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ABSTRACT: We have performed ab initio calculations for the adsorption of L-cysteine on
Ag(111) using density functional theory. We have focused on two possible adsorbed species:
the L-cysteine radical (¢S—CH,—CH—NH,—COOH) adsorbed almost flat at a bridge site,
slightly displaced toward an fcc location, and the zwitterionic radical Z-cysteine (eS—CH,—
CH—NH,;*—COO") adsorbed at a bridge site, shifted to a hcp site forming a (4 X 4) unit cell
\/ 3) R 30° unit cell (8 = 0.33), respectively. Special attention has
been paid to the electronic structure of the system. The adsorbate—silver bond formation has
been exhaustively investigated by analyzing the density of states projected onto the different
atoms of the molecule, and by charge density difference calculations. A complicated interplay
between sp and d states of silver in the formation of bonds between the adsorbates and the
surface has been found. The role of the carboxyl group in the interaction with the surface has

(60 =0.06) and a (\/3 X

been also analyzed.

B INTRODUCTION

L-Cysteine is a special thiol molecule, which also contains
amino and carboxyl groups. Its chemical structure is optimal to
act as a linker between the surface of a metal and a biological
environment. The three functional groups are able to interact
with the metal surface. Several theoretical investigations of
conformers have focused on the calculation of vibrational and
rotational frequencies.' ® In their pioneering work, Gronert
and O'Hair' performed ab initio studies of 324 possible
conformers of L-cysteine for the gas phase and identified 42 of
them as stable or metastable. The energy of the conformers
varies by about 0.4 €V, and in some cases several of them are
within 0.1 eV of the global minimum, which involves structures
where the carboxyl proton interacts with the amino group.
Interactions between the carboxyl proton and the side-chain
substituent SH are less favorable. A more recent investigation2
took the 15 most stable structures obtained in ref 1 as starting
points for structural optimization. The relative conformational
energies obtained by these authors are also within 0.2 eV.
Additionally, it is well-known that amino acids can exist as
zwitterions in solutions and solid phase.®

The relative energy between the majorities of conformers of
the “free molecule” is very close, as mentioned above. The
internal flexibility of carboxyl and amine groups allows an easy
rotation with respect to the backbone of the molecule. Thus, it
is expected that the presence of a metallic surface affects the
structure and dynamics to such an extent that a variety of
adsorbates with a local minimum of energy are possible. There
are in the literature both experimental and theoretical
investigations of self-assembled monolayers (SAMs) on metal
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surfaces formed from L-cysteine on diverse substrates. Here, we
shall briefly mention the more relevant findings for the present
work, focusing on the adsorption at silver and at gold.”~"> Most
of the theoretical studies concerning energetic and electronic
properties have been concerned with gold surfaces. Di Felice et
al.">'* have given a detailed description of the adsorption of 1-
cysteine on Au(111) using density functional theory (DFT).
They employed a repeated 2\/ 3 X 3 supercell containing one
adsorbed molecule, such that the resulting coverage was 0.082.
The sulfur headgroup sitting at the bridge site appears as the
most favorable configuration. They claimed that hybridization
of the p-states of sulfur with the d-band of gold produces
bonding and antibonding orbitals, both below the Fermi level.
They have found that, under an appropriate configuration of
the adsorbate, the amino functional group also contributes to
the anchoring of the molecule as revealed by the changes
observed in the p-electronic states of nitrogen. Kiihnle et al."®
have performed DFT calculations of cysteine adsorbed on
Au(110) surfaces, which indicate that the chiral specificity of
the dimer formation process is driven by the optimization of
three bonds on each cysteine molecule (sulfur—gold, amino—
gold, and carboxylic—carboxylic). They also found that the
bridge site is most favorable. Sljivantanin et al.'® have
investigated the adsorption of cysteine on a chiral Au(17 11
9) surface by DFT and found that no enantio-specificity arises,
since this molecule only binds to the gold surface through its
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thiolate and amino groups, while the carboxyl group stays away
from the surface. Theoretical studies carried out by
Nazmutdinov and co-workers'”'® have shown that the
optimized geometry for the adsorption of four L-cysteine
forms (the molecule, the anion, the neutral radical, and its
zwitterions) adsorbed at top, bridge, and 3-fold hollow sites of a
planar Aul2 cluster is the radical adsorption on top. Recently,
Hoffling et al.'® have investigated the single-molecule
adsorption of cysteine at low coverage (4 X 4 supercell) on
Au(110) by means of DFT. They have performed an exhaustive
analysis of the electronics of the isolated bonds corresponding
to the amino—gold and thiolate—gold bonds to the surface and
for simultaneous bonding via both of these functional groups.
Flat adsorption configurations with S—Au at an off-bridge site
and NH,—Au at an off-top site were found to be energetically
favored. Recently, we have carried out an extensive study of the
SAM formation from propanethiol on Au(111) surfaces™
combining DFT calculations and our own theory for bond-
breaking.”'

Investigations of the adsorption of cysteine on silver surfaces
are rather scarce. Jing and Fang®® have performed surface
enhanced Raman spectroscopy (SERS) and DFT studies of the
adsorption of L-cysteine on gold/silver nanoparticles and found
different behavior. While in gold colloidal solution, L-cysteine
molecules interacted with the gold surface simultaneously
through sulfur, NH;*, and COO™ groups; in silver colloidal
solution activated by coadsorption of chloride anions, the
adsorption of two molecules led to the formation of one L-
cystine molecule by the S—S bond, and the molecules were
attached to the silver surface via the carboxylate and amino
groups. More recent experimental and theoretical studies
performed by Diaz Fleming et al.** provide evidence that the
COO7, NH;", and SH groups are involved in the adsorption of
the zwitterionic form of L-cysteine on silver nanoparticles. They
also found that in solution the zwitterionic form has the
tendency to form the corresponding dipeptide through the S—S
bond, whereas in solid state and in the presence of metallic
surfaces this tendency is reverted. Brolo et al.” have investigated
by SERS and second harmonic generation (SHG) the
adsorption of L-cysteine on polycrystalline silver electrodes.
They have observed a strong potential dependence of the
conformation at the surface. At more positive potentials, where
the coadsorption of chloride anions takes place, the carboxylate
group is kept away from the surface, and the chloride interacts
favorably with the protonated amino group and repels the
carboxylate. When the potential is swept to negative values, the
chloride ions leave the surface allowing a conformational
change that brings the carboxylate group closer to the surface.

