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Abstract

We address the mechanism by which organic layers on aluminum substrate hinder the penetration of C1~ toward the metal substrate.
Localized corrosion by chlorides on Al and its alloys is a major problem, and organic molecules that form self-assembled monolay-
ers on metal substrates may provide efficient corrosion protection. In one of our previous works, we established experimentally that
long-chain n-alkyl carboxylic acids form protective layers against C1~ corrosion on Al substrates. In a different work, we identified,
using implicit models of the organic layer and metal substrate, two essential effects by which organic layers hinder the penetration
of C1” ions toward the metal substrate. The first effect is due to inferior solvation of ions in the organic layer compared to that
in aqueous solvent. The second effect is due to the electric field at the electrochemical interface. The extent to which it affects
the penetration of C1~ depends on the electrode potential and the thickness of the organic layer. In the present study, we continue
our investigation and explicitly model the organic monolayer and Al substrate using density-functional-theory calculations. To this
end, we consider organic monolayers consisting of either dodecanoic- or hexanoic-acid molecules. Current calculations confirm the
findings of the simplified implicit models, i.e., the energy barrier for the C1~ penetration increases with the thickness of the organic
monolayer and with C1~ concentration in the monolayer. Furthermore, we propose a new mechanism by which Cl~ penetrates
the organic monolayer. Due to considerably inferior solvation of C1~ in the organic layer compared to that in water, calculations
suggest that it is energetically easier to locally “open” the organic monolayer by creating a hole large enough to accommodate water
molecules and CI™. The presence of water molecules ensures a stronger CI1~ solvation and a better electrostatic screening between
ions. While the energy barrier for the C1™ penetration via the local “opening” mechanism is suggested to be smaller than for the
penetration of C1~ into dense homogeneous organic monolayer, it is still significant enough to pose a considerable kinetic barrier
for the penetration of C1~ from the aqueous solution into the organic monolayer at room temperature.

Introduction We have also performed a systematic DFT study of n-alkyl
CAs adsorption of different alkyl chain lengths on two mod-
els of the oxidized Al surface.® This computational study con-
firmed that the magnitude of the adsorption free energy in-
creases with increasing alkyl chain length, indicating that SAM
formation is more favored for molecules containing longer alkyl
chains. In the SAM, CAs molecules are tilted by about 40°+10°
from the surface normal to optimize the lateral cohesive inter-

putational studies based on density-functional theory (DFT) molecular inter‘actions. Du.e to this ti%t, the effect.ive coverage
that gallic acid, silanes, and linear carboxylic acids (CAs) can ~ ©f the surface increases with the chain length (Fig. 1). Note
adsorb on oxidized Al surfaces.>” The ~COOH anchor group that the maximum monc?layer coverage is given by the inter-
of CAs was investigated for its ability to interact with aluminum ~ Play of the steric footprint of the carboxylic head group and
substrates and form chemical bonds and H-bonds with a sur-  the surface site distribution. Due to the mismatch between the
face. We also performed joint experimental and computational WO, upright CAs neither completely cover the surface at max-
studies of the adsorption of linear CAs, C,H,,0, (labeled as ~ iMum monolayer coverage nor make the lateral intermolecu-
CA-n), with different chain lengths.>” We demonstrated that lar interactions optimal (Fig. 1). Tilted alkyl chains, therefore,
CA-12 and larger molecules are protective against pitting by ~ €OVer the' surface more eﬂ?ec.tively. Furthermore, lionger tilted
Cl™ ions. The adsorption of a full layer of organic molecules, alkyl chains dlsplay—due‘to increased lateral cohesive f0rc§s—
hereinafter referred to as the self-assembled monolayer (SAM), & more exergonic adsorption free energy and a more organized

was evidenced by XPS and ToF-SIMS in the case of CA-12.° SAM structure, resulting in a more stable and protective molec-
ular film on the surface. In contrast, upright alkyl chains should

be much less protective because too long distances between the
chains make the SAM structure “open”, and solvent molecules
and CI" ions can penetrate the SAM much more easily (Fig. 1).

Under ambient conditions, an aluminum surface is covered
with a thin/ultrathin oxide film, which protects it against corro-
sion. However, we demonstrated that an ultrathin oxide film (5
A thick) is not protective against the cathodic reaction, which
can in principle be mitigated by the use of appropriate corrosion
inhibitors. In our subsequent works, we have shown with com-

The experimental results are coherent with a coverage of about
4.7 molecules/nm?, as calculated with DFT.

