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ABSTRACT: Self-assembling of derivatized aromatic mole-
cules on metals is of interest in the generation of modified
surfaces with ionizable groups in order to generate charged
surfaces for constructing more complex nanostructured
interfaces. In the present contribution we explore the structure,
properties, and stability of isonicotinic acid (INA) adsorbed on
gold surfaces employing electrochemical and spectroscopic
methods as well as DFT calculations at the level of van der
Waals interactions (vdW-DFT). Electrochemical results show
changes in the kinetics of redox probes due to the self-
assembled monolayers (SAMS) formation on the gold surface.
Furthermore, SERS experiments indicate that INA species
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adsorb on gold perpendicularly to the surface through the deprotonated carboxylate group. In addition, due to the ionizable
groups involved in the molecular anchorage, some instability of the SAMS of INA is obtained by pH modification of the chemical
environment. On the other hand, theoretical calculations indicate that a strong interaction of the carboxylate group to the gold
surface at the bridge sites takes place, and the adsorbed species have sufficient mobility at room temperature. The effect of the

coverage and the stability of the SAMS are also reported.

B INTRODUCTION

The study of monocrystalline metal surfaces modified by self-
assembled monolayers (SAMS) of (bio)molecules is of
technological importance due to its application in the
development of biomedical devices and biosensors of high
selectivity.'* Additionally, molecular self-assembling is a key
concept in supramolecular chemistry and nanoscience since it
allows the construction of complex molecular architectures
though electrostatic interactions. In general, molecules
employed in the construction of SAMS are organic molecules
composed of an anchorage group that links the molecules to
the surface, a spacer group that may be an aliphatic chain or an
aromatic ring, and a terminal group in contact with the
environment (e.g, an electrolyte), which confers new proper-
ties to the surface. The study of self-assembly mechanisms
allows understanding the interactions that determine the
morphology of the monolayers during nanofabrication
processes.””

During surface modification, molecule—substrate interac-
tions, diffusion of the molecules on the surface or mediated by
the solution (as in the case of modification by dipping),
nucleation and growth processes, and aggregation of islands
(ripening) can take place.” In the case of aromatic molecules,
7—7 attractive interactions between neighbor molecules appear,
favoring formation of domains with an ordered packing, which
are commensurate to and with the same symmetry of the
surface. Since the layers are often discontinuous, it is important
to know the distribution of the exposed areas that remain
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unchanged.” Then, the uncovered areas may present electro-
active response and can be easily evaluated by electrochemical
techniques.” "

It has been shown that adsorption of organothiols and
derivatives confers interesting properties to metallic substrates
because of the strong thiolate chemical bonds formed, where
the intermolecular interactions of the additional chemical
groups may contribute modifying the packing in the
SAMS.*"'™"> In addition, if the adsorbed molecules present
ionizable groups exposed to the environment, they offer the
possibility of constructing more complex nanostructured
interfaces that are sensitive to pH changes. In spite of the
wide use of derivatized thiols, isonicotinic acid (INA) has
interesting chemical properties, presenting a carboxylic acid
group, a nitrogen atom in the pyridine ring, and the 7 system in
the pyridine ring itself. Then, once a monolayer has been
formed on the substrate and according to the molecular
orientation, ionization of INA groups by modifying the pH of
the medium may take place exposing a net charge to the
solution. This would allow the construction of more complex
nanostructured interfaces as those resulting from the layer-by-
layer method."® In addition, removal of the surface modification
can be also a simple process by means of a pH change, which
allows recovering the metallic surface without damage.
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Modified surfaces with a periodic arrangement of charge are of
technological importance in the manufacture of nanostructured
platforms with pharmacological applications.'” On the other
hand, the effect of the INA molecule backbone on the electron
transfer with redox species in solution across self-assembled
monolayers or in more complex nanostructures is also of
primary interest."®"”

Recently, Xu et al.’ studied by scanning tunnel microscopy
(STM) the structure of SAMS of INA adsorbed on Ag (111)
deposited by evaporation at ultrahigh vacuum (UHV)
conditions. They showed that the acid group remains
protonated, and the molecules are assembled parallel to the
silver surface. Also, they explained the observed configuration
by taking into account the formation of hydrogen bonds
between the carboxylic groups and the nitrogen atoms of the
pyridine ring in neighbor INA molecules in order to stabilize
the layer.” On the contrary, Raman spectroscopic studies of
nicotinic acid isomers on Ag surfaces’””' or colloidal
nanoparticles of silver'> modified by immersion in aqueous
solutions indicate that INA is adsorbed onto the Ag surface as
an anionic species and the main interaction is through the
carboxylate group. In addition, depending on the electro-
chemical potential applied, the INA molecules may adsorb
perpendicular or parallel to the surface due to the 7—7 ring
interaction between the molecules or 7 interaction with the Ag
surface, respectively.”’