In our previous works,”*** we have analyzed the behavior of
L-cysteine SAMs on Ag(111) in an electrochemical environ-
ment by means of impedance spectroscopy, SHG, and DFT.
The theoretical calculations were performed for the adsorption
of an adlayer with the structure (\/3 X \/3) R 30° (0 = 0.33),
and we have found that, under particular conditions,
zwitterionic species can be formed. When the hydrogen of
the carboxyl group is oriented away from the surface and the
initial C,—S—Ag angle is almost flat, the formation of the
zwitterion is probably caused by an intramolecular transfer of
the proton from the carboxyl to the amine group. However,
these transformations are not observed at lower coverage.

In the present contribution, we shall consider two particular
systems corresponding to the more stable local minima at the
lowest and the highest coverage (circles in Figure 1): the L-

8085

cysteine radical (6S—CH,—CH—NH,—COOH) adsorbed at a
bridge site slightly displaced toward a fcc location, and the
zwitterionic radical Z-cysteine (¢S—CH,—CH—NH;*—COQO™)
adsorbed at a bridge site shifted to a hcp site within a (4 X 4)
unit cell (0 = 0.06) and a (\/3 X \/3) R 30° unit cell (0 =
0.33), respectively. For simplicity, and in order to facilitate the
description, from now on we shall call them r-cys and Z-cys,
respectively.

We shall investigate not only the energetic but also the
electronic properties of these two adsorbates. The interaction
with the electronic states of the substrate will be analyzed in
detail for both different possible conformations.

B METHODOLOGY

The methodology was similar to that employed in our previous
work.>> However, for clarity we summarize here a few details. We have
employed the generalized gradient approximation (GGA) in the
version of Perdew—Burke—Ernzerhof (PBE)*® to perform DFT
calculations as implemented in the SIESTA code version 3.27°% It
uses Troullier—Martins norm-conserving pseudopotentials29 to
represent the nucleus and core electrons of the considered species.
The basis set used for the expansion of the Kohn—Sham eigenstates is
composed of a set of numerical atomic orbitals including optionally
polarization orbitals. An energy shift of 75 meV has been chosen as a
compromise between accuracy and computational efficiency. We have
taken an energy cutoff of 200 Ry and a double-{ plus polarization
orbital basis set (DZP). All geometries have been optimized until the
force on each atom was less than 0.04 eV/ A. The ground state energy
of the single L-cysteine molecule has been calculated using a (20.85 A
X 20.85 A X 62 A) unit cell. The dimension of this cell is much larger
than the amino acid itself; so the lateral interactions are expected to be
rather small. We have modeled our system employing repeated
supercells consisting of four (111) layers of silver atoms and a vacuum
width of 20 A. The fcc structure of the metal has been represented
through a dense hexagonal packing (ABCA). We have used 12 k-
points with respect to the surface unit cell for the Brillouin zone (BZ),
and the calculated lattice constant for silver was a = 4.19 A. We have
considered one L-cysteine radical adsorbed at one surface of the slab.
According to the coverage to be investigated, each layer of the slab
forms a supercell in the (111) plane with the corresponding overlayer
structure (see Figures 2 and 3).

As mentioned in the Introduction, in the present contribution we
choose two particular configurations corresponding to local minima of
energy as shown in Figure 1. All atoms of L-cysteine and the two upper
layers of the Ag slab have been allowed to relax in all directions. The
position of the rest of the Ag atoms (two bottom layers) has been kept
fixed. The adsorption energy E 4 can be calculated from

Eads = Esystem - (Eslab + ECys—Rad)

(1)
where E_ is the total energy of the system and E,, is the energy of
the isolated metal slab with the two upper layers relaxed. The selection
of the reference for the adsorbate could be ambiguous. On one hand,
we can relax the L-cys radical or the Z-cys radical isolated from the
metal within an equivalent cell as it is adsorbed on the surface (ie., (4
X 4) and (\/ 3 X \/ 3) R 30°, respectively). On the other hand, we can
choose the L-cys radical within a very large cell (ie, (7 X 7)), where
the intermolecular interactions are absent and relax this conformer.

Additionally, these values can be corrected adding the dissociation
energy of L-cysteine to the radical and hydrogen atom in vacuum and
subtracting the dissociation energy of a hydrogen molecule in order to
obtain the energy corresponding to the global reaction:

Cys—SH + Ag(slab) — Cys—S—Ag(slab) + %HZ @)

The electronic redistribution due to metal—adsorbate interactions has
been also investigated. This analysis can be performed comparing the
results of two different approaches, the charge transfer between the
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Table 1. Calculated Structural Parameters in Comparison with Experimental and Theoretical Data of the Literature”

Bond - angles | L-Cys-SH(gas) L-Cys-S*(vac) L-Cys-8* LCysS* Z-Cys-S%/ Z-Cys-SH
distances (A-°) | 3 most stables our results Au(l11) Ag(l111) Ag(111) (sol)/
and torsion calculated Spif NSysites (4x4) (V3x(3) Ag(cluster)
angles (%) structures from from (our results) (our results) from ref.[23]

ref. [2] ref[14] (see Figure 1) (see Figure 1)

experimental (8=0.08) | (€=0.06) (6=0.33)

values from ref )

