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ARTICLE INFO ABSTRACT

Keywords: Advanced medical applications of gold nanoparticles can use amino acids as surface modifiers. For this reason,
Au understanding the adsorption of amino acids on gold is crucial to improve these applications. Here, the adsorp-
Gultamate tion of glutamate (Glu) on Au(100) and Au(110) electrodes has been studied using a combination of electro-
Adsorption chemical experiments, and DFT calculations. The adsorption properties have been examined in two different
Single crystal electrodes regions, the double layer region, and the OH adsorption/oxide formation region. In the first one, the combined
results from the electrochemical experiments and the DFT calculations indicate that Glu is adsorbed in acidic
solutions by the two terminal carboxylate groups, each one in a bidentate configuration, and exchanges two
electrons upon adsorption. The comparison with the results obtained for the Au(111) electrode and other
molecules containing carboxylic groups confirms this adsorption mode. Glu adsorption also affects the recon-
struction process of the Au(110) and Au(100) surfaces. On the other hand, in alkaline solutions, glutamate is
not adsorbed because the negative charge of the surface prevents its adsorption. In the OH adsorption/oxide
formation region, Glu is oxidized when OH is adsorbed, and the results indicate that OH is consumed in this

oxidation process. The formation of gold surface oxides inhibits the Glu oxidation reaction.

1. Introduction

Exhibiting a broad diversity of functional groups, and being inher-
ently biocompatible, amino acids have been used as linkers between
drugs and metal nanoparticles for targeted drug delivery [1,2], to
immobilize biomolecules on electrodes in biosensors [3,4], or as sha-
pers and stabilizers of colloidally synthesized metal nanoparticles in
biomedical applications [4]. The role played by the amino acids in
these applications is ultimately determined by the specific adsorption
behavior of these species on the metal. Thus, the in-depth investiga-
tion of the adsorption behavior of amino acids on the main biocompat-
ible metals is essential for the improvement of these applications.

Platinum and gold are among the most studied biocompatible met-
als for amino acid-modified nanoparticles [5,6]. Despite the topic has
been thoroughly investigated for years [7], the knowledge of the
adsorption behavior of amino acids on these noble metals is not still
complete. Since these interactions depend not only on the nature of
the metal but also on the specific geometric arrangement of the surface
atoms, to better understand these adsorption processes single crystal
surfaces are required. The adsorption behavior of glycine [8,9], 1-ala-
nine [10-14], and r-serine [11-15] on single crystals of platinum and
gold has been already electrochemically investigated. The consensus
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would be that these amino acids in solution adsorb on these metals
through their carboxylic groups. These adsorption processes, which
imply the deprotonation of the carboxylic groups, depend not only
on the surface composition and structure but also on the pH and the
surface charge of the electrode. The electrochemical behavior of other
amino acids, such as tyrosine, tryptophan, methionine, histidine, and
cysteine have been also investigated because its redox properties can
be used in sensing applications, and diagnosis [16-19].

Having r-glutamic acid (Glu) three groups with acid/base proper-
ties (pK, values of 2.17, 4.25, and 9,67), the main species of Glu in
solution depends on the pH. Thus, given that the speciation with the
solution pH should influence the adsorption processes, a complete
view of the adsorption behavior of Glu from solution has to consider
the entire pH range. Combining electrochemical experiments, FTIR
spectroscopy, and theoretical DFT calculations, we have recently
investigated the adsorption behavior of Glu on the Au(111) surface
at different pH values, following the approach previously used for
citrate [20,21]. It was found that Glu bonds to the Au(111) surface
by the two carboxylic groups, exchanging two electrons. Under a sim-
ilar approach, we cover here the adsorption of Glu on the Au(1 00) and
Au(110) surfaces at different pH values, to provide a complete picture
of the adsorption behavior of this species on gold in solution. These

Received 9 February 2021; Received in revised form 7 March 2021; Accepted 7 March 2021

1572-6657/© 2021 Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jelechem.2021.115148&domain=pdf
https://doi.org/10.1016/j.jelechem.2021.115148
mailto:herrero@ua.es
https://doi.org/10.1016/j.jelechem.2021.115148
http://www.sciencedirect.com/science/journal/15726657
http://www.elsevier.com/locate/jelechem

J.M. Gisbert-Gonzdlez et al.

results not only provide a better understanding of the adsorption
behavior of Glu on gold, facilitating the application of Glu modified
gold nanoparticles, but they also help to comprehend the mechanism
giving rise to preferentially shaped colloidal nanoparticles of this
metal when Glu is used as the growing mediator. Given that it was
found in our previous research on the adsorption behavior of Glu on
Au(111) [22] that the specific adsorption of OH at high enough poten-
tials may lead to the oxidation of Glu, the present study is divided into
two potential regions: up to 1.2 V vs. RHE, in the so-called double-
layer region, and up to 1.7 V vs. RHE (the oxide region). It should
be noted that citrate and Glu present a similar structure, with a main
chain formed by two terminal carboxylic groups separated by 3 carbon
atoms, differing only by their side groups. Whereas citrate has a car-
boxylic and an OH group in p position, glutamate has only an amino
group in the o carbon. The comparison of the adsorption behavior of
both species will provide additional knowledge on their adsorption
behavior.