*Corresponding authors. We thus hypothesized that SAMs consisting of long-chain
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Figure 1. A schematic illustration that the effective surface coverage increases
with the length of the alkyl chain of tilted CA molecules. The maximum mono-
layer coverage is given by the interplay of the steric footprint of the carboxylic
head group and the surface site distribution. Due to the mismatch between the
two, neither the short-chain nor the perpendicular long-chain CA molecules
fully cover the surface, leaving the Al substrate exposed to solvent. This sug-
gests a much easier penetration of C1~ from the aqueous solution toward the Al
substrate. Atoms in the snapshots are plotted with van der Waals radii.

tilted CA molecules might effectively hinder the penetration
of Cl1~ toward the Al substrate> and, consequently, protect it
against C1~ pitting because it is well established that the first
step in C1™ pitting is associated with chloride adsorption and
either thinning of the passive film® or chloride diffusion into
the passive layer.” From a kinetic point of view, this implies
that SAM should pose a substantial energy barrier to the diffu-
sion of C1~ from the aqueous solvent toward the Al substrate.
To make this hypothesis stronger, in a previous paper '’ some
of us investigated by what mechanism SAMs inhibit the pen-
etration of chlorides toward the metal substrate, by utilizing a
simplified computational model. In this model, the Al substrate,
the organic SAM film, and the aqueous solvent were described
implicitly as dielectric continuum slabs, whereas C1~ ions and
Na* counterions were treated explicitly by DFT. This model
is called herein the semi-implicit model (‘“semi” because ions
were treated explicitly, and “implicit” because the surface and
bulk phases were treated implicitly) and is labeled as implicit-
SAM. We identified two essential effects by which SAMs hin-
der the penetration of CI~ ions toward the metal substrate. The
first is due to considerably inferior solvation of ions in the or-
ganic layer (a SAM film can be seen as a smectic liquid) com-
pared to that in an aqueous solvent. The second effect is due
to the electric field at the electrochemical interface. The ex-
tent to which it affects the penetration of C1~ depends on the
electrode potential and the thickness of the organic layer. Other

effects, such as local deformation of the organic layer during
CI™ penetration and inhomogeneities in the SAM film, could
not be described by the simplified semi-implicit model and are
considered herein using DFT-based models, where the Al sub-
strate, the SAM film, and ions are treated explicitly and only the
aqueous solvent implicitly. We will refer to these models as the
semi-explicit DFT models (“semi” because the aqueous solvent
is treated implicitly and “explicit” because all other components
are treated explicitly).

The purpose of the current paper is therefore to study the
penetration of CI™ ions from an aqueous solvent into SAM to-
ward the Al substrate using the semi-explicit DFT-based mod-
els. However, modeling charged “objects” is problematic when
periodic-boundary conditions (PBC) are used and should be ex-
ercised carefully to avoid electrostatic artifacts. This issue was
thoroughly investigated in the previous paper.'” The usual ap-
proach is to add counterions into a supercell to achieve charge
neutrality. However, this does not eliminate electrostatic arti-
facts, particularly when 3D PBC are used, which are typical of
plane-wave DFT codes. A simple, though computationally in-
efficient, way to eliminate 3D PBC artifacts is to use a symmet-
ric setup, where the water/SAM/substrate system is modeled
by a double-sided water/SAM/substrate\SAM\water model. In
such a model, ions are symmetrically added above and below
the substrate so that the dipole created by ions on one side of
the substrate is canceled by the counter-dipole created on the
other side of the substrate.

However, even when 3D PBC artifacts are appropriately dealt
with, the effects of 2D PBC remain. Due to 2D PBC, Cl~ ions
and counterions (e.g., Na™) form two layers of charges reminis-
cent of a parallel plate capacitor (Fig. 2a). As the C1~ ion moves
in the simulation away from the Na* ion toward the substrate,
the whole infinite C1~ layer moves. Because the electrostatic
potential in the parallel plate capacitor is linear, the potential
energy raises linearly with increasing the Na—Cl distance, pro-
vided that C1~ is far enough from the substrate and Na* coun-
terions (Fig. 2b). The slope of the electrostatic potential energy
(V), dV/dz, where z is the surface normal direction, is propor-
tional to:

2

Vg 1o 1

dz €A £
where ¢ is the ion charge, £ the permittivity of the medium, A
the supercell area, and o the surface charge density, o = g/A.
The slope thus increases with increasing surface charge den-
sity and decreases with increasing permittivity. In water, the
dV/dz slope is small due to the high permittivity of water. In
contrast, the permittivity of the organic SAM was calculated to
be around 2.3,'% implying a steep slope (Fig. 2c). Such slopes
must be considered when interpreting the simulation results be-
cause they result from 2D PBC. In reality, C1~ ions are more
likely to penetrate SAM individually, that is, a given ion pene-
trates at a given time here and another ion at another time there.
Interestingly, due to the superposition property of electrostatics,
these slopes can be associated with an electrode potential, and
the corresponding model was developed in the previous publi-
cation. '
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Figure 2. (a) Due to 2D periodic-boundary conditions, Cl~ ions and Na* counterions form two layers of charges reminiscent of a parallel plate capacitor. (b)
The potential energy increases linearly with the increasing “vertical” distance between Na* and C1~ (the slope increases with increasing the surface density of ions
and decreases with increasing permittivity of the medium between the two layers). (c) Due to the high permittivity of water and low permittivity of the SAM, the

potential energy increases considerably less in water than in the SAM.