[36]

in parentheses,

calculated

structures from

ref. [14]
S -Ag(sur) 1.888 1.898 2.948
S-Agy/ Agoe 2.51/2.51 2.54 2.564
S-Ags/ Agy, 2.51/2.51 2.56 2.582
S-Agie! Agz 3.03 2.969
O4-Ag(sur) 4.447 4.447 2.597
Og-Ag(sur) 2.439 6.110 2.597
Og-Ags 2.598 -
N-Ag(sur) /2.35 5.079 5.725 3.497
N-Agas 5.40
C-S-Ag(sur) 147/ 139 142
H| 04 -Al (sur) 2.29
Hyq 0.1]'-"\313 2.58
C5-04 1.22; 1.26 1.23 1.23/1.23 1.23 1.28 1.251
T4 1.35,1.37; .25 137 1.36/1.36 135 1.27 1.257
04-H 1.00,0.98 0.98 0.99 1.54 (Hin N)
C5-C; 1.55,1.53;1.53 1.54 1.54/1.52 1.54 1.573
C-N 1.47,1.45:1.49 1.46 1.47/1.47 1.47 1.512
N-H 1.02 1.03 1.03 1.04,1.06,1.09 1.034
C-C, 1.53,1.55;1.53 1.56 1.53/1.53 1.55 1.53 1.522
Ci-S 1.83,1.82;1.81 1.80 1.88/1.89 1.85 1.87 1.850
S-H - — - — 1.350
04-C5-04 126 123 124/124 123.9 126.5 130.8
Ci-C-Cs 108.4,112.1:712 109.8 110/111 108.2 117.7 116.1
C-Co-N 108.7,113.8;110 110.5 112/110 108.7 113.0 113.2
C-C;-8 114 116.6 114/116 112.9 107.2 116.5
C-S-H --- - o --- 97.3
C;-Co-N 109 109.6 107/112 112.9 106.5 103.5
05-C3-Co N (-4) -1.17 -47/-3 -57.6 49.0 43.7
Ou-Cs-Co.N_ [ (177) -179.7 133/176 122.0 -129.3 -132.9
0-C3-Co-C, (117) 120.4 72/122 62.7 177.0 168.4
C5-Co-Ci-S (84) 74.8 69/174 86.9 69.4 -59.1
N-C;-C;-8 (-156) -164.2 -169/-63 -175.2 -165.8 60.5
C,-Cy-S-H - - - - -100.6
H-04-C;-C, 177.6 172.3 - |

“Second column, molecule in the phase gas; third column, radical in vacuum; fourth column, radical adsorbed on two different sites of Au(111)
surface at a coverage of 0.08 (3 X 2\/ 3 cell); fifth column, radical adsorbed on Ag(111) surface at a coverage of 0.06 (4 X 4 cell); sixth column,

cysteine zwitterion radical adsorbed on Ag(111) surface at a coverge of 0.33 (\/ 3 X

3R30° cell); seventh column, cysteine zwitterion on a Ag (18-

atoms-cluster representing the (110) surface). Bond lengths are in A, and angles in degrees. For distinguishing between the different adsorbates, see

references and Figure 2.

adsorbate and the substrate as well as the formation of chemical bonds
between them. The charge density difference, An(r) is defined as®

An(r) = tyge s (r) — [ (r) + mag(r)] (3)

where 1,4, g, is the electron charge density distribution of the whole
system at its final state, ngy, and n,4 are the electron charge density
distribution for the isolated substrate and adsorbate, respectively, but
with the fixed final configuration upon adsorption. The density of
electronic states (DOS) of the system has also been calculated, and the
projection onto different individual atomic orbitals (PDOS) has been
analyzed. The electronic redistribution due to metal—adsorbate
interactions has been also analyzed comparing the PDOS with respect
to those of the adsorbing species in absence of the metal. Here the
geometric structure of the isolated species has also been kept the same
as in the combined system. The energy alignment between both
systems has been obtained by determining the Fermi level self-
consistently using the vacuum level of the electrostatic potential. The
energy zero is set to the Fermi level of the metal. The density of states
was normalized to one in all cases. The molecular graphics have been
done with the XCRYSDEN package.”*
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B RESULTS AND DISCUSSION

Choice of Two Characteristic Adsorbates for Detailed
Analysis. As pointed out in the Introduction, a variety of
conformers of the cysteine molecule can exist depending on the
environment and the inter- and intramolecular interactions. We
have chosen one of them, whose geometrical parameters are
given in Table 1. When the molecule approaches the surface of
silver, depending on the initial orientation, various stable
adsorbates can be obtained. Figure 1 shows typical results for
the energetics of the adsorbed L-cysteine radical on the
Ag(111) surface at different coverage and diverse starting
structures on different sites (top, bridge, fcc, and hep). Here the
position of the sulfur atom has been kept fixed in the x and y
coordinates in order to distinguish the energy difference
between different sites.

In all cases, stable local minima have been found. The
magnitude of the adsorption energy decreases almost linearly
with increasing coverage for all structures, indicating a

dx.doi.org/10.1021/1a301107k | Langmuir 2012, 28, 8084—8099
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Figure 1. Dependence on the coverage of the bonding energy of L-cysteine adsorbed at the silver surface on different sites (as indicated in the plot).
Three different initial configurations were employed: where the angle C,—S—Ag was 180° with the hydrogen of the carboxyl group oriented
“downwards” (full symbols), where the angle C,—S—Ag was 120° (open symbols), and where the angle C,—S—Ag was 180° with the hydrogen of the
carboxyl group oriented “upwards” (crossed symbols).

L-Cys-S*
4x4 (0=0.06)

“e . y
0000060600660
0000000660660

00000000660
0000000000
0000000600

Figure 2. Different 3D views of the relaxed system corresponding to L-cys adsorbed at a bridge site shifted toward fcc sites (6 = 0.06). The silver
atoms of the three upper layers interacting more strongly with the adsorbate are labeled with numbers (in black those of the top layer, in green those
of the second layer, and in red the atom of the third layer just below the sulfur atom). The unit cell (4 X 4) used for the calculations is also shown.
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Figure 3. Top: 3D view of the relaxed system corresponding to Z-cys adsorbed at a bridge shifted toward hcp site (6 = 0.33). The unit cell (\/ 3 X
\ﬁl; R 30° used for the calculations is also shown. Bottom: 2D side and top views of the structures. Green circles, upper Ag atoms; green-black
circles, Ag atoms nearest to S (red filled circles) and O(6) (blue filled circles) atoms; gray circle, second layer of Ag atoms; gray circles with a central
point, third layer of Ag atoms; gray circles with a central cross, fourth layer of Ag atoms. The size of the circles was not scaled with the real radius of
the atoms, but their centers give their coordinates in A. The blue circles around the Ag atoms represent their positions in the relaxed slab in absence

of adsorbates.

weakening of the bond by the lateral interactions. The
formation of zwitterionic species is only observed at the
highest coverage of 0.33 (marked by a circle in Figure 1),
indicating that probably the interaction between neighbors
caused its formation. All these zwitterionic species are
energetically more favorable by about 1 eV than the neutral
radical.