The aim of this work is to understand the mechanisms
involved in the generation of ionizable surfaces by chemical
modification in order to generate charged surfaces for
constructing nanostructured platforms. Specifically, we study
the adsorption and self-assembly of isonicotinic acid on Au
(111) surfaces. In the first part, we present the electrochemical
and the spectroscopic evidence of the absorption process. In
the second part, we study the chemical interactions involved in
the adsorption process and the stability of the INA molecular
layers adsorbed on Au surface by means of density functional
theory (DFT) calculations taking into account van der Waals
interactions.” >

We show that a strong interaction of the carboxylate group to
the gold surface takes place, thus providing an unexplored novel
platform for nanoscience applications (e.g., in the field
biosensors) as opposite to the traditional use of alkanethiols
or derivatives on gold. This would serve as a robust linking with
other nanostructured materials for developing new composite
materials.

B EXPERIMENTAL AND CALCULATION DETAILS

Apparatus and Electrodes. A conventional three-
electrode electrolysis cell with a reference saturated calomel
electrode (SCE) and a Pt auxiliary electrode was employed. All
potentials were referred to the SCE potential. Working
electrodes were deposits of Au on glass slides of 11 X 11
mm’ purchased from Arrandee or polycrystalline gold rods
(Alfa Aesar, 99.9985% purity). The electrolyte was deaerated by
bubbling with nitrogen prior to each experiment.

Cyclic voltammetry measurements were carried out at room
temperature with an Autolab PGSTAT100 electrochemical
interface using the NOVA 1.8 software package.

Surface enhanced Raman spectroscopy (SERS) experiments
were performed ex situ (in air) using a Horiba LabRAM HR
spectrometer, employing a He/Ne laser (632.8 nm wave-
length). For the analysis of the spectra, the vibrational modes
were represented using the common nomenclature: 8: bending;
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v: stretching; 7: torsion; the subscript as indicated an
asymmetric mode.””””** The nomenclature proposed by
Wilson”” and Lord™® was also indicated in parentheses.

Preparation of the Substrates. For the electrochemical
measurements, the Au surfaces were electrochemically cleaned
by 10 min cycling at 1 Vs~ between —1.2 and 0.7 Vina 0.1 M
NaOH solution. After that the electrode was immersed in
“piranha” solution (3:1 mixture of concentrated sulfuric acid
and 30% hydrogen peroxide solution) for 1 min and rinsed with
deionized water. In order to promote the development of the
Au(111) surface, cleaned electrodes were annealed in a butane
flame during 2 min, cooled under constant N, flux, and placed
immediately in contact with the dipping solution. In order to
perform SERS measurements, a polycrystalline gold rod was
electrochemically roughened by applying a potential step at
+2.4 V for 10 min in a 0.5 M H,SO, solution. Then, a linear
potential sweep at 0.02 V s™' from +2.4 to —0.6 V was
applied.” Finally, the roughened gold surface generated after
this procedure was rinsed with deionized water and immersed
in the dipping solution.

Preparation of SAMS. All chemicals, isonicotinic acid (4-
pyridinecarboxylic acid; Alfa Aesar, 98+% purity), sulfuric acid
(Anedra), and sodium hydroxide (Baker) were used as received
without further purification. Self-assembled monolayers were
prepared by immersing the gold substrates in 10 mM INA + 0.1
M NaOH (pH 13) or 10 mM INA + 1 M H,SO, (pH 0.3)
solutions for different dipping times. After the surface
modification, the samples were removed from the dipping
solution, rinsed with 0.1 M NaOH or 1 M H,SO, solutions,
and transferred to the electrolytic solution.

Reagents and Solutions. For electrochemical character-
ization, 1 M H,SO, deaerated solutions were employed as
electrolyte. 5 mM Fe’*/Fe** (Baker) + 1 M H,SO, (Anedra)
solutions were employed as redox probes. For SERS measure-
ments, SAMS of INA prepared on the roughened gold
substrates were immersed for 36 h in 10 mM INA + 1 M
H,SO, or 10 mM INA + 0.1 M NaOH (pH 0.3 or 13,
respectively) solutions and then were rinsed with 1 M H,SO,
or 0.1 M NaOH solutions before the experiments.

