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Abstract The adsorption of dibenzyl disulfide (DBDS)
on a Cu(111) surface model was investigated by using den-
sity functional calculations, considering energetic and elec-
tronic aspects. Several complexes were generated, where
the bridge, hollow hcp, hollow fcc and top adsorption sites
were considered. The results show that the Cu—S interac-
tion guides the final complexes, and a secondary w—Cu
weak interaction confers an extra stability. The complexes
were grouped as physi- or chemisorption according to their
adsorption energy applying a distortion decomposition
model, with a preference by a double interaction of S with
Cu (i.e., hollow hcp and bridge sites). A degree of disulfide
bond dissociation was observed in the complexes, being
correlated with adsorption energies. From an electronic
aspect, it was found that the electronic flow from copper
to DBDS occurs in the most stable complexes, checked
with charge analysis. These results are in agreement with
experimental revelations of copper corrosion on power
transformers.
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1 Introduction

The adsorption of sulfur-containing molecules on gold
surfaces has attracted much attention, especially since the
discovery of the self-assembly of alkyl thiols on Au(111)
[1-3]. Thiols adsorption has also been studied on the other
coinage metals [4—7]. Thiols [4, 8—15], disulfides [16-19],
methionines [20-24], cysteines [25-33], etc., have been
studied experimentally and theoretically. The reactivity
toward sulfur-containing molecules decreases going down
the column of the coinage metals, explaining why molecu-
lar adsorption has been successfully observed in the per-
fectly ordered thiol chains on Au(111) (see reviews on the
topic cited higher). On Cu(111), the more reactive surface
of the three metals (Cu, Ag and Au), a different picture of
the adsorption is expected and observed [5, 34, 35]. The
surface itself will reconstruct, and the adsorbed molecules
easily dissociated.

Thus, understanding the mechanism of interaction of
sulfur-containing molecules is expected to be of high rel-
evance for opening new perspectives toward improving the
reactivity or stability of materials used in different appli-
cations [36]. Concerning the copper surfaces, sulfur-con-
taining molecules induce copper metal corrosion, which
is a chemical phenomenon that triggers serious failures in
industrial applications, and especially in power transform-
ers [37, 38].

Dibenzyl disulfide (DBDS) is an additive with antioxi-
dant properties, frequently used in insulating mineral oil
employed in power transformers. Under operation condi-
tions, DBDS is known to further copper corrosion in elec-
tric equipment, by forming copper (I) sulfide Cu,S as the
main product, with the subsequent production of other
sulfur compounds such as benzyl sulfide and dibenzyl
sulfide. In spite of successive studies about the chemical
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phenomenon, the mechanism remains unclear [39-42].
Since DBDS is related to the commonly used thiol mol-
ecules, in the well-known thiol self-assembled monolay-
ers (SAM) on metal surfaces [9, 43—45], the analysis of
the metal—sulfur bond is important to complete the already
known information on the chemical properties of this type
of systems.

In the present paper, the nature of the interaction
between Cu(111) and DBDS is theoretically studied. A
slab model is used to simulate the copper surface at rea-
sonable accuracy, i.e., using periodic PBE-D2. In particu-
lar, we clarify some aspects associated with copper corro-
sion by DBDS at the DFT level by accounting geometric,
energetic and electronic properties that govern the interac-
tion between DBDS and copper. The main focus of atten-
tion is to characterize locally the copper—sulfur interaction/
bonding.

2 Computational details
2.1 Computational method

Calculations were performed in the frame of periodic DFT
by means of the Vienna Ab Initio Simulation Package (VASP
5.3) [46, 47]. The electron—ion interactions were described
by the projector augmented wave (PAW) method [48, 49],
representing the valence electrons. The convergence of the
plane-wave expansion was obtained with a cutoff of 400 eV.
The Perdew—Burke-Ernzerhof (PBE) [50, 51] generalized
gradient approximation (GGA) functional was used.