We have selected two of these conformers, a neutral radical
at low coverage and a zwitterionic species at high coverage
(circles in the plot). Then we have relaxed these two species
also in the x and y coordinates. The resulting structures were
the L-cysteine radical r-cys (eS—CH,—CH—-NH,—COOH)
adsorbed at a bridge site slightly displaced toward an fcc
location, and the zwitterionic radical Z-cys (eS—CH,—CH—
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NH;*—COO") adsorbed at a bridge site shifted to a hcp site
within a (4 X 4) unit cell (6 = 0.06) and a (1/3 X 1/3) R 30°
unit cell (6 = 0.33), respectively.

Geometry and Energetics. Figure 2 shows the results for
the relaxed geometry of adsorbed L-cysteine radical, and Figure
3 of the zwitterionic Z-cysteine radical on the Ag(111) surface
at bridge sites. The values of the corresponding most relevant
parameters are given in Table 1 in comparison with theoretical
and experimental data from the literature. Table 2 shows the
changes in the coordinates of the silver atoms interacting with
the adsorbate. The relaxation of the slab previous to the
adsorption shows a slight compression perpendicular to the
surface of the two upper layers, as is usually observed with
similar systems (in this case about 0.13 A for the first layer and

dx.doi.org/10.1021/1a301107k | Langmuir 2012, 28, 8084—8099
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Table 2. Perturbations of the Equilibrium Positions (in A) of
Silver Surface Atoms by the Presence of Adsorbed L-Cysteine
Radical and Cysteine Zwitterionic Radical on Ag(111)
Surfaces”

silver

atom Ax Ay Az structure

Ag,  —0139  —0.046 0055 0 =033, Z-Cys-S®/Ag(111)
(V3 xv/3)

Ags  —0.119 0.084 0054 0 =033, Z-Cys-S®/Ag(111)
(V3% V3)

Ags  —0.059 0013  —0.046 0 =033, Z-Cys-S®/Ag(111)
(V3% 1/3)

Ag 0.017 0.048 0074 0 = 0.06, LCysS® /Ag(111)
(4x4)

Agr, 0.035 0.061 0061 6 = 0.06, LCysS® /Ag(111)
(4x4)

Agy  —0031  —0053 —0022 6 =006, LCysS®/Ag(111)
(4 x4)

Ags  —0113 0.072 0.080 6 = 0.06, LCysS® /Ag(111)
(4 x 4)

Agys 0.029 0028 —0.028 6 = 0.06, LCysS® /Ag(111)
(4 x4)

Ag,y  —0.031 0081 —0.021 6 = 0.6, LCysS®/Ag(111)

(4 x4)

“The values are given relative to the prerelaxed slab without adsorbate.
For distinguishing between the different atoms, see Figures 2 and 3.

about 0.08 A for the second one). After adsorption, additional
shifts on the coordinates of the silver atoms are observed,

mainly at the system with higher coverage. The silver atoms
nearest to the adsorbate rearrange to form the bonds, showing
the tendency to elongate their distances to the sulfur atom.
However, these displacements are smaller than those observed
on Au(111) and Au(110),"”*° where the adsorption of thiols
produces a strong corrugation of the surface. The distance of
the sulfur atom perpendicular to the surface is almost the same
for both configurations (1.89 A). The S atom is coordinated
with two neighboring Ag atoms, labeled 22 and 26 for L-cys,
and 14 and 15 for Z-cys, forming bonds with lengths of about
2.56 A. They are slightly longer than the values calculated for
cysteine and ethanethiol on Au(111) and Au(110)."”*° A weak
interaction with the third Ag atom of the starting position of
the hollow site (labeled 16 and 24 for r-cys and Z-cys,
respectively) is still observed. The C,—S—Ag angle remains
practically unchanged from its starting value and coincides with
that obtained for the adsorption of cysteine on Au(111). Also
the different internal bond lengths remain similar to the free
molecule in gas phase. Nevertheless, the C—S bond is
lengthened by the interaction with the surface, indicating a
weakning. A similar effect has been observed with cysteine
adsorbed on Au(111)"* and on a silver cluster® (see Table 1).
The distance between the oxygen atoms and the carbon for the
carboxyl group also changes in the case of the Z-cys. It becomes
about 1.28 A for both oxygens due to the carboxyl
deprotonation.

Z-cys (V3xV3) R 30°/Ag

H
Oh

(811

Figure 4. Isosurfaces of the charge density difference resulting from adsorption of the L-cys and Z-cys radicals on silver. Isovalue of 0.002 ¢/a,’. The
blue color represents the electron deficit regions, while the electron excess regions are colored in red-orange.
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The most interesting features that we can distinguish
between both configurations are related to the rearrangement
of the functional groups (carboxyl and amine) in order to
adjust themselves to the adsorption environment. The
configuration at low coverage corresponding to the L-cys
adsorbate has enough space available to rotate the carboxyl
group, which now points toward the surface and interacts with
it. One of the oxygen approaches up to a distance of 2.44 A. to
the surface. The first neighbor O(6)—Ag(21) distance is 2.60 A.
Also the hydrogen of the carboxyl group is very close to the
surface (2.29 A). The first neighbor H(10)—Ag(18) distance is
2.58 A. This indicates that also the carboxyl group participates
in the bond with the surface, as we shall confirm later by
analysis of the electronic structure. A similar situation has been
observed for the amine group on Au(111)."*

The formation of zwitterionic species is observed at highest
coverage (6 = 0.33). In this case, neighboring adsorbates have
an optimal configuration such that the carboxyl and amine
groups can interact and exchange a proton. As a consequence,
the distance O,—H appears longer than the one calculated for
the other systems, and this hydrogen atom is now at a similar
distance to the N atom as the other H atoms of the amine
group (about 1.00 A).