Theoretical Modeling and Computations. Energy
calculations were performed at the density functional theory
(DFT) level using the SIESTA code.”” Core electrons were
replaced by norm conserving pseudopotentials, built with the
Troullier—Martins recipe’”’ to represent the nucleus and the
core electrons of the considered species. In the pseudopoten-
tials description of the atoms, only electronic valence states
were considered. The basis set used for expanding in
eigenstates was composed of double-{-polarized numerical
atomic orbitals (NAOs), which were solutions of the Kohn—
Sham Hamiltonian for isolated pseudoatoms. Exchange and
correlation effects were described in the generalized gradient
approximation (GGA) with Perdew—Burke—Ernzerhof (PBE)
functional.’” The energy of confinement (Energy-Shift) was S0
meV, which was an optimum value to obtain the best accuracy
and computational efficiency for this system. The energy cutoff
(Mesh-Cut-Off) used was 150 Ry.

The minimum-energy conﬁ%uration was determined by the
conjugate gradient technique,” which minimizes the system
energy from an initial configuration with respect to the atomic
coordinates until the force on each atom was less than 0.04 eV/
A. The minimum-energy path (MEP) was optimized by means
of the nudged elastic band method (NEB).”**
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All the calculations were performed with spin polarization
(sp). van der Waals interactions were taken into account, and
the C4 coefficients in eV A® used were: Au: 220, H: 2.21, C:
15.19, O: 6.08, and N: 10.68, and the van der Waals radii in A
were: Au: 1.48, H: 1.00, C: 1.46, O: 1.34, and N: 1.45.247%¢

The atomic charges were evaluated by means of the Mulliken
population analysis.*® The Au(111) surface was modeled as a
four-layer gold slab with ABC stacking within a tetrahedral unit
cell with periodic boundary condition at x, y, z. The optimized
lattice parameter for the bulk fcc gold substrate was a = 4.19 A.

B RESULTS AND DISCUSSION

Experimental Evidence. Isonicotinic acid molecule has
three chemical groups that can interact with a metallic
substrate: the carboxylic acid group, the nitrogen atom in the
pyridine ring, and the 7 system in the pyridine ring itself. In
aqueous solutions, depending on pH, different INA species can
exist according to the chemical equilibriums shown in Scheme
1.7 Once a monolayer has been formed and according to the

Scheme 1. Acid—Base Equilibriums of INA in Aqueous
Solutions
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adsorbate orientation, ionization of INA groups by modifying
the pH of the medium may take place exposing a net charge to
the solution. This is a useful property of the modified surface in
order to build nanostructured platforms by electrostatic
interactions.

Well-behaved redox couples are usually employed in order to
make evident surface modifications as well as to evaluate the
blocking properties of monolayer-coated electrodes. They can
also provide structural information on the layers, ie,
geometrical covemge.‘q’g’39

Figure 1 shows the j/E potentiodynamic response at 0.05 V
s~! of bare and modified Au (111) electrodes in a 10 mM Fe?**/
Fe** (pH 0.3) solution for different dipping conditions. On the
bare gold surface, the Fe**/Fe®* redox couple shows a quasi-
reversible j/E response, with ca. 80 mV of anodic to cathodic
peak potentials separation, AE,, and the typical shape for a
charge transfer process controlled by semi-infinite linear
diffusion.** On the other hand, the j/E potentiodynamic
response of modified Au surfaces by 36 h of dipping in 10 mM
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Figure 1. Potentiodynamic j/E response at 0.05 V s™! in a 10 mM
Fe**/Fe*" + 1 M H,SO, solution (pH 0.3) for bare (O) and modified
Au(111) electrodes for different pH dipping solutions for 36 h: (---)
10 mM INA, pH 0.3, and (—) 10 mM INA, pH 13.

INA (pH 0.3) shows a pronounced increase of AE, reaching ca.
500 mV and a decrease of the peak current for both the anodic
and the cathodic current peaks. The small current contributions
at the normal potential of the redox couple are attributed to
macroscopic uncovered zones at the surface.

This behavior indicates an apparent inhibition of the redox
couple kinetics due to the presence of INA adsorbed onto the
gold surface, which can be interpreted as a microelectrode array
formation®” where defects and pinholes allow radial diffusion of
ionic species of the redox probe, opposite to the behavior on
bare gold surfaces where only semi-infinite diffusion takes place.
Contrarily, when the dipping is made in alkaline INA solutions
(pH 13), the absence of changes in the j/E response for the
Fe**/Fe** redox probe in acidic media compared to that
obtained for the bare gold surface would indicate that the INA
molecules have been desorbed in the measurement acidic
solution due to the increase in proton concentration. According
to these findings, the adsorption of INA molecules onto the Au
surface may involve the interaction of any of the ionizable
groups (carboxylic acid and/or N in pyridinic ring) with the
gold surface.