2. Methods
2.1. Experimental methods

Clavilier’s method was used to prepare the Au(100) and Au(110)
electrodes [23]. A 0.5 mm diameter gold wire (99.99%) was melted
using a small propane-oxygen torch and cooled down slowly to obtain
a single crystal bead [24]. This bead was then mounted in a four-cycle
goniometer on an optical bench, and oriented in the desired direction
using the reflections of a laser beam. Finally, the bead was cut and pol-
ished with diamond paste until mirror finishing. Current densities
have been normalized using the geometrical area, which, in the case
of the single crystal electrodes, coincides with the active area.

The electrochemical experiments were carried out in a glass cell
using a reversible hydrogen electrode (RHE) for the pH = 1 and
pH = 13 solutions and a Ag/AgClg,, electrode for the pH = 3 and
pH = 5 solutions. For data comparison, all the electrode potentials
have been converted to the RHE scale. A gold wire was used as counter
electrode. Before any experiment, the gold single crystal electrodes
were flame annealed and quenched in water, so that the surface
arrangement was restored and possible adsorbed species were elimi-
nated [24]. The working solutions were prepared using L(+)-glutamic
acid (99% ACROS ORGANICS), perchloric acid (Merck Suprapur®),
sodium hydroxide monohydrate (Merck Suprapur®), sodium fluoride
(Merck Suprapur®), and ultrapure water (18.2 MQ-cm, TOC 50 ppb
max, Elga Vivendi). Prior to the electrochemical experiments, solu-
tions were deoxygenated with Ar (N50, Air Liquide). Voltammetric
experiments were carried out at room temperature using a wave signal
generator (EG&G PARC 175), a potentiostat (eDAQ 161), and a digital
recorder (eDAQ e-corder 401) workstation.

2.2. Computational methods

All DFT calculations were carried out using numerical basis sets
[25], semi-core pseudopotentials [26] (which include scalar relativis-
tic effects), and the revised Perdew-Burke-Ernzerhof (RPBE) [27] func-
tional as implemented in the Dmol® code [28]. Dispersion forces were
corrected by the Tkatchenko and Scheffler method [29]. Continuous
solvation effects were taken into account by the conductor-like screen-
ing model (COSMO)[30]. The effects of non-zero dipole moments in
the supercells were canceled using external fields [31]. Proton-coupled
electron transfers were modeled employing the computational hydro-
gen electrode formalism [32].

The Au(100) and Au(110) surfaces were modeled using a big and
thick enough periodic supercell for modeling chemisorbed glutamate
species with the amino group protonated and deprotonated under neu-
tral total charge conditions. Each model comprises 72 Au atoms (six
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layers of metal atoms) and a vacuum slab of 20 A. The most internal
24 Au atoms (two layers of metal atoms) were frozen in their bulk crys-
tal locations, meanwhile, the remaining more external 48 Au atoms
were completely relaxed jointly with the adsorbates. The shortest dis-
tance between periodic images was in the order of 8.34 and 11.12 A,
for Au(100) and Au(110), respectively.

Optimal adsorbent/adsorbate configurations were sought using
numerical basis sets of double-numerical quality. For this phase of
the calculations, the optimization convergence thresholds were set to
2.0 x 107> Ha for the energy, 0.004 Ha/A for the force, and
0.005 A for the displacement. The SCF convergence criterion was set
to 1.0 X 107 Ha for the energy. Assuming the previously optimized
configurations, energies were estimated using numerical basis sets of
double-numerical quality plus polarization. In this case, the Self Con-
sisted Field (SCF) convergence criterion was set to 1.0 x 10~° Ha
for the energy.

Orbital cutoff radii of 3.1, 3.7, 3.3, and 4.5 A were always used in
the numerical basis set for H, C, O, and Au atoms, respectively. Bril-
louin zones were always sampled, under the Monkhorst-Pack method
using grids corresponding to distances in the reciprocal space of the
order of 0.04 1/A. Convergence was always facilitated by introducing
0.002 Ha of thermal smearing, though total energies were extrapolated
to 0 K. The value 78.54 was taken as the dielectric constant for water
in the continuous solvation model.