The torsion angles Og—C3;—C,—N, O,4—C;—C, N, and
0g—C;—C,—C, of the adsorbates strongly vary in comparison
to the free molecule. On the contrary, the distortion of the C;—
C,—C,—S angle is minor, indicating that the backbone of the
molecule remains almost intact under adsorption, while the
rotation of the functional groups can be induced by interactions
with the surface.

The energy values obtained for the adsorption of L-cys and Z-
cys, regarding as starting species the isolated radicals relaxed
within a large cell (7 X 7), are —2.67 and —3.06 eV,
respectively. However, if the isolated L-cys and Z-cys radicals
within their corresponding cells (i.e., (4 X 4) and (\/ 3 X \/ 3)
R 30° respectively) are considered as reference, such that
lateral interactions are possible, the energy for the adsorption of
L-cys at 0.06 coverage remains almost unchanged, but that for
the adsorption of the zwitterionic radical becomes much less
negative (—2.03 eV). These results indicate that there are
practically no intermolecular interactions when the L-cys is
adsorbed at low coverage, while in the case of the Z-cys the
lateral interactions play an important role. Effectively, relaxation
of the Z-cys species within the (\/ 3 X \/ 3) R 30° cell in the
absence of surface produces only a small reorganization of the
atoms, remaining in the zwitterionic configuration. If the more
realistic picture is considered with the cysteine molecule as
precursor and hydrogen molecule as side product, these values
are still exothermic: —1.06 and —1.46 eV adding the difference
to the first case, and —1.06 and —0.424 eV adding the difference
to the second case. It is noticeable that although an increase of
the adsorption energy is expected at higher coverage, the
adsorption of Z-cys at 0.33 coverage appears more favorable
than that of r-cys at 0.06 coverage when the relaxed Z-cys
radical is selected as reference. It seems that the gain in energy
by the formation of the zwitterionic species exceeds the steric
effects between neighbors produced at higher coverage. It is
also expected that in a solvent environment or in the presence
of other ions this situation can still be improved by stabilization
of these species.'”'®

Electronic Properties: Charge Density Difference
Resulting upon Adsorption. First, we analyze the electronic
structure, focusing on the electronic density differences of the
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system produced by the adsorption. Figure 4 shows isosurfaces
of the charge density difference resulting from adsorption of
both investigated species, the L-cys (Figure 4, top) and the Z-
cys (Figure 4, bottom) radicals on Ag(111). Figures including
more details are available in the Supporting Information. The
complexity of the bonds is evident.

We can clearly observe regions of electronic charge
accumulation (red) and regions of depletion (blue). The
increased accumulation of charge between the sulfur atom and
the surface is an indication of the enhanced chemical bonding
with sigma-character. However, the charge distribution reveals a
complicated interplay of the different atomic orbitals involved
in the bond. In the case of the tilted L-cys radical adsorbed at
low coverage, one notices the redistribution of charge in the
carboxyl group indicating that this group is also participating in
the bond with the surface. There is a considerable increase of
electronic charge between the hydrogen of the hydroxyl group
H(10)O(4) and the silver atom denoted as Ag18, indicating the
tendency to form a bond with o-character. On the contrary,
between the oxygen of the carboxyl labeled as “O6” and the
silver atom Ag21, a significant decrease of the electronic density
is observed, indicating repulsion. Slight changes are also
depicted in the carbon bonded to the sulfur atom and the
nitrogen of the amine group.

To aid the interpretation, we plotted electron density
contours projected onto various planes through the bonds
between atoms. Figure 5 shows the contour plots for the top

L-cys(4x4)/Ag

Figure S. Cross section of the charge density difference at the silver
surface (z = 0) drawn in linear scale from —0.001 to 0.001 e/a,’ with
an increment of 0.001 e/ay’. The silver atoms of the top layer close to
the adsorbate are labeled in white (Ag22, Ag24, Ag26, Ag2l, Agls,
Ag25). The silver atoms of the second layer are labeled in black (Ag42,
Ag38, Ag34, Ag40, Ag36). The silver atom of the third layer just below
the sulfur atom is labeled in red (AgS8). Electronic charge flows from
blue to red regions. The orientation of perpendicular planes, whose
charge differences are shown in Figure 6, are also drawn (P1—P7).

layer of silver when the L-cys radical is adsorbed at a coverage of
0.06. The silver atoms closest to the sulfur atom which forms
the bonds (Ag26 and Ag22) as well as that closest to the
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L-cys(4x4)/Ag

[Leysiandyiag |

Figure 6. Cross section of the charge density difference at various planes (z—x) perpendicular to the silver surface (z = 0) and to the axis y, drawn in
linear scale from —0.001 to 0.001 e/a,® with the increment of 0.001 e¢/a,*. The plane P3 crosses the silver atoms of the top layer, Ag22, Ag26, and
Agl18; the plane P7 crosses the sulfur atom; the plane P1 crosses the silver atom of the top layer Ag24; the plane P4 crosses the silver atoms of the
second layer, Ag42, Ag38, and Ag34; the plane P6 crosses the carbon chain; the plane PS crosses the silver atoms of the top layer, Ag21 and Ag2S;
the plane P2 crosses the silver atom AgS8 of the third layer. The orientation of these planes is shown in Figure 5.

oxygen O6 of the carboxyl group (Ag21) are slightly up-shifted
(see also geometrical parameters in Table 2).

In this plane, an appreciable increase of the electronic charge
around the silver atoms interacting with the adsorbate (Ag22,
Ag26, Ag2l, Ag24, Ag2S, Agl8) is observed, while in the
regions directly below the sulfur atom a strong depletion of the
charge occurs.