SERS is a widely used technique for investi§ating adsorbate—
metal interactions in molecular assemblies.””*°*>*%37*! 1
order to study the configuration of INA molecules adsorbed
onto gold, SERS measurements under different conditions were
performed. The roughened gold substrates were immersed in
acidic or alkaline INA solutions for 36 h and then rinsed with
base solution of the same pH to avoid any effect of proton
concentration.

Figure 2 shows the SERS spectra obtained for INA SAMS
prepared by dipping in acidic (Figure 2c) and alkaline (Figure
2e) INA solutions. In addition, Raman spectra of solid INA
(Figure 2a) and INA aqueous solutions with the same pH
values (Figure 2b,d) are included for comparison. When
comparing the SERS and Raman spectra for equal pH
conditions, for those vibrational modes that are directly
involved in the INA—Au interaction a shifting of about 5—20
cm™" as well as changes in their relative intensities are seen. For
INA SAMS under both pH conditions, “in-plane” ring vibration
modes are present (Figure 2¢,e):*”*"*” 1008—1019 cm™ SCH
(1), 1646—1606 cm™ vCC(8a), and 1207—1211 cm™!
vCH(9a). Additionally, comparing with solid Raman spectrum
(Figure 2a), the “out -of-plane” modes TCCCC(4) at 462 cm™"
and 7CCCC(10a) at 778 cm™" are absent, indicating that INA
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Figure 2. Raman spectra for solid INA (a), 0.1 M INA pH 0.3 (b), and
0.1 M INA pH 13 (d) aqueous solutions; SERS spectra for SAMs of
INA on Au prepared by 36 h dipping in acid (c) and alkaline (e)
solutions. (f) The same surface as in (e) after subsequent immersion
for 10 min in a 1 M H,SO,, pH 0.3, solution.

molecules would adopt a perpendicular or slightly tilted
alignment to the gold surface. On the other hand, for both
dipping conditions, an enhancement of the vOCO™ at 1372
cm™" and the absence of vC=0 at 1726 cm™" are clearly seen.
These results show that even for pHypping < PK,1, the INA
molecules interact with gold atoms via the deprotonated
carboxylic group. Similar behavior has been described
previously for INA adsorbed on Ag”**"*” or 2-mercapto-
nicotinic acid on Au(111).°

In order to obtain additional information on the stability of
INA SAMS with changes in pH, a SERS experiment in
conditions similar to those described above for the electro-
chemical results (Figure 1) was performed. The modified gold
surface by 36 h of dipping in 10 mM INA (pH 13) (Figure 2e)
was subsequently immersed in a 1 M H,SO, (pH 0.3) solution
for 10 min, and after that a new SERS spectrum was recorded
(Figure 2f). As for the electrochemical results, the spectrum
shows a complete loss of INA Raman signals, indicating that
INA molecules were removed from the gold surface after the
immersion in an environment where pH < pK, ;.

In summary, electrochemical results allow concluding that
SAMS of INA are formed by immersion of the gold substrates
in INA aqueous solutions of different pH. Inhibition of the
electrochemical activity of the Fe*"/Fe’* redox probe suggests
that INA SAMS block the gold surface for the charge transfer
reaction. Furthermore, in spite of the adsorption is made in
acidic (pH < pK, ;) or alkaline conditions (pH > pK,,), INA
molecules interact perpendicularly with the gold surface
through the deprotonated carboxylic group. This behavior is
associated with the displacement of the acid—base equilibrium,
where a more favorable energetic interaction of the adsorbate
with the metallic substrate and lateral interactions between
neighbor molecules take place. Also, due to the acidic condition
needed for the Fe?'/Fe’* redox couple performance, the
voltammetric results allow obtaining information concerning
the stability of the INA SAMS with respect to pH
modifications, which was corroborated by SERS measurements.
Because of the carboxylate group interacts directly with the
gold surface, for SAMS prepared in alkaline media a high
proton concentration enables the protonation of the carbox-
ylate group and then destabilizes the monolayer. Contrarily,
when the monolayer is generated in acidic solution, protons
may have an important role in the SAM stabilization via
hydrogen bonds between protonated pyridine rings of INA
neighbor molecules.