The adsorption of DBDS (see Fig. 1) on Cu(111) was
modeled using a ¢7 x 7 periodic unit cell, with the aim
to study the adsorption of an isolated adsorbate molecule
interacting with the surface. The Cu slab contains three
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Fig.1 Three DBDS conformers of the lowest energy used in this
study as starting structure to generate the adsorption complex
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layers, from which the bottom one was not allowed to relax
and kept at the bulk positions. The lattice parameter was
initially fixed at the experimental value, 3.61 A, to build
the initial slab [52]. Then, it was re-optimized, and a sub-
estimation of 3 % from the original supercell was obtained.
This small change is accepted because it is in good agree-
ment with the experimental parameter and obtained theo-
retically from PBE [53].

The sampling in the Brillouin zone was performed
employing 4 and 13 k-points, resolved on 2 x 2 x 1 and
5 x 5 x 1 grids for the geometry optimizations (includ-
ing dispersion corrections) and energy evaluation (at single
PBE level), respectively.

Since our system involved organic molecules interact-
ing through weak forces, the pure DFT energies obtained
in periodic DFT PBE should be corrected. Therefore, we
included Grimme D2 corrections [54], which can be calcu-
lated using the presently used VASP version, although D2
corrections overestimate the binding energy ([55, 56] and
references therein).

The optimization procedure consisted of locating ini-
tially the DBDS molecule at 2.3 A from the surface, at the
beginning of the geometry relaxation. This distance was
taken from chemi- and physisorption data reported in sev-
eral studies involving the adsorption of sulfur molecules on
copper surfaces [34, 35, 57, 58].

2.2 Calculation of the adsorption energy and charge
transfer

Each complex can be characterized by its adsorption
energy, AE,;, which is calculated from the total energy
of the ground-state optimized geometries of the complex,

Cu(111) slab and DBDS as follows:

AEqgs = Ecuq11y-pBps— |Ecu(iin + Emsps)] €h)

AEad4sp2 = AEys + [ECu(m)—DBDs.Dz @
—[Ecui11).02 + EBDS).02] |

Equation (2) includes the dispersion contribution D2,
explicitly for each term

However, this term can be scaled to obtain a better ener-
getic estimation, avoiding the most part of the overestimation
of empirical of the metal bulk. A commonly used correc-
tion is that the adsorption energy is approximated to include
only the dispersion from the top layer of the surface and the
adsorbate (DBDS), defining the term AE, 4 ) jjayer 881

1
AEqads D2 1layer = AEqds + |:3(ECu(lll)—DBDS.D2)

3

1
- {3 Cu(111).02 + E(DBDS).DZ”
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Moreover, an energetic decomposition scheme can be
inspected, to describe energetically the change along the
adsorption process, through a two-part scheme of deforma-
tion/interaction [59]. This partition scheme consists of two
contributions, deformation (AE,) and interaction energy
(AE;,), related as:

AEags = AEget + AEin @
where
AEqes(X) = E(Xdeformed) —E ( equlhbrlum)

X = Cuq 1), DBDS (@)

in which AE, represents an energetic measure of pertur-
bation over the gas-phase equilibrium geometry of each
molecule, to obtain their respective geometry in the com-
plex. It is clear that AE;, represents the interaction energy
between the deformed molecules in the complex and can be
easily computed, from Egs. (4) and (5).

The amount of total electronic charge transferred
between DBDS and the Cu surface was quantified by a
global charge transfer descriptor (GCT), which corresponds
to the sum of atomic charges (g4) on each molecule (A),
i.e., the DBDS or the surface:

GCT=> qa: A € Cugys or DBDS
A

(6)

For this purpose, the Bader Charge Analysis [60, 61]
was used.

Additionally, the electron localization function (ELF)
was studied to characterize the existence of the S-S bond,
while the DBDS interacts with the surface. The ELF of
Becke and Edgecombe [62] provides an orbital-independ-
ent description of the electron localization based on strong
physical arguments regarding the Fermi hole. The ELF is
defined in terms of the excess of local kinetic energy density
due to the Pauli exclusion principle and the Thomas—Fermi
kinetic energy density. Its numerical values are conveni-
ently mapped on the interval (0, 1), facilitating its analy-
sis. According to the interpretation of the ELF, a region of
the space with a high value of ELF corresponds to a region
where it is more probable to localize a pair of electrons of
opposite spin. The topological analysis of the ELF gradient
field [63-65] provides a mathematical model enabling the
partition of the molecular position space in a set of continu-
ous and non-overlapping basins of attractors that present in
principle a one-to-one correspondence with electron pairs.