3. Results and discussions

Glu presents three acid/base functional groups, whose pK, values
are 2.17 for the carboxylic group closer to the amino group, 4.25 for
the second carboxylic group, and 9.67 for the amino group (Scheme 1).
Thus, the main species in solution, the one that should be considered
for reactions occurring with Glu, depends on the solution pH. Four dif-
ferent pH regions and four different species should be then considered.
At pH < 2.17, the amino group is protonated, giving rise to a cation; in
the range of 2.17 < pH < 4.25, the a-carboxyl group deprotonates so
that the main solution species is a neutral zwitterion; for
4.25 < pH < 9.67 both carboxylic groups are deprotonated, forming
an anion and finally, at pH > 9.67, the amino group loses its acidic
proton, yielding an anion with —2 charge. Hence, pH values of 1, 3,
5, and 13, each one in a different region of stability of the Glu species,
were selected to study the behavior of Glu on the Au(100) and Au
(110) surfaces. The supporting electrolytes should comply with two
requirements: they should have enough buffer capacity to maintain
the solution pH, and the anions should not adsorb specifically on gold
to prevent any interference with the Glu adsorption and oxidation pro-
cesses. The selected solutions in this study were 0.1 M HCIO,4

0

HO OH

NH,

Scheme 1. Glutamic acid structure.
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(pH = 1), 2.99 x 1072 M HCIO4 + 4.84 x 10~ 2 NaF (pH = 3),
1.70 x 10~® M HClO, + 10 M NaF (pH = 5) and 0.1 M NaOH
(pH = 13). It should be noted that the combination of HCIO, and
NaF gives rise to the formation of the acid-base pair HF/F~, whose
PKa, is 3.17, which allows forming buffered solutions in the pH range
between 2 and 5. In fact, the weak interaction between the Au surface
and F~ is similar to that of ClO4 anions, compensating for the increase
in the positive charge density on the electrode surface as the potential
is made more positive.

The adsorption behavior of Glu on the considered electrodes is
divided into two potential regions: up to 1.2 V, in the so-called dou-
ble-layer region, and up to 1.7 V (the oxide region). In the first region,
Glu species are expected to adsorb, as has been already observed on Au
(111) [22]. In the second region, the specific adsorption of OH and its
subsequent oxidation to form surface gold oxides [33-35] may lead to
the oxidation of Glu [22]. In any case, the complex behavior of the sin-
gle crystal surfaces of gold, which are prone to reconstruct, should be
taken into account. After the flame-annealing treatment, the Au(100)
surface reconstructs, giving rise to the formation of the (5 x 20) (also
terms as (100)-hex) structure). At potentials below the potential of
zero charge (pzc), the reconstruction survives the immersion of the
electrode in the solution. However, at E > pzc, the (1 x 1) surface
structure recovered, as a result of the lifting of the reconstruction
[36-38]. These reconstruction/lifting processes are actually triggered
by the surface charge, so that, at potentials above the pcz, the
(1 x 1) structure is readily obtained, whereas below the pzc, the most
stable surface is the reconstructed one, and it is progressively formed
in a slow process [39]. Since the pzc depends on the energetics of the
specific surface structure, two different pzc can be measured: for the
unreconstructed surface (pzc,), and for the reconstructed surface
(pzc,). Au(110) presents an even much more complex behavior, with
several possible reconstructed structures, which will be further
described below.

3.1. Glu adsorption behavior on Au in the double layer potential region

For the Au(100) electrode, the voltammetric profiles for the
adsorption of Glu at pH values 1, 3, and 5 are displayed in Fig. 1. In
the absence of Glu, the voltammetric profile at pH = 1 shows only
one peak at ca. 0.85 V in the positive scan direction, which is related
to the lifting of the reconstruction of the Au(100) surface, and a wave
above 1.0V, corresponding to the onset of reversible OH adsorption on
the surface (Fig. 1A). In the negative scan direction, there is no peak
related to the reconstruction process because this is a very slow pro-
cess. When Glu is added to the solution, the voltammetric profiles
change significantly, even for the lowest Glu concentration. These pro-
files are similar to those obtained for citrate adsorption [21]. New sig-
nals appear in the profile which are due to the Glu adsorption
processes. In the positive scan direction, there is a broad wave corre-
sponding to the Glu adsorption process which overlaps with a sharp
peak. As before, this peak is related to the lifting of the reconstruction
of the Au(1 00) surface. As can be seen, the lifting of the reconstruction
is triggered by the glutamate-adsorption process (which also alters the
surface charge), shifting to more negative potentials when the Glu con-
centration increases. Adsorbed Glu stabilizes the unreconstructed Au
(100)-(1 x 1) surface, a behavior that is observed when specific
adsorption occurs [40]. In the negative scan direction, there is no peak
related to the reconstruction because the unreconstructed surface sur-
vives until the complete desorption of the adsorbed glutamate.

At pH = 3 (Fig. S1), the voltammetric profiles are very similar to
those obtained at pH = 1 solution. In absence of Glu, the peak related
to the lifting of the reconstruction is more intense. Additionally, and
due to the low ionic strength, there is a minimum in the profile in
the negative scan direction which coincides with the pzc,, according
to the Gouy-Chapman theory. When Glu is added to the solution, the
only significant difference with the behavior at pH = 1 is the appear-
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ance of pairs of reversible peaks at 0.8 V. These peaks might be asso-
ciated with a potential-induced rearrangement of the adsorbed
glutamate. The intensity of these pairs of peaks decreases with the
increasing Glu concentration until their complete disappearance
(which is even more obvious in the negative swept) probably due to
the formation of a more packed structure with the increasing of the
Glu concentration. At pH = 5 (Fig. 1B), the upper potential was set
at 1.1 V because the Glu oxidation occurs above this potential although
the overall behavior is very similar to that already described.