Technical details

Calculations were performed in the framework of DFT
using the generalized gradient approximation (GGA) of
Perdew—Burke—Ernzerhof (PBE)!' with the periodic plane-
wave code VASP.!>!3 We used projector-augmented-wave
(PAW) potentials, '*!> a plane-wave kinetic energy cutoff of 520
eV, and a Gaussian smearing of 0.1 eV. The semi-empirical dis-
persion correction of Grimme (DFT-D2)'® was applied to ac-
count for dispersion interactions between organic molecules.
The supercell that represents the substrate consists of a four-
layer thick Al(111) slab covered by an ultra-thin oxide film (5 A
thick). The lateral dimensions of the supercell are mandated by
the underlying Al(111) slab, where the calculated bulk lattice
parameter of Al of 4.04 A was used. Atomic positions were re-
laxed with the conjugate gradient algorithm until all force com-
ponents were below 0.02 eV/A.

The calculations were performed with an implicit water sol-
vent using the VASPsol package, "' modeled with a relative
permittivity of 78.4.%° The thickness of the implicit solvent re-
gion was set to more than 18 A in the surface normal direction.

Model of the hydroxylated oxidized aluminum surface:
AlOOH/Al,03/Al(111).—The model of the hydroxylated oxide
film on the aluminum surface was described in a previous pub-
lication.! It comprises a thin y-Al,O3(111) film, hydroxylated
at the surface and supported on Al(111). This model is herein
designated as AIOOH/A1,03/Al(111). It is built with an orthog-
onal (; 2) supercell of a 4-layer Al(111) slab that supports a 5
A thick hydroxylated oxide film (Fig. 3). This orthogonal su-
percell is labeled as S in the following. Its lateral dimensions
are 8.574 x 9.901 A% = 0.849 nm?. A single C1~ ion in the S
supercell thus corresponds to the surface concentration of 1.18
Cl~/nm2. A four times smaller surface concentration of 0.29
Cl~/nm? was also considered by using a (2 x 2)-S supercell,
which corresponds to an orthogonal (g (8)) supercell. The calcu-
lations with the S supercell were performed using a 3 X 3 X 1
Monkhorst-Pack k-point grid?! and those with the (2x2)-S su-
percell using the Gamma k-point. The adsorbates, the thin ox-
ide film, and the two uppermost metal layers at the oxide/metal

interface were allowed to relax, whereas the bottom two layers
of the AI(111) slab were fixed.

There are six hydroxylated surface Al ions in the S supercell.
The stoichiometry of the outermost surface layer is AI(OH),,
and it exhibits a hydroxyl density of 14.1 OH/nm?, out of which
9.4 OH/nm? are in a bridging configuration (labeled as p,—OH),
and 4.7 OH/nm? are in a monodentate configuration (u;—OH).
Further details are given in Ref. 1.

The strategy adopted for the study of Cl~ interaction with
the bare AIOOH/AL,03/Al(111) and SAM covered surfaces.—
To eliminate electrostatic long-range 3D PBC artifacts, men-
tioned in the introduction, we used a symmetric “double-sided”
setup. The principle is shown in Fig. 4, where both pris-
tine and SAM functionalized AIOOH/Al,0O3/Al(111) substrates
are considered in symmetric “double-sided” supercells (i.e.,
SAM/AIOOH/AL,03/Al|AI\Al,O3\AIOOH\SAM), along with
two implicitly solvated Cl~ ions (one below the substrate and
the other above it). To maintain charge neutrality, a single Mg>*
ion per supercell is added into implicit water solvent; in the
setup shown in Fig. 4, the substrate is located in the middle of
the supercell along the surface normal direction, whereas Mg**
is located at the bottom of the cell at z = O (this is why Mg>* is
shown with half-spheres at the bottom and top of the supercell).
The position of Mg?" is kept fixed, whereas the C1~ ion is con-
sidered at different heights above the surface. This approach
allows us to scrutinize the energetics of C1~ insertion and ad-
sorption in the presence and absence of the organic film. Only
in the specific case where the Na*/Cl~ ion-pair is considered, a
“one-sided” slab is used because the ion-pair creates no dipole
along the surface normal direction as it is oriented parallel to
the surface.

Fig. 4a schematically presents the approach and adsorption
of C1™ onto the pristine surface from implicit bulk water. Here,
the initial state is the solvated Cl~, and the final state is the chlo-
ride adsorbed on the AIOOH/Al,O3/Al(111) surface. In the fi-
nal state, C1~ is adsorbed on top of an OH group. In Fig. 4b, the
AIOOH/Al1,05/Al(111) slab is functionalized with the SAM.
For clarity, we use the following nomenclature: CI~ is called
“solvated” when it is far from the surface (either the oxide sur-
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Figure 3. Model of the ultrathin hydroxylated oxide film above Al(111). (a)
Side view and (b) top view with the S = (; 2) supercell shown by the yellow
rectangle. (c,d) Side and top view with the indication of differently coordinated
Al ions (Alyy, Aly, and Alyy). On the top view in (d), the hydroxyl groups
that are replaced by carboxylic groups are indicated by yellow dashed circles,
whereas the C1~ adsorption site in the presence of SAM is indicated with a solid
green circle. Note that atom sizes are drawn based on covalent radii, hence Al
cations (gray) appear larger than O anions (red).