Figure 6 shows various cross sections of the charge density
difference through diverse bonds for this system. Figures
including more details are available in the Supporting
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Information. The plane P3 crosses the silver atoms of the
silver top layer: Ag22, Ag26, and Agl8. The electronic flow
from atomic orbitals of Ag22, Ag26 to the region below the
sulfur atom and from the Agl8 to the region below the
hydrogen atom of the hydroxyl group is clearly observed,
evidencing the formation of ¢ bonding states. The third silver
atom (Ag24) participating in the bond with the sulfur also
shows charge redistribution (see also contour on P1), but the
interaction is weaker than that of the other two atoms (Ag22
and Ag26). The cross section through the sulfur atom (see P7)
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Figure 7. Cross-section of the charge density difference for Z-cys radicals on silver at several planes drawn in linear scale from —0.001 to 0.001 ¢/a,*

with an increment of 0.001 e/a,>.

displays a depletion of electronic charge in the intermediate
region, which could be interpreted as a z-antibonding orbital.
However, this interpretation must be taken with care, since
these plots correspond to TOTAL electronic density difference;
an analysis of integrated local density of states (ILDOS) is
required. The redistribution of charge occurs not only at the
top layer of silver, but also at the second and third one, as
evident from the contours shown in P4 (cross section through
Ag42, Ag38, Ag34) and in P2 (the line containing the atom
Ag58 and their two neighbors). The alkyl chain is also affected,
as can be observed in P6. The repulsion between the oxygen
labeled as O6 and the surface atoms Ag21 and Ag2S can be
clearly distinguished on the contour of PS.

Figure 7 shows cross sections for the charge density
difference in the case of the Z-cys radical adsorbed on
Ag(111) at a 0.33 coverage (unit cell (\/3 X \/3) R 30°). The
interaction of the sulfur atom with the surface atoms is similar
as for the L-cys radical at low coverage. However, neither the
carboxyl nor the amine group strongly interact with the
substrate due to the upright position of the adsorbate. Here one
notices an increase of electronic charge on both oxygens of the
carboxyl group and a simultaneous decrease on the nitrogen
atom of the amine group due to the zwitterionic character of
this adsorbate.

Electronic Properties: Density of Electronic States
Projected onto the Different Atoms. We have also
performed a detailed analysis of the density of electronic states
projected onto different atomic orbitals (PDOS) for both
conformations of the adsorbed species, L-cys and Z-cys.

As discussed in the last section, the interaction of the metal is
particularly strong with the states of the sulfur atom, which is
nearest to the silver surface.
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Figure 8 shows the PDOS onto the sulfur atom (red lines)
and onto the a-carbon atom (shaded green pattern) bonded to
it (labeled in Table 1 as S and C1, respectively) in the case of
the free radicals (1-Cys and Z-Cys) fixed at the configurations
when they are adsorbed, but in the absence of the substrate
(first and second plot at top), and when they are adsorbed on
Ag(111) forming a L-cys-(4 X 4) and Z—cys—(\/S X \/3) R 30°
structures (plots at bottom). The vertical lines indicate the
position of the Fermi level (Eg), which is taken from the self-
consistent calculations. In the noninteracting case, these lines
separate the highest occupied molecular orbitals (HOMO)
from the lowest unoccupied molecular orbitals (LUMO).
Because the Fermi level characterizes the energy up to which
the states in the metal slab are filled, the energy differences
between Eg and the HOMO and the LUMO correspond to the
hole- and electron-injection barriers into the adsorbed
layer.****Thus, the effect of the interaction with the metal on
the electronic structure can be easily inferred by comparison of
the systems.

The overlap between electronic states corresponding to the
carbon and to the sulfur atoms indicates the participation of
such states in the formation of molecular bonds between both
atoms. However, due to the hybridization and the interaction
with the metal, the assignment of PDOS features to individual
molecular orbitals is not always straightforward. First, we
analyze the results for the free radicals. Two distinct features are
obtained for both spins, with occupation numbers for the 1-Cys
radical of 0.92 and 0.65 for up and down spins, respectively, and
for the Z-Cys radical of 0.84 and 0.65, respectively. In the
region between —8 and —3 eV, a series of peaks due to the
hybridization between s and p states is observed. There is a
partial lower overlap between the states corresponding to the
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Figure 8. Density of states for the systems: L-cys-free radical (left) (top, spin+ and second plot, spin—), L-cys-(4 X 4)/Ag(111) (third plot), and Z-

cys—(\/ 3 X \/ 3) R 30° free radical (right, top, spin+ and second plot, spin-), Z-cys—(\/ 3 X

\/3) R 30°/Ag(111 = (bottom, right) projected onto the

sulfur atom (red lines) and onto the a-carbon bonded to it. In the case of the free radicals, both spin orientations were considered. The vertical line

indicates the position of the Fermi level.

carbon and sulfur atoms for the peaks in the region of —8 —
—5 eV, with a larger contribution of the carbon atom, while the
overlap corresponding to the sharp peak at —3.8 eV has a larger
contribution from the sulfur atom. At about +S eV, a sharp
overlap peak is observed between the sulfur and carbon atoms,
which can be attributed to antibonding states between both.
The L-cys radical displays also a second smaller overlap peak at
about +6.5 eV. Near the Fermi level, the sulfur shows electronic
states indicating a small overlap with states of the carbon, which
correspond to the unpaired electron of the radicals and the
unshared pairs of electrons. Therefore, these states are in
condition to interact with the electronic states of the metal to
form Ag—S bonds. For both conformers (L-cys and Z-cys), the
features of the states in this region are almost similar and are
sensitive to the spin polarization.

In the case of the species adsorbed at the silver surface, the
results for both spins are identical as expected. The occupation
numbers of the sulfur states are in this case 0.82 for the L-cys-(4
X 4) structure and 0.75 for the Z-cys-(1/3 X 1/3) R 30°
structure. The strong localized states below —8 eV are less
affected by the presence of the metal and only downshifted to
lower energies when the L-Cys species are adsorbed on the
metal.

In the region above —8 eV, due to the presence of sp- and d-
bands of the substrate, the electronic states of the adsorbed
species are not only shifted but also substantially broadened as
a consequence of a strong coupling with the electronic states of
the metal. The peaks at —5.8 and —1.7 eV are usually attributed
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to bonding and antibonding states with the metal resulting
from the split of electronic states of sulfur around the d-
band.'*"* However, it is clear from this picture that no split
takes place because of the previous existence of both states
before the adsorption. They correspond to hybridization of the
atomic orbitals of sulfur and carbon before the adsorption
(compare with the PDOS obtained for the free radicals
analyzed above). Here, we notice that the bonding states
between sulfur and carbon atom (around —5.8 eV) are simply
also affected and broadened. If there is an antibonding state
between sulfur and the surface in this region, it is overlapped
and cannot be distinguished from the bonding states between
carbon and sulfur.