Finally, under alkaline conditions (pH = 13) in the absence of Glu,
the voltammogram for the double layer potential region shows the typ-
ical peak related to the lifting of reconstruction at 1.0 V (Fig. 1C). The
increase in the capacitance has been related to the reorientation of the
—OH species before their adsorption [41,42]. After the Glu addition, no
changes in the voltammetric profile of the double layer region are
observed. This is an indication that Glu species are not adsorbed at
pH = 13. Since the pzc, and pzc, are located at E > 1.2 V vs. RHE
at this pH value (both values are pH-independent in the SHE scale),
the surface is negatively charged in the whole potential window shown
in Fig. 1C, and thus the interaction of anions with the surface is disfa-
vored. As aforementioned, at this pH value, the main species in solu-
tion is the —2 anion. At 1.0 V, a positive current assigned to the Glu
oxidation process can be observed. Apparently, it is triggered by the
adsorption of the OH process, whose onset is ca. 1.2 V.

For the Au(110) electrode, the voltammetric profiles for the
adsorption of Glu at pH values of 1, 3, and 5 are displayed in Fig. 2.
The adsorption behavior of Glu on the Au(110) surface is even more
complex than that observed on Au(100). To better understand this
adsorption behavior, it should be noted that the Au(110) surface
can be also considered as a stepped surface exposing 1 atom-wide ter-
races with (111) symmetry separated by (111) monoatomic steps
((111)x(111)) [43,44]. After flame annealing, the Au(110) surface
reconstructs to a (1 X 2) structure, also known as the “missing row”
configuration [36]. As for Au(100), at potentials positive to the pzc
this reconstruction lifts exposing the (1 x 1) structure [45,46]. The
voltammogram in the supporting electrolyte at pH = 1 shows a broad
wave for E > pzc, probably related to the non-specific adsorption pro-
cesses of the perchlorate/fluoride anions. As the pH is increased, this
wave has higher intensity and a second wave at potentials lower than
the pzc appears, giving rise to the appearance of a minimum in the
vicinity of the pzc.

The addition of Glu to the solution originates voltammetric profiles
that are similar to those obtained for citrate [21]. At pH = 1, the pro-
files have a peak between 0.2 and 0.6 V, and a second process can be
observed for E > 0.6 V (Fig. 2A). As expected, these peaks shift to
more negative potentials as the Glu concentration increases. At
pH = 3, the general behavior is very similar to that described at
pH = 1 (Fig. S2). However, at pH = 5, the voltammetric profiles
are ill-defined, especially for high Glu concentrations (Fig. 2B). When
the Glu adsorption behavior on the Au(110) surface is compared to
that on the Au(111) [22] and Au(100) surfaces, a significant differ-
ence can be observed. The Glu adsorption processes on the Au(111)
and Au(100) electrodes increase their potential in the RHE scale as
the pH increases. However, the onset of the Glu adsorption on Au
(110) diminishes in the RHE scale. This behavior can be related to
the lifting of the reconstruction. At pH = 1, when the electrode is
immersed at 0.1 V vs. RHE, the charge is almost zero, starting the lift-
ing of the reconstruction already at this potential. At pH = 5, the
potential region under which the reconstructed surface is stable is lar-
ger. Since the reconstructed surface can also be considered as a
stepped surface consisting of 2 atom-wide (111) terraces separated
by a diatomic (111) step, the interaction of Glu with this structure
is probably different from that with the (1 X 1) structure, and can
stabilize it. When the potential increases, the presence of a large
coverage of Glu on the surface may lead to the formation of a different
surface structure, or to a disordered (1 X 1) surface. Proof of that can
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Fig. 1. Voltammetric profiles for Au(100) with different Glu concentrations in A) 0.1 M HCIO,4 (pH = 1); B) 1.70 X 10°® M HClO, + 10~ M NaF (pH = 5) and
¢) 0.1 M NaOH (pH = 13). Scan rate: 20 mV s~ . The vertical lines mark the position of the pzc, (dashed line) and pzc, (dotted line).

be obtained when the electrode potential is kept in the oxide region for
some minutes. After the oxide reduction, the voltammogram presents
the same characteristics as those observed at lower pH values
(Fig. 2C). By keeping high potential values, the surface atoms can rear-
range into a lower-energy structure, allowing to reach a well-defined
(1 x 1) structure, similar to what is obtained at lower pH values.

In alkaline media (pH = 13), the pzc of the Au(110) electrode is
located at E < 1.2 V. Under these conditions, it could be expected that
Glu adsorption could be detected. Nonetheless, the voltammetric pro-
file obtained in the presence of Glu does not differ considerably from
that registered in its absence (Fig. 2). On the other hand, some signs of
Glu oxidation can be appreciated at the upper potential, in agreement
with what is observed for the Au(111) [22] and Au(100) electrodes.