Theoretical Results. Adsorption Characterization. In the
previous section, we showed that INA molecules are adsorbed
perpendicularly on the Au(111) surface via the carboxylate
group. In order to explain these results and obtain more insight
into the INA adsorption mechanism, DFT calculations for the
different hypothetical interactions between INA molecules and
the gold substrate were performed. For every case the
adsorption energy, E g, is calculated according to

Eps = EA/Au(lll) —E, — EAu(lll)

(1)

where Ej /5,(111) is the energy of the adsorbed species (anion or
neutral molecule) and E, and E,,();) are the energies of the
adsorbate and the surface, respectively. In the case of the anion
species, we consider the INA dissociation state as the reference
in order to obtain an adequate representation of the adsorption
of charged species.

Also, the total charge is calculated as

Qo = D, @)

where Q,, is the sum of the Mulliken atomic charge g; over all
atoms in the given species. The INA layers have C;, symmetry

Figure 3. Schematic representation for different configurations of INA adsorbed on Au(111): anionic INA bonded through carboxylate group on
bridge surface site (a); INA molecule bonded on top through the nitrogen atom of the pyridine ring (b) and parallel to the surface (c).
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and were studied for the coverage values 0.0625, 0.143, 0.25,
and 0.33, corresponding to p(4 X 4), (\/7 X \/7)R19.1°, p(2 %
2), and (\/ 3 X \/ 3)R30° adlayers structures, respectively.
Furthermore, for the determination of the preferential
adsorption site we consider the lowest coverage, ® = 0.0625,
which corresponds to a p(4 X 4) structure, taking into account
the boundary conditions. According to KuZera and Gross,* at
distances higher than 3 times the nearest-neighbors distance,
the interaction between adsorbate molecules is negligible (i.e., a
p(3 X 3) structure).

Figure 3 shows schematically some of the different INA
adsorption geometries explored, namely anionic INA bonded
through the carboxylate group on bridge surface sites (Figure
3a), neutral INA molecule bonded through the nitrogen atom
of the pyridine ring on top sites (Figure 3b), or INA molecule
adsorbed parallel to the Au(111) surface (Figure 3c).
Additionally, Table 1 lists the adsorption energy and total
charge calculated in atomic units (au) for selected species and
configurations studied.

Table 1. Adsorption Energies and Mulliken Charges for
Different Adsorption Configurations

INA species” interacting group  substrate site  E,g (eV)  Quory (au)

perpendicular configuration

2 —COOH top —0.47 0.09

—N= top -0.81 0.03

3 —-C00~ bridge —2.26 —0.39
parallel configuration

2’ —-L11 —0.02

3 —2.11 —0.46

“INA species denoted as shown in Scheme 1.

From the low adsorption energy values obtained for the
neutral isonicotinic species (2/, see Scheme 1) in both parallel
and perpendicular configurations, a weak INA—gold interaction
is expected (physisorption type). Also, the negligible total
charge calculated confirms the almost null interaction of neutral
INA molecules to the gold surface. For this species (2), the
parallel configuration shows the strongest bond (E4 = —1.11
eV) because of at this position both the carbonyl group and the
N atom in the pyridine ring can simultaneously interact with
the surface. Furthermore, for the perpendicular configuration a
higher interaction through the nitrogen atom (E,4, = —0.81 eV)
compared to that obtained for carboxyl group (—0.47 eV) is
obtained.

On the other hand, the anionic species (3) shows higher
adsorption energy (in absolute value) for both parallel and
perpendicular configurations to the surface, indicating a
stronger interaction with the gold atoms (chemical bond).
Additionally, adsorption energy in bridge sites is energetically
the most favorable (—2.26 eV). This value can be related to the

fact that when anion species adsorbs on a bridge site, each
oxygen atom interacts with one of two neighboring Au atoms
(bidentate bond, Figure 3a). Also, the average total charge of
~—0.4 au indicates that partial charge transference from the
anion of INA to the Au surface takes place. These results
indicate that the adsorption of the anionic species bonded to a
bridge site in the Au(111) surface is the preferential
configuration.

Table 2 lists the adsorption energies, the tilt angle § of the
anions with respect to the normal vector, the distance between
the oxygen and the surface (do_sy(111)), the Mulliken charge of
INA molecules, and the Au surface charge for the anion species
on bridge sites at the different coverage values studied. The tilt
angle f is calculated as follows:

cos(f) = (we_ny NY/Nye_yll (3)

N and v_y are the normal vector to the surface and the vector
defined between the positions of the carboxyl C atom and the
N atom in the pyridine ring, respectively. In addition, the
surface charge can be calculated from the total charge eq 2 as

qurface = _Qtotal/A (4)

where Qg is the surface charge and A is the substrate area
per anion adsorbed.