face or the SAM surface, see Fig. 4a,b). This configuration
gives the reference energy for solvated chloride (Ets, where IS
stands for the reference initial state configuration). All energy
differences (AE) reported herein are measured with respect to
EIS, ie.:

AE = E - Egs. [2]

The term “adsorbed” is used only when CI~ is adsorbed on the
oxide surface. Otherwise, when the Cl1~ ion is in the SAM, we
refer to “inserted” chloride. Two carboxylic acids were consid-
ered, one with 12 C atoms (CA-12) and the other with 6 C atoms
(CA-6). The SAMs consisting of CA-6 and CA-12 molecules
are named SAM-6 and SAM-12, respectively. For the SAM-
12, two different SAM models were considered with differently
tilted molecules.’ In the first model, the molecules within the
SAM point along the surface normal direction. This model is
named upright-SAM-12. In the second model, the molecules
are tilted about 40° from the surface normal direction. This
model is labeled tilted-SAM-12.

The height of the CI™ ion (z¢y) is measured with respect to the
surface Al plane (za;), which corresponds to the average height
of the Al ions in the topmost layer. The term “Al-Cl distance”
thus corresponds to the vertical |za; — z¢y| distance.

Implicit-SAM models and other details.— Some calculations
were also performed with semi-implicit models from the previ-
ous study, '” where the Al substrate, the organic SAM film, and
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Figure 4. Scheme of the (a) pristine and (b) SAM-covered substrate in a
“double-sided” symmetric setup. A Cl~ ion is added symmetrically above and
below the Al substrate, and a single Mg?* ion per supercell is used to main-
tain charge neutrality. This way, the dipole created by ions on one side of the
substrate is canceled by the counter-dipole created on the other side of the sub-
strate.

the aqueous solvent are implicitly described as dielectric con-
tinuum slabs, whereas Cl~ ions and Na* counterions are treated
explicitly by DFT using the PBE functional (here, two Na* ions
are used in the “double-sided” setup instead of a single Mg?*
ion). The supercells used for these calculations were S and
(2 x 2)-S. These calculations were performed with Quantum
ESPRESS0%>?? and the Environ plugin?* using the soft-sphere-
continuum-solvation (SoftCS) method. ?

Molecular graphics were generated with xcrysden?® and
graph plotting was performed with the Gnuplot program.?’
Postprocessing of figures was done in Inkscape.?®

Results

Cl~ adsorption on AIOOH/AL,03/Al(111).— We first con-
sider the approach of the hydrated Cl~ toward the pris-
tine AIOOH/Al,O3/Al(111) surface and subsequent adsorption
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Figure 5. (a) Energy versus the Al-Cl distance for adsorption of Cl1~ at bare AIOOH/Al,O3/Al(111). The green dashed line shows the increase of electrostatic
Na*/Cl~ energy due to increasing distance between the Na* and Cl1~ layers as C1~ approaches the Al-substrate, corresponding to the second term on the right-hand
side of Eq. [3]. (b) A side-view snapshot of Cl-adsorption configuration (note that atom sizes are drawn based on covalent radii).

thereon. The calculations were performed with the symmet-
ric double-sided S supercell, corresponding to the C1~ surface
concentration of 1.18 C1~/nm?. In the initial configuration, the
Mg?* and CI™ ions are located in the aqueous solution at 13.2
A and 9.4 A from the surface Al plane, respectively. Dur-
ing the simulation, the Mg>* ion is kept fixed, and Cl~ ap-
proaches the surface. The adsorption of C1~ with Mg>* in so-
lution (the Mg—Cl vertical distance is 8.7 A) is slightly exother-
mic, AEDFT = EFS - EIS = -0.19eV (Flg 5), where E[S and
Erg stand for the energies of the initial and final states. Notice
that the energy rises when the C1-Mg distance increases, as ex-
plained in the introduction.'® Despite the high surface charge
density of ions (C1- and Mg>" ions in periodic cells can be
seen as forming a parallel plate capacitor), the dE/dz slope is
low due to the high water permittivity (charges are screened).
The AE value extrapolated to zero surface concentration of C1~
can be estimated as (in Hartree atomic units):

21q*(zrs — 21s)
SwaterA

AEO = AEpgt + s [3]
where 715 and zgs are the heights of Cl1™ in the initial and final
(adsorption) configurations, respectively, &yaeer 1S the relative
permittivity of water, A is the supercell area (0.849 nm?), and ¢
is the charge of solvated ion (¢> = 1). The so extrapolated AE,
value is —0.26 eV; AEppr and extrapolated AEj are also shown
graphically in Fig. 5.

The second term on the right-hand side of Eq. [3] represents
the electrostatic inter-ion contribution (cf. Fig. 2b) due to 2D
PBC and is called the “electrostatic line” in Fig. 5. Notice that
DFT calculated values closely follow it, provided that C1™ is
sufficiently away from the Al substrate (= 5.5 A).