Having characterized the adsorption behavior of Glu on gold,
adsorbed species and their configurations should be determined. For
this purpose, the thermodynamic analysis of the obtained voltammet-
ric profiles on the Au(100) and Au(110) surfaces was performed using
the procedure described in references [20,21]. Given that this proce-
dure requires that the surface state do not change throughout the
selected potential window, only the negative scans of the CVs were
considered. In the region of interest of the negative scan direction, it
can be considered the surfaces are always in the (1 X 1) structure,
because the reconstructions are slow processes, taking place only when
Glu has been completely desorbed. To obtain charge density vs. poten-

tial curves, the voltammetric profiles displayed in Figs. 1 and 2 have to
be integrated, and an integration constant for each curve has to be
used. Since Glu is completely desorbed at the low potential limit,
and, under these conditions, the surface charge is the same for all
the Glu concentrations, a charge value of zero has been assigned as
the integration constant for all curves at this potential.

The density charge vs. the potential curves for the Au(100) and Au
(110) electrodes obtained by integration from the voltammetric pro-
files of Fig. 1 and Fig. 2 at pH = 5 are displayed in Fig. S3. As happens
with the Au(111) electrode, these curves for lower pH values do not
converge in the upper potential limit, and the charge values increase
with the Glu concentration at this value. This means either that the
adsorption process of Glu has not reached completion, or more proba-
bly that Glu is being slowly oxidized at these potentials. Both possibil-
ities prevent any thermodynamic analysis, reason why only the
thermodynamic analysis at pH = 5 was carried out.

Gibbs excesses vs. applied potential for the adsorption behavior of
Glu on the Au(100) and Au(110) electrodes at pH = 5 and 1 mM Glu
and their comparison with the corresponding results previously
obtained on the Au(111) electrode [22] are summarized in Fig. 3. It
should be highlighted that these excesses include those corresponding
to all the possible Glu forms adsorbed on the surface, because the ther-
modynamic analysis cannot distinguish among them. The Glu adsorp-
tion onset on Au(110) and Au(100) electrodes is ca. 0.2 V, whereas
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Fig. 3. Gibb excesses for Au(100), Au(110) and Au(111) vs. applied
potential in [Glu] = 0.1 M at pH = 5. Data for the Au(111) electrode was
taken from [22].

Glu adlayers are completed at 1.08 and 0.9 V on the Au(100) and Au
(110) electrodes, respectively. For Au(110), the curves start to
diverge above 1.1 V, probably due to some undetected Glu oxidation.
The maximum coverages are 0.17 and 0.22 (2 X 10 and 1.9 x 10

ions cm~?) for the Au(100) and Au(110) electrodes, respectively.
When these results are compared to those obtained on the Au(111)
surface (2.7 x 10*ions cm ~2) [22], it can be concluded that the max-
imum coverage is higher on this latter electrode, although the adsorp-
tion process takes place at higher potentials.

Additional information on the adsorption behavior of Glu on gold
can be obtained from the comparison of the voltammetric profiles
for the three basal planes of the metal (Fig. 4). Glu adsorption on Au
(110) is the most favorable one. Regarding the Au(100) and Au
(111) electrodes, there exist differences between the positive and neg-
ative voltammogram scan directions. In the positive scan direction, the
onsets for Glu adsorption on the Au(111) and Au(100) surfaces are
very similar. In fact, the lifting of the reconstruction, signaled by the
sharp peaks in this scan direction, occurs on both electrodes at almost
the same potential, suggesting similar coverages. However, in the neg-
ative scan direction, the complete Glu desorption from the Au(100)
electrode takes place at ca. 100 mV more negative potential value than
that from the Au(11 1) electrode. This effect can be also observed from
the excesses (Fig. 3). This dual behavior can be explained also as an
effect of the reconstructions. At low potentials, the topmost layer of
the reconstructed Au(100) electrode adopts a hexagonal configura-
tion, which is essentially the same geometry as the one exposed by a
perfect (111) surface. The reconstructed Au(111) surface presents
also a hexagonal structure, though it is slightly compressed in one of
the directions with respect to the underlying structure. Thus, on simi-
lar geometric arrangements, adsorbed Glu can reach similar geometric
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configurations. Moreover, the pzc, for both reconstructed surfaces are
very close, which indicates that the energetics of the surfaces are also
very similar [36,47,48]. As a consequence, similar onsets for the Glu
adsorption on both surfaces in the positive scan direction are obtained.
Once the reconstruction is lifted, the surface structure and energetics
of both surfaces are different, which leads to a different adsorption
behavior in the negative scan direction (Fig. 4).