As coverage increases, adsorption energy initially increases
(from © values of 0.0625 to 0.143) and then decreases slightly
(Table 2). Meanwhile, both the distance do_au(i111) and the tilt
angle (f) initially increase and then also show a slight decrease.
Surface charge increases steadily (Table 2) due to the increase
in the number of adsorbed species per unit area. This
apparently complex dependence is attributed to the different
interactions that take place as coverage changes. Taking into
account the electrostatic repulsion between the anionic species
of adsorbed INA alone, a continuous decrease in E, 4, should be
expected as coverage increases. For low coverage values
(structures p(4 X 4) and (\/7 X \/7)R19.1°), the initial
increase in E g is attributed to the attractive 7—7 interaction
between aromatic rings. For higher coverage values (structures
p(2 X 2) and (\/ 3 X \/ 3)R30°) the electrostatic repulsive
lateral interactions become more important than the attractive
m—m interaction between aromatic rings. As the surface
coverage increases, the distance between the anionic species
decreases (11.85, 7.84, 5.92, and 5.13 A, respectively).*

Figure 4a shows the analysis of the partial density of states
(PDOS) corresponding to the lowest and highest coverage
values (0.0625 and 0.33, respectively) for an aromatic carbon
atom belonging to the ring. This analysis provides important
information about 7—x interaction between the INA anions.
The higher electron densities are those of the 2p orbitals, and
the most significant change obtained is the disappearance of a
peak corresponding to the 2p, orbital at —2 eV (Figure 4a) and
the higher dispersion of the 2p, orbital in the same region.

Table 2. Adsorption Energies, Tilt Angle f of the Anions with Respect to the Normal Vector, Distance between the Oxygen and
the Surface (do_su(111)), Mulliken Charge of INA Molecules, and the Au Surface Charge for the Anion Specie on Bridge Site for

the Different Coverages Studied (@)

substrate structure (€] E. (eV) p

p(4 % 4) 0.0625 226 3° 29/
(V7 X \/7)R19.1° 0.143 -2.55 6° 20’
p(2 % 2) 025 218 3° 34/
(/3 x 1/3)R30° 033 220 4° 23/

do-au(111) (A) Mulliken charge (au) surface charge (4C cm™)
2.29 —0.39 S5.14
2.30 —0.38 11.44
2.28 —0.36 18.97
231 -0.35 24.56
4368 DOI: 10.1021/acs.jpcc.5b11146
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Figure 4. Total and individual PDOS corresponding to the valence
orbitals for (a) an aromatic carbon atom belonging to the pyridinic
ring at low and high coverage values ©: 0.0625 (—) and 0.33 (---),
(b) a gold atom involved in the bond to the INA anion on a bridge site
at ® = 0.0625 (---) and a free Au atom in a clean surface (—), and
(c) one oxygen atom of adsorbed INA anion at ® = 0.0625 (---) and
a nonadsorbed INA anion in the vacuum (—). Zero energy
corresponds to the Fermi level.

These changes are a clear evidence of a 7—n interaction
between the aromatic rings. In conclusion, the effect of
electrostatic repulsion and attractive 7—x interactions for high
values of coverage are practically canceled, resulting in the
changes in adsorption energy, distance do_ay(111), and tilt angle
shown in Table 2. In general, the tilt angle ranges from 3° to 6°,
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which is in agreement with spectroscopic evidence (see above)
indicating that anionic INA species are adsorbed perpendicu-
larly to the Au(111) surface. For all the studied adlayers, the
anion—metal interaction is the most important, which gives
commensurable ordered layers with the same symmetry of the
substrate (C;,).

Additionally, in the case of the adsorption through the N
atom of the pyridine group to the Au surface, the bond distance
for a top site is 2.42 A. This value is higher than d_ A1) (see
Table 2), which is in agreement with a weaker interaction
through the nitrogen atom (physisorption).