When the distance between Cl~ and the surface is short
enough, lower than about 5 IOA, the attractive interactions be-
tween Cl1~ and the protons of OH groups (Fig. 5) result in H-
bond formation, and attractive interactions begin to dominate.
An H-bond between a surface proton and the chloride ion is

G
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Figure 6. Energy penalty for penetration of Xe into SAM on Al substrate as cal-
culated with the upright-SAM-12 model (purple) at the surface concentration
of 1.18 and 0.29 Xe/nm? and the tilted-SAM-12 model (green) at 0.29 Xe/nm?.
The thickness of the SAM models is indicated by the average positions of top-
most C atoms (top-Cayer) and topmost H atoms (top-Hayer)-

formed, with an H-Cl distance of 2.1 A. The chloride charge is
—1 throughout the trajectory, except for the final configuration,
where the C1~ makes an H bond with the OH group. For this
configuration, the Mg charge is unchanged (+2), but the C1~
charge is —0.97, suggesting a weak charge transfer from CI~
to H. Indeed, the proton charge of the interacting OH group is
+0.61, to be compared with the average charge of +0.66 of the
other surface protons.

CI~ penetration into the SAM on AIOOH/AL,O3/Al(111).—
We now consider the CI™ ingress into a SAM-12 on
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AIOOH/AIL,O3/Al(111). In our previous paper, 10 we modeled
the SAMs with continuum dielectric slabs. This method al-
lowed us to capture the electrostatic and solvation aspects of
the interactions. Here, the semi-explicit DFT model allows
us to also consider local inhomogeneities in the SAM and the
steric effects of introducing ions in the SAM. The effect of lo-
cal inhomogeneities in the SAM is addressed by considering
two different SAM models, where the molecules either stand
upright (the upright-SAM model) or are tilted (the tilted-SAM
model). The two models differ in homogeneity: the upright-
SAM model is inhomogeneous, consisting of organic and sol-
vent regions, whereas the tilted-SAM model is more homo-
geneous (cf. Fig. 1), i.e., due to molecular tilt, no solvent
molecules are expected in the SAM. As for the estimation of
steric effects, they need to be decoupled from the electrostatic
effects, and to this end, we studied the ingress of the Xe atom,
which has a similar size as C1~ but is uncharged.

Steric hindrance effects: penetration of Xe atoms into the
SAM.—The steric effects of introducing Cl1~ ions into the SAM
were estimated with the Xe atom, which has a similar size* as
CI1™ but is uncharged and thus allows us to decouple steric ef-
fects from the long-range electrostatics effects. Fig. 6 shows
the Xe penetration profiles for the upright- and tilted-SAM-12
models at two different Xe surface concentrations, 1.18 Xe/nm?
modeled by the S supercell and 0.29 Xe/nm? modeled by the
(2 x 2)-S supercell. Here, the highest energy point before Xe
hits the surface-repulsion wall is taken as the barrier; according
to Fig. 6, Xe starts feeling the repulsion from the surface at Xe—
Al distances lower than about 5 A. For the upright-SAM-12, the
calculated Xe penetration barrier is 0.26 eV at 1.18 Xe/nm? and
0.07 eV at 0.29 Xe/nm?. In contrast, the tilted-SAM-12 is more
homogeneous and denser with optimized lateral inter-chain in-
teractions, hence it is not surprising that the Xe penetration bar-
rier is higher (0.20 eV at 0.29 Xe/nm?) than for the upright-
SAM. The calculated barriers, therefore, imply that steric hin-
drance alone is insufficient for preventing the penetration of C1~
toward the Al substrate, because a barrier on the order of a few
0.1 eV can easily (rapidly) be overcome at room temperature.

Penetration of Cl~ ions into the SAM.—The penetration of C1~
ions was investigated for the upright- and tilted-SAM mod-
els at surface concentrations of 1.18 C1~/nm? (modeled by the
double-sided S supercell) and 0.29 C1~/nm? (modeled by the
double-sided (2x2)-S supercell). Top- and side-view snapshots
of the relaxed upright- and tilted-SAM-12 models are shown in
Fig. 7, whereas the calculated energy profiles for C1™ penetra-
tion are compared to the results of the semi-implicit method '
in Fig. 8. Due to arbitrariness in selecting the position of the
water/SAM interface plane, it is not possible to univocally draw
the electrostatic lines in Fig. 8. Hence, only the electrostatic
slopes in the SAM at o = 1.18 and 0.29 Cl~/nm? are indicated
instead, dV/dz = 2mq0/&sam; the corresponding slope lines are

*The covalent and van der Waals radii of Xe are estimated to 1.40 and
2.16 A, respectively, 29.30 whereas ionic radius of C1~ is 1.81 A.3!

tilted-SAM-12

(topview)

Figure 7. Top- and side-view snapshots of optimized upright-SAM-12 (left)
and tilted-SAM-12 (right) on the Al substrate. Note that the CA molecules
locally group in upright-SAM-12, creating troughs between them (note the C1~
ions located in the bottom of troughs).

plotted such that they align with the results of the implicit SAM
models.