In this way, an accurate calculation of chemical local
objects such as bonds, lone pairs or atomic shells can be
achieved. The basins are either core basins labeled C(A) or
valence basins V(A,...) belonging to the outermost shell.
Valence basins are characterized by their coordination
number (synaptic order) with core [66]. The original work

of Silvi and Savin on the ELF generated a fruitful field of
applications in a variety of chemical problems, ranging
from structural and chemical reactivity studies as well as
the study of chemical reactions [67—70]. This scheme will
be applied to evaluate the S-S bond in the complex.

3 Results and discussion
3.1 Geometric and energetic aspects

In this work, 20 optimized adsorption complexes were
defined combining the different possible S adsorption sites
on Cu(111) surface (top, hollow hcp, hollow fcc and bridge)
with the three isoenergetic DBDS gas-phase conformations,
obtained from a previous study [71] (see Fig. 1).

Using PBE, the structure B was more stable than A and
C conformers by 0.03 and 0.07 eV, respectively. It confirms
the isoenergetic character of three conformers. In the suc-
ceeding optimization procedures, the adsorption complexes
between DBDS and Cu(111) result with different interac-
tion sites, mainly noticed by S—Cu geometrical parameters.
A schematic representation of showing selected geometri-
cal parameters is presented in Fig. 2.

Typically, the adsorption site for both S atoms is found
close to a bridge site. Other adsorption sites slightly higher
in energy are also present, such as on top (close). Differ-
ent adsorption geometries (mainly due to different benzyl
conformations) showing different adsorption energies can
adsorb on the same adsorption site. In order to rationalize
the data, we defined the vertical spacing distance Az and
the shortest S—Cu distance, d1 and d2 (see Fig. 2; Table 1).

The most stable physisorbed geometries, shown in Fig. 3,
can be divided into two groups: (a) having an S—Cu atop
adsorption and (b) 2S—Cu atop adsorption. The first is slightly
more favorable (structure B7). It should be noted that the ben-
zyl groups tend to orient parallel to the Cu(111) surface.

Fig. 2 Schematic representation of the adsorption complex showing
selected geometrical parameters used in the discussion of the adsorp-
tion site and geometry

@ Springer
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Table 1 Geometrical
parameters describing the final
adsorption geometries and sites:
dl, d2, d3 and Az (for sulfur 1
and sulfur 2, see Fig. 2)

A3

Complex Final adsorption site (S1, S2) dl d2 d3 Azl AZ2
Al Bridge-top Bridge-top 2.75 2.98 2.09 6.47 6.29
A2 Bridge-top Bridge-top 2.78 2.66 2.09 6.19 6.28
A3 Top Top 2.96 2.99 2.09 6.48 6.39
A4 Bridge-top Bridge-top 297 3.02 2.09 6.51 6.42
AS Hollow1-top Bridge-top 2.57 2.87 2.11 6.51 6.13
A6 Hollow1-top Bridge-top 2.56 2.95 2.14 6.48 6.07
A7 Bridge-top Bridge 2.87 3.06 2.08 6.71 6.42
B1 Hollow1-bridge Hollow1-bridge 241 2.42 4.42 5.98 5.96
B2 Hollow1-bridge Hollow1 2.49 2.31 3.42 5.81 6.03
B3 Hollow1-top Hollow2 2.81 2.24 3.92 5.67 6.30
B4 Top Bridge-top 293 2.85 2.09 6.38 6.37
BS Bridge-top Bridge-top 2.66 2.70 2.13 6.24 6.18
B6 Top Top 3.00 3.04 2.08 6.58 6.36
B7 Top Bridge-top 2.82 295 2.10 6.40 6.30
B8 Hollow2-top Hollow1-top 3.02 2.92 2.07 6.58 6.69
C1 Top Top 2.96 2.97 2.10 6.37 6.46
Cc2 Hollow2-bridge Hollow1-bridge 2.58 2.61 2.18 6.14 6.09
C3 Top Bridge-top 2.95 2.76 2.09 6.29 6.43
C4 Hollow1-top Hollow2-top 2.77 2.77 2.15 6.40 6.42
C5 Hollow2-top Hollowl 3.00 3.05 2.07 6.76 6.65
Values in A
C5