In accord with the results of the charge differences shown in
the previous section, not only does the sulfur atom interact with
the silver surface, but also the carboxyl group plays an
important role in the formation of bonds, especially in the case
of the tilted adsorbed Lr-cys radical at low coverage. Figure 9
shows the density of states projected onto the atoms of the
carboxyl and amine groups. Similar to the case of the sulfur
atom, we can also distinguish an overlap between electronic
states of the oxygen atoms and electronic states of the carbon
atom corresponding to the carboxyl group (labeled in Table 1
as 06, 04, and C3, respectively). In the case of the isolated
system, the overlap of the sharp peaks below —4 eV can be
attributed to bonding states, while those at about +3.5 eV to
antibonding states between the 06, O4, and C3 atoms.
Coincident sharp peaks for the hydrogen (H12) and the
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the carboxyl bonded to the oxygen O4 before adsorption. The vertical line indicates the position of the Fermi level.

oxygen (O4) of the carboxyl group appearing at +5.5 eV
represent antibonding states between both atoms. The two
peaks observed at —3.0 and —1.8 eV for the O6 of the
noninteracting system can be assigned to the lone electron
pairs, since they do not show any overlap with other atoms of
the molecule. Therefore, they are suitable to interact with the
metal. Effectively, a shift of about 1.5 eV to lower energies and a
broadening is observed for these electronic states of the oxygen
atom O6 when the species is adsorbed on the surface. In the
case of O4, these states appeared at more positive energies, and
they also overlap with the electronic states of the 1s orbital of
the hydrogen atom (labeled as H12) bonded to this oxygen
atom. The small peak appearing at —2 eV in the PDOS onto
04 and O6 overlaps with states of the H12 and C3 in the case
of O4, while in the case of O6 only with C3 states.
Nevertheless, the electronic states in the energy range of the
metal bands of both oxygen atoms of the carboxyl group, which
is near to the surface for the tilted L-cys configuration, become
broader, as can be observed from Figure 9. Also the
antibonding states between the O4 and the H12 are strongly
affected. The contribution corresponding to the O4 is absent
and that of the H12 is broadened, indicating the weakness of
the bond O4—HI12 and a strong interaction of H12 with the
substrate. This result is in concordance with the increase of
charge observed between H12 and Agl8 (see previous section,
Figures 4 and 6).
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All these facts clearly indicate that, for this geometric
configuration, the bond between the L-cys radical and the silver
surface mainly occurs through the sulfur atom with additional
important contributions of the carboxyl group. Similar effects
have been observed by Di Felice et al.'* and by Hoffling et al,,"
when the neutral radical is adsorbed on Au(111) and on
Au(110), with the amine group pointing to the surface,
respectively. In our case, the amine group is pointing away from
the substrate, and therefore, the interaction with the metal is
weak. However, an orientation of the amine group to the
surface should also be possible. As we have mentioned in the
Introduction, the three functional groups are able to interact
with the metal surface, and the relative conformational energies
are within a few meV. We have chosen a particular one as an
example.

In the case of the adsorbed zwitterionic species Z-Cys,
interesting changes occurr in the features corresponding to the
hydrogen atom labeled H12. For this configuration, this atom
forms a bond with the nitrogen of the amine group instead of a
bond with the O4 of the carboxyl group. Thus, their states
overlap with those of the nitrogen, and both oxygen atoms (06
and 04) show the same distribution of electronic states with a
very weak overlap with the HI12. The electronic states
corresponding to the other two hydrogen atoms of the amine
group (H10 and H11) are a little different from those of H12.
However, the geometrical configuration is also different for
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Figure 10. Components of the density of states of the d-bands projected onto the surface silver atoms interacting more strongly with both
adsorbates, L-cys and Z-cys. (The levels of the atoms are given for each plot.) The sp3 states of oxygen atoms (O6 and O4) and of the sulfur atoms

are also shown.

these atoms and the intramolecular interaction with other
atoms of the Z-Cys species can induce these differences.

These are examples of the variety of ways for the adsorption
of cysteine. The intramolecular interactions and conformational
lability of this amino acid due to the existence of different
functional groups, leads to more than one preferred mode of
interaction with the substrate.

In order to investigate the electronic coupling with the
substrate, we have also analyzed in detail the modification on
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the electronic states corresponding to selected atoms of the
metal. A detailed analysis of the electronic density of states has
been previously performed by Hoffling et al.'® for single
cysteine adsorption on Au(110). These authors have found that
the states projected onto the gold surfaces were only marginally
affected by the single-molecule adsorption. However, the
projection of states had been carried out onto the whole
substrate. Thus, local effects on particular atoms of the surface
interacting with the adsorbed species do not show. From the
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Figure 11. Components of the density of states of the s- and p-bands projected onto the surface silver atoms interacting more strongly with both
adsorbates, L-cys and Z-cys. (The levels of the atoms are given for each plot.) The sp3 states of the sulfur atoms are also shown.

results of charge differences contours shown in the previous
section, it is evident that the electronic states of some of the
silver atoms are more affected than others. In order to
investigate the electronic coupling with the substrate, we have
also analyzed in detail the modification on the electronic states
of the metal, but we have focused on selected atoms of silver.
We have followed the same strategy as in our previous
work?>** about the adsorption of ethanethiol on Au(111) and
about the adsorption of OH on Pt(111).