For the implicit-SAM of a thickness consistent with that of
the upright-SAM-12, the semi-implicit model of the previous
study ' predicts the barriers of about 3 eV and 2.3 eV for Cl~
penetration at concentrations of 1.18 and 0.29 C1~/nm?, respec-
tively. In contrast, the current semi-explicit DFT model gives
considerably smaller barriers of 1.83 eV and 0.68 eV for the
upright-SAM-12 at 1.18 and 0.29 Cl~/nm? (Fig. 8), respec-
tively. The barrier for the tilted-SAM-12 at 0.29 Cl~/nm? is
much higher, about 2 eV, thus being much closer to the barrier
predicted by the semi-implicit model in Ref. 10.

The results of Fig. 8 imply that the upright-SAM model gives
considerably smaller C1~ penetration barriers than the tilted-
and implicit-SAM models. This trend is further evidenced
by Fig. 9, which compares the dependence of the Cl~ pen-
etration barrier on the SAM thickness as given by the semi-
implicit model 10°and the current semi-explicit DFT models; for
the latter, both SAM-12 and SAM-6 are considered. The fig-
ure shows that the penetration barrier increases with the SAM
thickness and, furthermore, that the barrier for the upright-
SAM models is considerably smaller than that of the corre-
sponding tilted- and implicit-SAM models. The reason is that
due to non-optimal lateral distances between CA molecules in
the upright-SAM, the molecules locally group, creating a non-
uniform SAM structure with troughs between them (see Fig. 7).
These troughs are large enough for the implicit solvent to enter
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Figure 8. Energy penalty for the penetration of C1~ into the SAM on the Al substrate as calculated with (a) the upright-SAM-12 model at the surface concentration
of 1.18 C1~/nm? (blue) and 0.29 CI~/nm? (purple) and (b) the tilted-SAM-12 model at 0.29 C1~ /nm? (green squares). The results of the corresponding implicit-
SAM models are shown by thick pale curves in (a,b). Thin dash-dotted lines indicate the electrostatic slopes, Eq. [5], and are positioned to align with the results of

the implicit SAM models.
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Figure 9. CI~ penetration barriers versus SAM thickness for various SAM
models at surface concentration of 1.18 C1~/nm? (blue) and 0.29 C1~ /nm? (pur-
ple and green).

them. Also, Cl™ ions penetrate the SAM along these troughs
(note the C1™ ions in the troughs in Fig. 7). The presence of
solvent in troughs has two effects: it leads to more strongly
solvated C1~ and a better electrostatic screening between Cl1™
ions. Both effects lower the energy, leading to a much smaller
CI™ penetration barrier.

According to the electrostatic arguments, the C1~ penetration
barrier linearly increases with the SAM thickness (wg,m) and the
Cl1~ surface concentration (o) because the inter-ion electrostatic
contribution (AV) is proportional to (in Hartree atomic units): '

27qO Wsam

AV = ‘ . [4]

Esam

A linear dependence of C1™ penetration barrier on the CI~ sur-

R o L N
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3 30 [ S
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Figure 10. C1~ penetration barriers versus Cl~ surface concentration as calcu-
lated with the implicit-SAM models of various thicknesses. The utilized thick-
nesses correspond approximately to the upright SAM-6, SAM-9, SAM-12, and
SAM-18 models.

face concentration is indeed confirmed by the semi-implicit cal-
culations (Fig. 10). However, this linear dependence breaks
down at too high concentrations. Notice from Figs. 8 and 9
that the barrier at o = 1.18 C1~/nm? is smaller than four-times
that of the four-times smaller concentration of 0.29 Cl~/nm?,
i.e., the barriers for upright-SAM-12 are 1.83 and 0.68 eV and
that of the corresponding implicit-SAM about 3 and 2.3 eV at
1.18 and 0.29 Cl~/nm?, respectively. According to the results
of the implicit-SAM model, '° the surface concentration of 1.18
Cl~/nm? is so high that when C1~ is deep enough into the SAM,
the C1~ ions partly deionize (i.e., the Na*/Cl~ double-layer de-
polarizes) as to reduce the electrostatic repulsion (cf. Fig. 9 of
Ref. 10). The reason is that due to a low relative permittivity
of SAM (ggum = 2.3), the dV/dz slope in the SAM is enormous,
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Figure 11. According to current DFT calculations, the more open upright-SAM model (left) gives considerably smaller C1~ penetration barriers than the more
homogeneous and denser tilted-SAM model (right). While the upright-SAM structure is thermodynamically inferior to the tilted-SAM, the barrier difference is so
remarkable that it is likely more convenient to first locally open the SAM structure by creating a hole that can accommodate water molecules (center) and then C1~

penetrates it.

0.46 eV/A at 1.18 C1-/nm2. Hence, by the electrostatic dV/dz
effect alone, the energy rises by 4.6 eV when CI~ enters 10 A
into the SAM at o~ = 1.18 C1~/nm?. This value is similar to the
energy cost to completely discharge Na* in water and C1~ in the
SAM, estimated at about 4.3 eV." Hence at 1.18 C1~/nm?, when
Cl- is deeper than about 10 A into the SAM, it is energetically
more convenient for the Na*/Cl~ double-layer to discharge.