\/ ' \/ .‘0 ..0 'l0 .' v * ‘.' .0 '-0
.0"0‘ .0‘.0‘ ’0"0"“ .0"0‘ 'O
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Fig. 3 Some selected structures of physisorbed DBDS on Cu(111), showing their relative adsorption energy (PBE-D2 energies in eV). *In case
of D2-1 layer energies, the relative energies are 0.07, 0.00 and 0.25 eV, respectively

From Table 1, the S-S distances (d3) between 2.0 and
2.2 A correspond to physisorbed complexes and also cor-
relate with a high average values of d1 and d2 (>2.56 A),

@ Springer

with adsorption sites that vary between bridge, top and hol-
low sites. In the other side, the group of structures having
d3 distance larger than 3.4 A and an average of d1 and d2
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lower than 2.56 describes the chemisorption complexes,
where sulfur atom prefers the adsorption on bridge (slightly
to hollow) sites.

In summary, the most favorable adsorption sites were
found to be bi-coordinated bridge in the case of physisorp-
tion and a bridge (slightly to hollow) for each dissociated
fragment of benzylthiol, in the case of chemisorption (see
Figs. 3, 5).

The Az distance is related to the strength of the interac-
tion of the sulfur atom with the Cu(111) surface. Moreo-
ver, the difference of the vertical spacing between the S
atom and the closest Cu surface atom and Az give a geo-
metrical measure for the deformation of the surface. After
adsorption, and especially with dissociative chemisorp-
tion, a Cu atom can be lifted up out of the surface and can
be considered as a precursor state to the formation of an
adatom. Similar results have been reported in the adsorp-
tion of thiols on Au and Ag surfaces, being less evident
than Cu, attributable to the metal hardness. Looking at Az
in Table 1, one can conclude that the effect of chemisorp-
tion on the z coordinate of the surface copper atoms is par-
ticularly noticeable over Azl, where values of Azl lower
than 5.98 correspond to chemisorbed species, while higher
than this value are related to physisorption complexes. The
most affected copper atoms of the top layer are lifted up
by 0.2 A. The magnitude of surface deformation due to the
tension generated by the adsorption of DBDS will certainly
increase with increasing coverage, as is noticed in thiol/
Au(111) SAMs [9, 72]. This surface tension is observed
over a range of copper atoms in the neighborhood of the
binding sulfur atom (see Fig. 4).

The adsorption energies (see Table 2) are in agree-
ment with the geometrical parameters. Indeed, the adsorp-
tion complexes having the shortest distances between the
DBDS sulfur atom and the Cu(111) surface (d1, d2) cor-
relate with the highest (absolute value) adsorption energies.
The adsorption energy helps to identify that the phenyl-
Cu proximity shows a weak m—Cu interaction (see lower),
leading to an extra stabilization of the adsorption com-
plexes (structures B1, B2 and B3), which correspond to the
chemisorbed species (see Fig. 5).

In general, the complexes formed from conformer types
B and C (see Fig. 1) have more stable adsorption energies
due to the proximity of the phenyl groups to the surface,
favoring m—Cu interactions.