Insights into the species involved in the adsorption processes can be
obtained from charge numbers, which provide information on the
number of electrons exchanged per adsorbed molecule. Charge num-
bers can be estimated from the adsorbed surface excesses using the
cross differential of the electrocapillary equation [49]:

. 1/0c\ 1/0u\ _RT (Olnc_

- F\or), F\OE), F \ OE ),
where n’ is the charge number at constant chemical potential, being the
reciprocal of the Essin-Markov coefficient. The most reliable charge
numbers are those estimated for the potential range where there is a

large increase in the excesses with the surface charge or concentration,
that is, from 0.2 to 0.8 V for Au(100), and from 0.2 to 0.6 V for Au

3 T T T T T T
Au(111)
Au(100)
L Au(110)
"=
.S
o 2t .
=
1 N 1 N 1 N 1 N
0.2 0.4 0.6 0.8 1.0
E vs. RHE/V

Fig. 5. Charge number vs. applied potential for [Glu] = 0.001 M at pH = 5
for the gold single crystal electrodes. Data for the Au(111) has been obtained
from [22].

(110). The charge numbers calculated for these potential ranges and
the ones previously obtained for Au(111) [22] are displayed in
Fig. 5. As can be observed, these charge numbers for the three elec-
trodes are between 1,5 and 2.5. In fact, in the central region of the con-
sidered potential ranges, where the relative errors of the calculations
are the smallest, the obtained charge numbers are 1.7, 1.7, and 1.5,
for Au(111), Au(100), and Au(110), respectively. Considering that
these charge numbers include contributions from double charge pro-
cesses, it can be proposed that two electrons are exchanged per
adsorbed species. Given that at this pH the main species in solution is
the anion with a —1 charge, the proposed adsorption reaction is:

~00C - (CH,), - CH(NH," ) - COO~
+ 2Au= Au - 00C - (CH,), - CH(NH;* ) - COO - Au + 2¢~

This result suggests that, on the three basal planes of gold, Glu
adsorbs through both carboxylate groups.

Evs. SHE/V

03 1 n 1 n 1 n 1 n 1

pH

Fig. 6. Potential in the SHE scale of the peak associated with the lifting of the
reconstruction of Au(100) for [Glu] = 0.001 M vs. pH. The red lines display
the expected trends of the peak potential according to the reactions (the
numbers in brackets correspond to the equations in the text). The vertical lines
mark the positions of the pK, values.
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Fig. 7. Glu adsorbed configurations on the Au(100) surface under neutral total charge conditions with the protonated (A and B) and deprotonated (C) amine
group and attached to the surface by one (A) and two (B and C) dehydrogenated carboxylic groups in the bidentate configuration.

Table 1
Energetics (AG/eV) of the adsorption processes of Glu on the three basal planes
of gold for the different configurations of Fig. 7.

AG/eV
Conf. Au(100) Au(110) Au(111)
A —-1.24 —0.60 -0.67
B -0.81 -0.57 0.01
C —0.58 0.29 0.55

Additional pieces of evidence that Glu is adsorbed through the two
carboxylate groups on the three basal planes of gold can be obtained
by studying the pH dependence of these adsorption processes. The pro-
posed reaction takes place into the pH range between pK,» and pKgs.
Thus, considering that the main Glu species in solution depends on
the pH, when pH < pK,;, the proposed reaction is:

15 T T T T . : .
—— 1 mM glutamate : Au(l111)
—— 1 mM acetate |
10 - —— 1 mM citrate i
“.'E 51 1
o
<
X
= oL |
ST Y’ i
|
|
|
-10 L 1 | L 1, . )
0.0 0.2 0.4 0.6 0.8 1.0 12
Evs.RHE/V
T T T T T T . :
= | Au(110)
¢ |
|
|
2 i -
I
o |
‘ |
5 ot | ]
E |
ES
= 5l , ]
|
|
-4 - | |
! —— | mM glutamate
I —— 1 mM acetate
6 | —— 1 mM citrate _
L 1 ! | . )

1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Evs.RHE/V

HOOC - (CH,), - CH(NH," ) - COOH
+ 2Au= Au - 00C - (CHy), - CH(NH;* ) - COO - Au+2H * + 2¢~

whereas, for pK,1 < pH < pK,,, the proposed reaction transforms
into

HOOC - (CH,), - CH(NH," ) - COO~
+2Au=Au - OOC - (CH,), - CH(NH," ) - COO - Au+H *
+ 2 4)

These two reactions give rise to different potential vs. solution pH
slopes for the Glu adsorption processes. In the SHE scale, the adsorp-
tion process should shift 59 mV per pH unit in the region where
pH < pKa;, whereas 29 mV and 0 mV per pH unit are expected in
the other two regions, respectively. The Glu adsorption process on
the Au(111) electrode follows these slopes [22]. And, as can be

25 T T T || T T T
| Au(100)
—— 1 mM glutamate 1
20 = —— 1 mM acetate 1 T
—— 1 mM citrate |
I
15 1 -
1
(ﬂE |
< - I .
< 10 X
ES
= 1
sk ! E
I
1
ok 4
ERs | 4
I I I ! I I I