Penetration of Na*/Cl~ ion-pairs into the SAM.—In the previ-
ous publication,'® we found that the penetration of Na*/Cl~
ion-pairs into SAM is considerably inferior to that of C1~ ions;
the smallest identified Na*/C1~ ion-pair penetration barrier was
about 2.2 eV. Current calculations with explicit-SAM models
confirm this result. In particular, at Na*/Cl~ concentration of
1.18 nm~2, the Na*/Cl~ ion-pair adsorption configuration is by
about 2.1 eV less stable than the reference configuration with
the Na*/Cl1~ in bulk aqueous solution.

Discussion

As anticipated in the introduction, current DFT calculations
confirm that the barrier for the Cl~ penetration is consider-
ably lower for the upright-SAM model than for the tilted-SAM
model. The reason is that in the upright-SAM structure, large
enough troughs (or holes) appear for water molecules to enter
them, which leads to more strongly solvated C1~ ions and a bet-
ter electrostatic screening between them.” There are, therefore,
two opposing effects: an “open” inhomogeneous SAM struc-
ture makes the penetration of C1~ much easier for the just ex-
plained reasons, while lateral cohesive interactions prefer tilted

TThe discharge energy can be estimated as AEgischarge = EA(C)—IP(Na) -
AGgoly(Nat in water) — AGo1y(C1~ in SAM), where EA(CI) and IP(Na) are the
electron affinity of Cl and ionization potential of Na, and AGy represents
the solvation free energy. The experimental values for EA(CI), IP(Na), and
AGysoy(Na* in water) are 3.62, 5.14 eV, and —4.28 eV, respectively. The calcu-
lated value of AGy(Cl in SAM) is about —1.5 eV. !9 Here, the solvation con-
tributions of neutral Na and Cl atoms were neglected because neutral species
solvate weakly.

*This effect is likely exaggerated for the implicit solvent because the
implicit solvent more easily enters narrow slits than actual explicit solvent
molecules. Nevertheless, the possibility of solvent entering the SAM is suf-
ficiently realistic to consider it seriously.

alkyl chains and a homogeneously “closed” SAM structure.
The question is, thus, which of the two effects wins, i.e., is
it more convenient for C1~ penetration (i) to first locally open
the SAM structure and then penetrate,® or (ii) to penetrate di-
rectly into the homogeneous SAM? These different scenarios
are schematically presented in Fig. 11.

The SAM deformation energy for making the space for the
penetration of a standalone C1~ was estimated to be relatively
low (cf. Fig. 6), but the deformation for creating a hole in the
SAM that can accommodate C1~ and water molecules is more
substantial. A rough estimate of the corresponding energy cost
can be obtained by considering the difference in stability be-
tween the tilted- and upright-SAM models. This energy dif-
ference was estimated in our previous publication® to be about
0.2 eV/CA-molecule. About four CA molecules need to space
apart to create a local hole in the SAM structure, which should
cost about 4 x 0.2 = 0.8 eV. This “opening” energy cost is
smaller than the difference of 1.3 eV between the C1~ penetra-
tion barrier in the tilted- and upright-SAM-12 models at 0.29
Cl~/nm? (Fig. 8). At a lower surface concentration of C1~, this
difference is smaller because, due to electrostatic reasons, the
penetration barrier decreases with the surface concentration of
Cl™ (Fig. 10). Yet, we can still assume that the penetration of
CI™ into SAM via local “opening” mechanism is viable. Fur-
thermore, entropic effects tend to disorder the SAM structure,
including molecular vacancies and regions with submaximal
molecular coverage, thus facilitating the local SAM opening.

Irrespective of the SAM model (implicit or explicit), the cal-
culations reveal that the barrier increases with the SAM thick-
ness. One reason is due to inter-ion electrostatics (this contri-
bution decreases with C1~ surface concentration, see Fig. 10).
The other reason is due to inferior C1~ solvation in the SAM
compared to that in the aqueous solvent. ' Because the C1~ ion
is not a point object but has a finite size, this contribution in-
creases with the SAM thickness up to about 10 A and saturates
afterward. '°

In our previous publications,”’ we showed that only long-
chain CAs are protective against Cl~ attack, whereas short-

6,7

§1n this case, the total penetration barrier can be estimated as the sum of
the energy cost for opening the SAM and the penetration barrier in the “open”
SAM.
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chain CAs did not exhibit a protective character. Based on
our previous and present DFT calculations,>%!? this observa-
tion can be explained as follows. First, due to molecular tilt-
ing, longer alkyl chains cover the Al surface more effectively.
Furthermore, due to increased lateral cohesive forces, they also
display a more exergonic adsorption free energy, resulting in a
more stable and organized protective molecular film on the sur-
face (indeed, it was experimentally observed® that only long-
chain CAs fully cover the surface). Finally, longer alkyl chains
lead to thicker SAMs which display higher C1™ penetration bar-
riers.