The deformation/interaction decomposition scheme dis-
played in Table 3 shows that in case of physisorbed com-
plexes, the surface is slightly more perturbed than DBDS. The
low values of AE . and almost the total contribution of AE;
to AE,,, explain the low geometrical effect in the adsorption.
In the other side for chemisorbed complexes, the AEy; is

Fig. 4 Adsorption geometry of the most stable dissociated DBDS
molecule on Cu(l11) showing the distortion through Cu—Cu dis-
tances (in red) after adsorption

Table 2 Adsorption energy (AE, ) and sum of charges (¢) on the
Cu(111) surface and disulfide S-S atoms in the complexes investi-
gated

Complex AEymoa  AEuspse AEuspai layer Ydcuiin)  9es-s)

Al —2.09 —0.40 —0.54 —0.14 0.02
A2 -2.03 —0.19 —0.38 —-0.10 —0.04
A3 -2.03 -0.52 —0.60 -0.17 0.02
Ad —2.01 —0.58 —0.63 —0.14 0.01
A5 —1.94 —0.25 —-0.39 —-0.10 -0.02
A6 —1.87 —0.26 —0.38 —-0.08 —0.06
A7 —1.54 —-0.22 -0.23 -0.11  —-0.02
B1 —3.84 —1.18 —1.67 0.67 —0.76
B2 -3.76 —1.01 —1.53 0.67 —0.77
B3 —3.48 —1.03 —1.45 062 —0.72
B4 —2.57 —0.21 —0.60 —-0.08 —0.05
B5 —2.52 0.07 —0.40 0.01 —0.13
B6 —2.51 0.12 —-0.36 —-0.09 -0.06
B7 —2.50 —0.14 —0.53 -0.09 —-0.05
B8 —1.89 0.10 —0.16 —-0.08 —0.05
C1 —2.76 0.17 —0.43 -0.12 0.02
C2 —-2.52 0.18 —0.34 0.05 —0.16
C3 —2.34 -0.23 —0.55 —0.10 0.00
C4 —1.98 —0.12 —0.36 -0.03 —-0.07
C5 —1.82 —0.09 —0.28 —-0.08 —0.02

Values in eV, charges in e
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Fig. 5 Top and side views of
the most favorable adsorption
geometry (B1) for DBDS on
Cu(111)
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Table 3 Deformation energies

(B of surface and DBDS. Complex AE, (Cu) AE,; (DBDS) AE, (Cu+DBDS) AE,p, AE,,
and interaction energies (AE;,) Al 0.15 0.07 0.22 —23] —0.66
Z‘I’Ir;;’;sf;i’;eg% gzthvzgfsence A2 0.15 0.06 021 224 ~0.50
contribution (in eV) A3 0.11 0.11 0.22 225 ~0.67
A4 0.15 0.02 0.17 219 ~0.69
A5 0.17 0.11 0.28 222 ~0.57
A6 0.18 0.09 027 215 ~0.56
A7 0.14 0.04 0.18 172 ~0.36
B1 021 3.64 3.85 ~7.69 ~5.02
B2 0.28 3.13 3.41 717 ~439
B3 035 3.45 3.80 728 —4.68
B4 0.15 0.20 035 2.9 —0.48
BS 0.18 0.27 045 297 ~0.29
B6 0.17 0.26 0.43 —2.94 —0.24
B7 0.14 0.18 0.33 282 ~0.40
BS 0.08 0.10 0.18 —2.07 ~0.03
c1 0.15 031 0.46 —321 ~032
2 0.17 031 0.48 ~3.00 ~033
c3 0.14 0.16 0.30 ~2.63 ~0.52
c4 0.20 0.09 0.29 227 —0.34
cs 0.08 0.04 0.12 ~1.95 ~0.18

Chemisorption complexes are highlighted

higher and particularly AE,.; (DBDS) is greater than the sur-
face, and it represents more than 70 % of AE,,, with the inclu-
sion of an important part of the dissociative process. Addition-
ally, AE;.; (DBDS) represents more than the 50 % of absolute
value of AE; , while the AE; (Cu) is <5 % for AE;,. Those

assesses explain an important role of the geometry relaxation
of DBDS related to dissociation over the adsorption.