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Evs.RHE/V

Fig. 8. Voltammetric profiles for the adsorption of 1 mM Glu, acetate, and citrate at pH = 5 on the three basal-planes gold. The vertical lines mark the position of

the pzc, (dashed line) and pzc, (dotted line).
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Fig. 9. Voltammetric profiles for the Au(1 00)and Au(1 10) electrodes in the presence (full lines) and absence (dashed lines) of 1 mM Glu under acidic conditions

for the oxide potential region. Scan rate 20 mV s~ .

observed in Fig. 4, the overall shift of the Glu adsorption processes
with pH on the Au(100) and Au(110) electrodes is the same as that
observed for Au(11 1), which would confirm that the three adsorption
processes would be essentially the same. Additionally, a semi-quantita-
tive analysis of the shift can be carried out by using a prominent fea-
ture of the obtained voltammograms. Assuming that the peak related
to the lifting of the Au(1 00) reconstruction occurs at constant Glu cov-
erage, they can be plotted in the SHE scale together with the different
trend lines reflecting the expected potential change of the peak in each
pH region. As can be seen (Fig. 6), these lines intersect, within the
error of the experiments, at the pKa values, which validates the pro-
posed mechanism.

To verify the conclusions reached from the experiments, plausible
configurations of Glu species adsorbed on the three basal planes of
gold were examined using DFT calculations. For each relevant config-
uration obtained under total neutral charge conditions the free energy
of the corresponding adsorption process was estimated using the
energy of the corresponding surface and that of a hydrated glutamic
acid molecule as the reference, and adjusting the stoichiometry of
the processes with the required number of H, molecules. It was found
that, on each basal plane, Glu can be adsorbed on the surface through
one and two dehydrogenated carboxylic groups in the bidentate con-

figuration (Fig. 7A and B) with the amino group protonated. Addition-
ally, the protonated amino group can be deprotonated and bonded to
the surface (Fig. 10C). The free energies corresponding to all these
adsorption processes on the three basal planes of gold are summarized
in Table 1. As can be seen, the Glu adsorption through its two depro-
tonated carboxylic groups in bidentate configuration (Fig. 10B) is a
favorable enough process involving the transfer of two electrons,
which is consistent with the charge numbers derived from the experi-
ments (Fig. 5). Additionally, the energy values summarized in Table 1
also indicate that the order of the adsorption strength of Glu on the
three basal planes of gold is Au(110) > Au(100) > Au(111), which
is also in agreement with the experiments (Fig. 3). It should be high-
lighted that, in the absence of dispersion forces, the calculations indi-
cate that Glu would be adsorbed on gold through a single
dehydrogenated carboxylic group in bidentate configuration with the
main chain perpendicular to the surface. From this configuration,
the bonding to the surface by the second carboxylic group would orig-
inate structural tension resulting in an unfavorable process. This con-
figuration would be not consistent with the experiments. However,
when dispersion forces are included in the calculations, the configura-
tion in which Glu is adsorbed through a single deprotonated carboxylic
group in the bidentate configuration leans towards the surface
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Fig. 10. Voltammetric profiles for the Au(100) and Au(1 10) electrodes in the presence (full lines) and absence(dashed lines) of 1 mM at pH = 5 and pH = 13 for

the oxide potential region under different upper potential limits. Scan rate 20 mV s

(Fig. 7A). From configuration in which the main chain is almost paral-
lel to the surface, the evolution to the configuration shown in Fig. 7B is
a much more favorable process. Thus, dispersion forces are essential to
sufficiently capture the interaction of Glu with these surfaces.

The comparison of the adsorbed behavior of Glu on gold with that
obtained with other molecules having carboxylic groups provides fur-
ther pieces of evidence of the adsorption of Glu through their deproto-
nated carboxylic groups in the bidentate configuration. Acetic acid,
which contains only one carboxylic group, and citric acid, which has
three carboxylic groups, were selected for comparison. Acetate is
adsorbed on gold through its single carboxylate group in the bidentate
configuration on the basal planes [50]. Citrate is adsorbed on gold
through its two terminal carboxylate groups in the bidentate configu-
ration on Au(100), Au(111), and Au(110) [21]. Geometric restric-
tions prevent its adsorption through the third carboxylate group
except on Au(111), on which this adsorption configuration is attained
at high potentials [21]. As can be seen in Fig. 8, adsorption of acetate
takes place on the three electrodes at higher potentials values, whereas
for Glu and citrate, adsorption potentials are almost the same. In fact,
for these two species, the voltammetric profiles are very similar in
shape and potentials, highlighting parallel adsorption behavior. The
higher adsorption potentials for acetate can be easily justified because

-1

it is adsorbed by one carboxylate group, whereas additional carboxy-
late groups are involved in the adsorption of the other molecules,
increasing the adsorption energy. The similar behavior of citrate and
Glu is a consequence of the similar molecular structure and provides
a clear indication that both adsorption processes involve the same
groups attached to the surface, that is, both species are attached to
the surface by their two terminal carboxylate groups. The only signif-
icant difference between Glu and citrate adsorption on gold is
observed for the Au(111) electrode. In this case, although the poten-
tials and overall shape of the voltammograms are also similar, the total
charge for citric acid is higher, which would indicate that the third car-
boxylate group is also involved in the adsorption process, exchanging
one additional electron, as has been proposed [21]. However, due to
the geometric constraints, the additional attachment of citrate to the
surface would not increase the adsorption energy, having the voltam-
mograms the same shape.