The increase of the penetration barrier with the SAM thick-
ness due to inter-ion electrostatics can be seen as an artifact of
2D PBC (in reality, it is far more likely that a given ion pene-
trates at a given time here and another ion at another time there).
However, this increase can be associated with the electrode po-
tential, as shortly explained below (for more details, see Ref.
10). The 2D PBC electrostatic slope for moving the layer of
Cl~ away from the layer of Na* is (in Hartree atomic units):

dV  2nqgo
&v _ a9 (5]

dz Esam ’

where V stands for inter-ion electrostatic energy. In contrast,
the slope in the parallel plate capacitor or in the electrochemical
Helmholtz double-layer for moving a charge inside a double-
layer along the surface normal direction is:

dv 4,
DL _ Tqo 6]

dz Esam ’

where the subscript DL stands for double-layer and is used to
distinguish Vpy, from V. The dVpy /dz slope is thus twice that of
dV/dz in the 2D PBC simulation. '” Let E(z) be the C1~ energy
as a function of the CI™ height z above the Al substrate. In the
current 2D PBC simulations, E(z) can be described as: '°

E(z) = V(z) + AAG1v(2) + O(2), [7]

where V(z) is the inter-ion electrostatic contribution, AAGy(2)
is the solvation contribution!, and all other effects are grouped
into the O(z) term (O stands for “other”). Note that in the limit
of zero Cl1~ concentration, the electrostatic V(z) term vanishes,
V(z) — O (cf. Egs. [4] and [5]).

Now, let us consider that the electrode (i.e., Al substrate) is
negatively charged with the surface charge density equivalent
to that of C1~ concentration in the 2D PBC simulation, and the
positive counterions (in equivalent concentration) are located
on top of the SAM. This way, an electrochemical Helmholtz
double-layer is created, and the energy function for a single C1~
ion (at zero Cl~ surface concentration) penetrating the SAM
is: 10

EpL(2) = 2V(2) + AAGsonv(2) + O(2). (8]

Note that the O(z) term in this equation may differ from that in
Eq. [7] due to different ClI~ concentrations in the two cases,

IAAG )y is the difference in C1~ solvation free energy in SAM and water,
AAGsoly = AGo1y(Cl™ in SAM) — AGo1y(Cl™ in water).

but this term is not the focus here. Eq. [8] implies that the
contribution due to the double-layer electric field is twice that
in the 2D PBC simulation. If the electrode is instead positively
charged, the Epy (2) is given by: '

EpL(2) = =2V(2) + AAGo(2) + O(2). [9]

Eqgs. [8] and [9] imply that CI~ penetration barrier increases
with potential cathodic to the potential of zero charge (PZC)
and decreases with potential anodic to PZC, as one would intu-
itively expect. For further details, see Ref. 10.

Conclusions

The entry of Cl™ ions into carboxylate SAMs adsorbed on
oxidized Al was investigated using DFT calculations, where
Al substrate, SAM film, and ions are treated explicitly and
only aqueous solvent implicitly. The explicit-SAM models al-
lowed us to pinpoint further details of the mechanism by which
Cl~ ions penetrate the SAM that the previous study ' based
on implicit-SAM models could not reveal. Hence, we scru-
tinized the effects of SAM deformation and inhomogeneities
in the SAM structure on the Cl~ penetration barrier. We also
confirmed the previous findings of the simplified implicit-SAM
models that the C1~ penetration barrier increases with the SAM
thickness and with C1~ concentration in the SAM and that C1~
rather than the Na*/Cl~ ion-pair diffuses into the organic layer.

We find that the deformation of the SAM during C1~ pene-
tration, though not negligible, does not significantly affect the
penetration barrier. Hence, by steric hindrance alone, the SAM
cannot effectively prevent the penetration of C1~ toward the Al
substrate because the barrier on the order of a few 0.1 eV can
be overcome at room temperature. In contrast, inhomogeneities
in the SAM structure have a much more considerable effect on
the C1™ penetration. In particular, the Cl~ penetration barrier
is considerably smaller in the upright-SAM models, with the
molecules pointing along the surface normal, than in the tilted-
SAM models, where the molecules are significantly tilted. The
structure of the tilted-SAM is considerably more homogeneous
and denser than that of the upright-SAM, where large enough
troughs (or holes) appear for water molecules to enter them,
which leads to more strongly solvated C1~ ions and a better
electrostatic screening between them. Both effects lower the
energy, leading to a much smaller C1~ penetration barrier. At
the surface concentration of 0.29 C1~/nm?, the barrier for C1~
penetration into upright- and tilted-SAM-12 are about 0.7 and
2 eV, respectively.

While the upright-SAM structure is thermodynamically infe-
rior to the tilted-SAM structure, the barrier difference of 1.3 eV
is so remarkable that it suggests that instead of penetrating the
dense and homogeneous tilted-SAM structure, it is more conve-
nient to first locally open the SAM structure by creating a hole
that can accommodate water molecules and then C1~ penetrates
it (the respective “opening” energy cost was currently estimated
to about 0.8 eV). At present, the local “opening” mechanism is
tentative due to the crude estimation of the local “opening” en-
ergy cost. However, by using the explicit-SAM models with
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large supercells, the issue can be more rigorously addressed,sis ssd6.
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which will be done in a forthcoming publication.
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