INA—Au Interactions. In order to further analyze the
chemical bond between the anionic isonicotinic acid adsorbed
on a bridge site, the partial density of states (PDOS) for the
gold atom involved in the bond to the INA anion was also
calculated. This analysis gives valuable information about the
atomic orbitals from the adsorbate (INA) and surface atoms
(Au) that are involved in the chemical bond.** Figure 4b shows
the energy dependence of the PDOS of a gold atom (on bridge
sites at a coverage of 0.0625) compared to the PDOS of a free
gold atom in a nonmodified surface. Because of 6s'5d"
electronic valence configuration is the most stable for Au
atoms, the total PDOS as well as partial 6s and Sd atomic
contributions are shown. Bonded Au atoms show modifications
in the 6s, 5d,,, 5d,., and 5d PDOS, while for 5d,, and 5d,2_
orbitals the contributions remain unchanged. The calculated
curves indicate that the main overlapping takes place involving
the 5d atomic orbitals with z-axis symmetry while the 6s orbital
has a lower contribution. On the other hand, the x—y plane
orbitals only participate in the bonds between the Au neighbor
atoms in the metallic substrate.

In addition, Figure 4c shows the total and individual PDOS
corresponding to the 2s and 2p valence orbitals for the oxygen
atoms in the anion INA species adsorbed at a coverage of
0.0625 compared with the oxygen atom in the anion at the
vacuum. For 2p,, 2p,, and 2p,, the modification observed in the
PDOS contributions indicates that all the oxygen valence
orbitals are involved in the bond with the z-symmetry Sd
orbitals of the Au atom of the surface (see Figure 4b). In
addition, a lower contribution of the 2s orbital of the oxygen is
observed.

Adsorbate Mobility and SAMS Stability. Even though the
molecules are adsorbed at the surface by a chemical bond, they
can change in orientation in order to increase/decrease the
coverage, move on terraces, jumping between neighboring sites,
etc. In order to gain further insight in the adsorption
characteristics of SAMS of INA on monocrystalline gold
substrates, some calculations on common modification of the
orientation and the diffusion of the adsorbate on the substrate
surface were analyzed. The optimization of the minimum-
energy path between the initial and final states was performed
using the NEB method. The energy barrier allows estimating
the jump frequency according to**

v = vy exp[—E"/(kyT)] (s)

where vy, E*, ks, and T are the frequency of attempts, the
activation energy, the Boltzmann constant, and the absolute
temperature (300 K), respectively. For the calculation, a typical
value of pre-exponential factor v, equal to 1 X 10" s™' was
used.”

Figure S shows the minimum-energy path for the change in
position from the parallel to the perpendicular configuration on
a bridge site at low coverage. An activation energy of 0.12 eV,
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Figure S. NEB energy path for the change of position of adsorbed INA
anions on a bridge site from parallel to perpendicular configurations.

with o) = 9.64 X 10" 57, is estimated. From the energy
profile (Figure S), it is easy to see that the final perpendicular
configuration is the more stable state. On the other way, the
energy barrier for the opposite path is higher (0.27 eV, with
vy = 291 x 10° s7'), indicating that this process results
kinetic and thermodynamically not favorable. In addition, the
frequency ratio v, /v, _, is a measurement of the amount of
INA anions that change from a parallel to a perpendicular
position. The estimated value of v /v, = 3.3 X 10?
indicates that if an INA anion adsorbs parallel to the gold
surface, exists a high probability that it may change its
orientation to a perpendicular configuration.

On the other hand, it is also important to know the mobility
of the anion on the surface because (i) it might prevent an
electrochemical probe approaching to the surface and (ii) the
surface diffusion on the terraces favors the aggregate or islands
nucleation, growth, and ripening processes. Then, the analysis
of energies involved in the surface diffusion of an INA anion
bonded via the carboxylate group between two neighboring
bridge sites was performed. The projection of the minimum
energy path (MEP) onto the Au(111) surface is shown in
Figure 6a. In the case of the C atom from the carboxylate
group, the path is linear from the starting to the end point,
passing near to a gold top site corresponding to the third gold
layer in the slab (hcp site) and then near to a top site from the
second gold layer (fcc site) until arriving to the neighboring
bridge site. The O atoms of the carboxylate group interact
directly with the surface suffering greater geometry changes,
which is related to the energy changes. The energy profile
(MEP) obtained from the initial to the final position, presents
one maximum with a shoulder (Figure 6b). The maximum (}1)
corresponds to the crossing on the hcp site and the shoulder
(#2) through the fcc site. The higher energy barrier (11) is ca.
0.27 eV and, according to eq S, a hopping frequency of 2.91 X
10° s7* at 300 K can be calculated. Additionally, from this
frequency, a surface diffusion coefficient can be estimated as*