3.2. Behavior of adsorbed Glu on gold in the oxide potential region
The results in the region up to 1.2 V show that, at this upper poten-

tial limit, the oxidation of Glu is taking place. The oxidation appears to
be related to the adsorption of OH on the surface. For this reason, the
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voltammetric scan was extended in the oxide region. Fig. 9 shows the
voltammetric profiles for the Au(100) and Au(110) electrodes in the
presence and absence of 1 mM Glu under acidic conditions in the
potential region up to 1.7 V. As can be seen, the presence of Glu, which
is strongly adsorbed at E < 1.2 V, retards the adsorption of OH on the
surface because the peaks in this region in absence of Glu disappear
when Glu is added. However, at potentials above 1.4 V, a significant
oxidation wave related to Glu oxidation can be observed. This oxida-
tion is completely inhibited at the upper potential limit. For this oxida-
tion process, the onset is displaced at lower potentials as the solution
pH increases. This can be even better observed for the Au(100) elec-
trode at pH = 5, where the oxidation onset is ca. 1.2 V. This effect
can be related to the Glu adsorption strength. As the pH increases,
the electrode charge at 1.2 V vs. RHE becomes less positive, and thus,
the Glu adsorption becomes less strong. Under these conditions,
adsorbed OH, which triggers Glu oxidation, can more easily replace
previously adsorbed Glu species, leading to Glu oxidation. On the
other hand, the oxidation currents diminish after the peaks at ca. 1.4
and 1.5 V for Au(100) and Au(110), respectively. This diminution
seems to be related to the transformation of adsorbed OH into
adsorbed O, that is, the formation of a surface oxide layer [33]. In fact,
no oxidation currents are detected in the negative scan direction, and
the peak related to the reduction of the surface oxides has almost the
same charge as that measured in the absence of Glu. Then, the surface
state in the upper potential limit and that observed in the absence of
Glu are almost the same.

These results indicate that adsorbed OH catalyzes the oxidation of
Glu, whereas the formation of a surface oxide acts as an inhibitor. To
further analyze these roles, a series of voltammograms with different
upper potential limits were recorded and analyzed (Fig. 9). When
the upper potential limit is close to 1.3 V, the oxidative currents in
the positive and negative scan directions are almost the same, and
unlike the profile in absence of Glu, no sign of the desorption of OH
can be observed in the negative scan direction. Only when the upper
potential limit is above 1.4 and 1.5 V for the Au(100) and Au(110)
surfaces, respectively, the oxidative currents in the negative scan
direction are significantly smaller than those recorded in the positive
scan direction. Moreover, the charge for OH desorption is significantly
smaller. This fact indicates that not only adsorbed OH is catalyzing Glu
oxidation, but also that adsorbed OH is being consumed in this pro-
cess. Also, the reduction peak for the oxides in the negative scan direc-
tion is only restored when the upper potential limit is above 1.5 and
1.6 V for the Au(100) and Au(110) electrodes, respectively. At these
potential values, the surface oxides are readily formed.

Under alkaline conditions, the behavior for the Au(100) electrode
is similar to that observed in acidic solutions (Fig. 10). The only signif-
icant difference is that the onset for the oxidation of Glu species takes
place at lower potential values, as expected, since Glu is not adsorbed
in this medium. As happens in acidic solutions, adsorbed OH is also
involved in the Glu oxidation reaction. On the other hand, on the Au
(110) electrode, Glu oxidation is almost negligible. Adsorbed OH does
not facilitate the oxidation of Glu on Au(110), because, on this sur-
face, these co-adsorbates are not adsorbed in a configuration that is
favorable for their interaction leading to Glu oxidation.

4. Conclusions

Glu adsorption on gold single crystal electrodes at different pH val-
ues has been here characterized using a combination of electrochemi-
cal experiments and DFT calculations. The comparison with the
behavior of other molecules containing carboxylic groups also has pro-
vided insight into the adsorption mechanism. The results indicate that,
in the double layer potential region and under acidic conditions,
glutamate adsorbs in a positively charged surface by its two terminal
carboxylate groups, each one of them in the bidentate configuration.
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These groups dehydrogenate upon adsorption, exchanging two elec-
trons. In alkaline media, since the surface charge is negative in this
potential region, Glu is not adsorbed. On the other hand, the adsorp-
tion of OH on the surface is a requirement for the oxidation of Glu.
This oxidation process is inhibited when the OH adsorbed layer trans-
forms into an oxide layer.
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