3.2 Electronic aspects
3.2.1 Global charge transfer
A global charge transfer descriptor was introduced to quan-

tify the relation between the adsorption energies and charge
transfer between DBDS and the Cu(111) surface. Table 2

@ Springer

summarizes this quantity. It can be seen that the direction of
the charge transfer is highly related to the kind of adsorption
(physi- or chemisorption). In the most stable cases (B1, B2
and B3, i.e., chemisorbed species), the DBDS molecule acts as
an electron acceptor. Most transferred charge is then allocated
on the disulfide group, reaching a maximum when dissocia-
tion of the S-S bond occurs. Conversely, in the physisorption
processes, the DBDS molecule acts as donor but with a lower
rate of charge transfer to the Cu(111) surface (see Fig. 6).
Also, a spontaneous (barrier less) dissociation of the
disulfide bond is observed for chemisorbed species, which
increases the ability of DBDS to become an electron accep-
tor. In this case, the S-S distance increases from 2.0 to 2.2 A
and from 3.5 to 4.5 A for physisorption and chemisorption,
respectively. Finally, bi-coordinated interactions of the sulfur
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Fig. 6 General charge transfer (GCT) versus adsorption energies (AE,gs 3ng AEqgs_t1ayer p2)

Fig. 7 Selected ELF isosur-
faces (ELF = 0.80) for a physi-
and b chemisorption complexes
formed by DBDS adsorption on
copper surface

A

Top view

atoms with the Cu atoms and preferential orientation of the
phenyl rings parallel to the copper surface were observed.

3.2.2 Electron localization function (ELF) analysis

In Fig. 7, a representation of the ELF basins is shown to
help visualize the most relevant regions of valence electron
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density that characterize the DBDS in its adsorption pro-
cess on copper surface.

The basin population analysis using pseudopotentials
is not accurate enough, mainly to describe the population
associated with sulfur atoms. However, the topological
description gives us important information about the bonds
in the different obtained complexes in this work.
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In all kinds of formed complexes by physi- or chem-
isorption, each benzyl sulfide moiety of the adsorbed
DBDS presents two kinds of C—H bonds, aromatic (6) and
methylene (2), represented by disynaptic basins V(H,C).
The six carbon—carbon aromatic bonds are represented by
disynaptic V(C-C), the shape and the population, close to
3e, is characteristic for delocalized bonds in aromatic sys-
tems, and the one non-aromatic bond, V(C-C), has popu-
lation close to 2.1 e. Around the sulfur atom is possible to
visualize the disynaptic V(C-S) with population between
1 and 1.5e and two monosynaptic basins V(S) which char-
acterize the electron lone pairs. At least one of these is
located between sulfur and surface. But the main differ-
ence is centered in the disynaptic basin V(S-S), which
describes the disulfide bond. In the physisorption com-
plexes it is possible to visualize this basin, however in the
chemisorption complexes the V(S-S) disynaptic basin dis-
appears. It indicates the disulfide dissociation in the most
stable formed complexes.

Corroboration of the topological description was made
using the structure of isolated DBDS, with the geometry
adopted in the complex. Initially, the level of calculation
previously described was used and the topological descrip-
tion was confirmed by the all electron PBE/def2-TZVP
level of calculation. The same description was obtained,
and the disynaptic V(S-S) appears and disappears in the
DBDS physi- and chemisorption complexes, respectively.

4 Conclusions

The molecular (physisorption) and dissociative (chemisorp-
tion) adsorption of DBDS on Cu(111) was studied by means
of periodic DFT. Physisorption was investigated in detail by
optimizing systematically all possible conformations. The
adsorption site was found to be bi-coordinated bridge for
physisorption and on simple bridge for chemisorption. The
adsorption energies were calculated and decomposed, vali-
dating the high contribution of relaxation in the adsorption
process. The charge transfer and the ELF function were used
to describe the electronic structure of the adsorption com-
plex. It was found that a charge transfer from the Cu(111)
surface to the disulfide group occurs, reaching a maximum
in the structures where S—S bond dissociation is observed,
whereas in the physisorption processes, the DBDS molecule
acts as donor but with a lower rate of charge transfer to the
Cu surface. The ELF shows the absence and presence of the
S-S bond in chemisorption and physisorption, respectively.

The dissociative adsorption of DBDS on Cu(111) can
be considered as the first step of the copper corrosion phe-
nomenon in which an oxidation process takes place on the
surface.

@ Springer
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