D = vd*/z (6)

where d is the distance between two neighboring bridge sites
(296 A) and z is the number of nearest sites (z = 4).
Therefore, a surface diffusion coefficient D = 4.80 X 107 cm?
s! is estimated. The diffusion of a molecule on a surface is a
complex process, which depends on the torsional configuration
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Figure 6. NEB energy path for the diffusion of an adsorbed INA anion
between two equivalent bridge sites. (a) Projection and (b) energy
profile (MEP). (@) Gold surface atoms; (V) gold atoms from the
second layer; (O) gold atoms from the third layer; (small gray circle)
carbon atom of carboxylate group; (@) oxygen atoms of the
carboxylate group. For meaning of f1 and 12, see text.

of the adsorbate and the degrees of freedom. The present
results show that the diffusion barrier is rather low, thus
allowing the diffusion of the INA anions on the gold surface.

Another interesting point to analyze is the stability of the
adsorbates when a dissolved species such as the hydronium ion
comes close to the SAM. This interaction was studied by means
of a simple geometry optimization using the conjugate gradient
(CG) algorithm. Figure 7a shows the change in energy between
the calculated energy for a new geometry with reference to the
energy of the final configuration as a function of number of
conjugated gradient steps.

For better understanding, four configurations are schemati-
cally shown in Figure 7b. The initial state (I) is a hydronium
ion (solvated proton) close to the INA anion adsorbed on a
gold bridge site. During the optimization, the hydronium ion
interacts with the gold surface near to the carboxylate group of
an INA anion (II). Then, a hydrogen atom of the hydronium
ion interacts with one of oxygen atoms of carboxylate neighbor
group, unbinding this oxygen from the surface (III). Finally, the
complete protonation of the carboxylate group takes place,
leading to the complete desorption of the INA molecule
together with a water molecule (IV). The change in energy in
the overall process (—2.4 eV) indicates a high stabilization of
the system. Then, the experimental observation about the
instability of the INA monolayers in strongly acidic media can
be explained.

In summary, vdW-DFT results are in good agreement with
experimental data shown, where the analysis of SERS spectra
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indicates that the SAMS present the anionic INA species
interacting mainly through the carboxylate group to the gold
surface. Also, for all the values of coverage studied, the tilt angle
is always small, indicating that INA anions are adsorbed
perpendicularly to the Au surface or slightly tilted from the
normal vector. Additionally, if INA molecules adsorb parallel to
the surface, the change in orientation to a perpendicular
configuration is a kinetic and thermodynamically favorable
process at room temperature. Also, although INA is adsorbed
to the surface by a chemical bond, the diffusion between
neighboring bridge sites and the interaction with hydronium
ions are surface processes energetically probable. Finally, PDOS
analysis for the gold and oxygen atomic orbitals for bonded
INA—Au indicates that the main interactions take place via the
z-axis 5d gold orbitals and 2p oxygen atomic orbitals.

B CONCLUSIONS

Self-assembled monolayers of isonicotinic acid on Au(111)
were prepared by the immersion method in INA aqueous
solutions at different pH values. The presence of SAMS on the
surface is evidenced by the change in the kinetics of the
electron transfer reaction for the Fe**/Fe*" redox probe. For
both acidic and alkaline dipping conditions, SERS spectra show
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the presence of the in-plane ring signals and the stretching of
COO™ group along with the absence of the out-of-plane signals.

These results indicate that INA adsorbs on the gold surface
through the deprotonated carboxylate group, either perpendic-
ularly or slightly tilted with respect to the normal. In this
configuration the layer leaves the pyridinic group in contact
with the electrolyte, being sensitive to pH modifications.

The adsorption energies for different configurations of INA
on Au(111) obtained from DFT calculations including van der
Waals interactions at selected coverage values indicate that the
preferential interactions correspond to the anionic species of
INA that adsorbs to the gold surface in bridge sites, which
correlates well with the experimental findings. In addition, due
to the ionizable group involved in the molecular anchorage
(deprotonated carboxylate group), some instability of the
SAMS is experimentally observed by modification of the pH of
the chemical environment.

At low coverage, the anion can be chemically bonded to the
surface in parallel or perpendicular positions. Despite this, the
low energy barrier for changing from parallel to perpendicular
configurations indicates that the perpendicular configuration of
the INA molecules is more stable, corroborating the SERS
results. Also, although the INA anions are adsorbed to the
surface through a chemical bond, the diffusion between
neighboring bridge sites as well as the SAMS desorption due
to the presence of hydronium ions are energetically possible
surface process.
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