Figure 10 shows the projection of the components of the d-
bands onto the silver atoms nearest to the adsorbate. The
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atoms are labeled as in Figures 2 and 3 (see also Table 1). The
sulfur states are also included for comparison. According to the
spatial distribution of the orbitals and their symmetry
properties, three distinguishable features are observed for a
bare surface of Ag. The presence of an adsorbate interacting
with the metal breaks the symmetry of the metal orbitals, and
five different features are obtained. A redistribution of the
electronic states takes place, the states with a larger extension in
the direction perpendicular to the surface being most affected.
The center of the d-bands is defined as>
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and is shifted to lower energies upon adsorption: —0.10 eV
(d,,), —0.18 eV (d,,), and —0.21 €V (d,) for the silver atoms
at the bridge position (Ag22—26) when L-cys is adsorbed. This
effect is stronger when Z-cys is adsorbed. These values for this
system are —0.21 eV (d,,), —0.20 eV (d;), —0.24(d_;), and
—0.25 eV (dy) for the silver atoms at the bridge position
(Agl4—15) In these two cases, new states appear between —2.0
and —1.0 eV. These states are coincident with electronic states
of the sulfur atom corresponding to the asymmetric peak at
—1.7 eV. An important depletion is observed at around —3.0
eV, and also a slight increase at the left side of the bands around
—5.0 eV is evident. The silver atoms interacting with the
carboxyl group also show changes, although less noticeable. In
the case of Ag21, the d-band practically does not shift its center.
The feature of the d; states is affected around —3 eV. The silver
atom Ag18, which interacts with the OH of the carboxyl group,
shows a larger shift in the center of the d-band than Ag21:
—0.12 eV (d,,), —0.18 eV (d,,), and —0.22 eV (d,).

Usually, less attention is paid to the sp bands of the metal,
although they also play an important role in the adsorption
process, as we shall demonstrate next. Figure 11 shows the
changes produced in the s and p bands projected onto the silver
atoms nearest the adsorbate. The sulfur states are also included
for comparison. At —5.8 eV, the s states of the silver atoms
nearest to the adsorbate (Ag21,22,24,26) show a peak, which
was absent for the bare surface. This coincides with the peak
where an overlap occurs between states of the sulfur atom and
the carbon atom C1 bonded to it. Simultaneously, a depletion
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on the density of states of the peak at —5.3 eV is observed. New
small peaks appear immediately below the left border of the s-
band, which overlap with electronic states of the adsorbate
(located on both carbon C1 and sulfur atoms). A similar effect
is observed with the silver atom (Ag21) nearest to the oxygen
atom O6 (see plot in the Supporting Information). Depletion
of the density of states of the s-band can be observed around
the Fermi level (between —1.5 and +1.0 eV for Ag 22—26, and
between —3.0 and +1.0 eV for Ag21). The p states of the silver
atoms nearest to the sulfur atom (Ag22—26) show two main
new peaks at around —3.5 eV and around —1.7 €V, whose
features almost coincide with those peaks of the sulfur states.
The corresponding states of the Ag24 show only the peak at
—3.5 eV. Similar situation is observed on the p states projected
onto the silver atom (Ag21) nearest to the oxygen atom O6. A
double peak appears at —4.2 and —3.2 eV coincident with
electronic states of the oxygen. In this case, also a series of small
peaks just below the left border of the p-band are observed. In
the case of the silver atom 18 near the O4 and H10 atoms, no
appreciable changes are observed below the Fermi level
However, at energies above 3 eV, some changes are evident.
In order to understand better the interplay between the
different electronic states of the system, in Figure 12 we have
plotted the difference of the electronic density between selected
orbitals of interacting system and its isolated constituents (L-cys
radical, Z-cys radical, and bare surface). This figure distinctly
reveals the complicated feature of the adsorption. Although the
total occupation of the electronic states of the metal does not
change, a redistribution of them occurs between the different
bands. It is noticeable that the occupation of p states increases
for the atoms interacting with the sulfur atom, while that of the
s states decreases, compensating each other. The energy regions
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where the increase in the population of p states occurs,
coincides with the position of peaks in the density of states of
the sulfur atom. The p states of Agl8 show an important
decrease of the unoccupied density of states at about +6 eV
coincident with the broad peak of the H12. Apparently, there is
a drift of electrons not only within each band, but also an
electronic flow between different bands. The occupation of the
d-bands displays redistribution in the energy range, but the
changes vanish below the Fermi level. These effects are
observed for both the silver atoms near the sulfur atom (Ag22—
26) and those positioned near the oxygen atoms (Ag2l and
Ag18). The d-bands show an increase in their populations
below the center of the band (E. # —4 eV) and a decrease
above it. The occupation of the electronic states corresponding
to the sulfur atom slightly increases upon adsorption. However,
this number (0.17 e~) should be taken with care, since it is
within the calculation errors of DFT. The occupation of the
electronic states corresponding to the oxygen atom changes less
than 1%. Then, we can conclude that the formation of bonds
between the adsorbate and the metal involves the simultaneous
participation of different orbitals given a complicated hybrid-
ization feature.

On the technical side, we have still to mention an issue to be
discussed: DFT does not properly describe dispersion forces.
This will cause errors in close packing of the adsorbates, and we
are aware of this shortcoming. However, L-cysteine is a short
chain alkylthiol (C3) which strongly interacts with the metal
surface mainly through the thiol group and less strongly
through the carboxyl and amine groups. van der Waals forces
are expected to be negligible in comparison with the
electrostatic and chemical forces between these groups and
the surface. The effect of dispersion forces can be considerable
in the case of noncovalent mechanism of peptide adsorption as
pointed out by Heinz et al.,>” where a “soft epitaxy” mechanism

of binding has been suggested.

B CONCLUSIONS

We have investigated the geometry, energetic, and electronic
properties of L-cysteine adsorption on Ag(111), not only
qualitatively but also quantitatively. An exhaustive analysis has
been performed using DFT calculations. The adsorption energy
increases with coverage. At low coverage, a flat configuration
exists where not only the sulfur atom but also the carboxyl
group strongly interacts with the surface. Zwitterionic species
have been found to be more favorable at higher coverages. It is
noticeable that silver atoms in the second and third layer below
the surface show changes in their electronic distribution. The
formation of bonds between the adsorbate and the metal
involves the simultaneous participation of different orbitals
given a complicated hybridization feature. Bonds with ¢ and #
character are formed. Also the electronic states of the a carbon
atom participating in the bond with the sulfur atom are affected.
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