dipole g) by —& - y and the
approximate Eq. [40] in the main text suggests that for strong enough electric fields (or surface
charge densities), the barrier for the penetration of Na*/Cl™ ion-pair into SAM would drop to
zero.. However, the electric field takes the full effect only when the ion-pair is fully in SAM,
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Figure C.2. (a) QE calculated energy profiles for the penetration of the Na*/Cl~ iofi-pair from water though SAM-12
toward the metal surface for several metal surface charge densities . Note the emergence,of ‘‘éxtra solvation energy
penalty” as the magnitude of metal surface charge density increases. (b) QE calculated activation energies (data points)
for the penetration of Na*/C1~ ion-pair though SAM-12 as a function of metal surface charge density. The fit of QE
data points with Eq. [41] is indicated by purple line, whereas bluish line indicates the prediction of Eq. [40]; the case of
polarizable Na*/Cl~ dipole, Eq. [C.3], is indicated by dashed curve, where the PBE calculated value of & = 30 Bohr?
was taken for the polarizability of the Na*/Cl™ ion-pair.

but the change in solvation from water to SAM kicks in prior to that and, correspondingly, the
penetration barrier remains non-vanishing even for electric fields that are stronger than those for
which Eq. [40] predicts no barrier. This phenomenon is shown in Fig. C.2a, which displays the
energy profiles for the penetration of the Na*/Cls, ion-pair from water through SAM-12 toward
the metal surface for several metal surface charge densities. The aforementioned emergence of
extra “solvation energy penalty” as the magnitude of metal surface charge density increases is
clearly evident. For this reason the penetration barriers at large surface charge density magnitudes
are larger than those predicted by Eq. [40]and this‘is evident from Fig C.2b, which compares QE
calculated energy barriers to those predicted by Eq. [40]. Note that the QE data points are very
well fitted with the quadratic ansatz of Eq. [41]. Finally let us mention that if the Na*/CI~ dipole
is considered as polarizable then.thexdependence on the electric field is also (slightly) quadratic
but with the opposite effect to/fhat of Eq [41], that is, polarizability further stabilizes the dipole in
the electric field and in turn reduces the barrier with respect to Eq. [40]. In particular, the relation
between electric field & and polarizable dipole u can be written as:

n = o + ab, [C.1]

where y is the zero-field dipole and « is the dipole polarizability. Note that for polarizable
dipole, the electric fieldistabilization is not given by —u - &, because some energy is expended to
polarize the dipole and the ¢orresponding polarization energy (Upolar) is given by: 34

(m—po) _ 1
2o 2

With aid of Egs. [C.1] and [C.2], the stabilization of polarizable dipole by the electric field can
be writtenas:

Upolar = a&’. [C.2]

1 1
Udipole = —p - & + 50182 =—po-E~— 5082, [C.3]

which implies that the electric field induced polarization of the dipole stabilizes it by 5082 with
respect to'the non-polarizable dipole yy (see Fig. C.2b).
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