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e interaction strength at the
interface of neutral chalcogen ligands and gold
surfaces

Talia Alexandra Garzón,a Mary Tabut, bc Monica Calatayud, b

Fernando Mendizabal *d and Maŕıa Luisa Cerón *a

Using dispersion-corrected density functional theory (DFT-D3), this study systematically examines the

adsorption behavior of Au(XR) species (X = S, Se, Te; R = –H, –CH3, –C6H11) on gold surfaces of

different morphologies Au(111), Au(100), Au(110), Au(321), and Au(32�1). The results demonstrate that the

interaction strength increases with both the chalcogen's polarizability and the steric size of the

substituent (Te > Se > S and –H < –CH3 < –C6H11). A clear relationship between surface reactivity and

dispersion contribution is established: while Au(111) adsorption is governed by long-range van der Waals

interactions, rougher surfaces such as Au(110) and Au(321) promote stronger chemisorption through

bridge-type bonding. Notably, a dispersion threshold of approximately 45% distinguishes between

physisorbed and chemisorbed regimes. Bader charge and PDOS analysis further reveals charge transfer

from the metal slab to the ligand, increasing from S to Te. These findings offer a comprehensive

structure–energy relationship that can guide the rational engineering of chalcogen–gold interfaces with

tailored electronic and structural properties.
1. Introduction

Surface property modication of metallic substrates has
garnered signicant attention for its wide-ranging applications
in nanotechnology,1 as well as in areas such as adhesion,
friction,2–4 protection,5 corrosion resistance,6 catalysis,7 and
wettability.8 In synthetic nanotechnology, precise control over
the morphology and surface termination of metal nanoparticles
(NPs) is critical, as their shape is closely tied to their activity and
functional properties.2–4 Over the past few decades, consider-
able progress has been made in shaping gold nanoparticles
(AuNPs),5–7 which has expanded their utility in key areas such as
sensing,7 biomedicine,1,9 chirality,10,11 and catalysis.12,13

One of the most effective strategies for modifying surface
properties is using self-assembled monolayers (SAMs).9–15 These
are semi-rigid, two-dimensional layers formed by molecules
that covalently bind to a substrate, imparting new chemical
characteristics to the surface.16–21 SAM-forming molecules typi-
cally consist of three essential components: a head group that
s Terrae, Av. Pedro de Valdivia 1509,
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RS-UMR 8233, 4 Place Jussieu, F-75005
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the Royal Society of Chemistry
binds rmly to the substrate, a terminal group that denes the
external surface chemistry, and a spacer (which can be an
aliphatic chain, aromatic group, or mixed structure) separating
the head and terminal groups.22–24

Traditionally, SAMs have utilized thiols (–SH) as the head
group to anchor molecules to noble metals, particularly gold
surfaces,22–24 due to their ease of preparation and stability.6,25–27

However, alternatives to sulfur (S) as the anchor atom are being
explored,28,29 with selenium (Se) and tellurium (Te), other
elements from the chalcogen group, emerging as promising
candidates.30,31 Theoretical studies on ligand interactions with
gold substrates containing chalcogens have revealed that these
interactions are primarily driven by electrostatic forces, with
a smaller but signicant contribution from dispersive interac-
tions.30 Nevertheless, studies on extended systems incorpo-
rating dispersion effects on heavier chalcogen elements
interacting with gold surfaces remain limited.31,32 These
advanced approaches are essential for deepening our under-
standing of the properties and stability of interactions between
ligands and metallic substrates, particularly through the iden-
tication of the intra and intermolecular interactions between
ligands and gold atoms.

In this work, the nature of molecular bonding in complex
inorganic systems is examined, with particular emphasis on
how structural variations, gold surface morphology, and elec-
tronic dispersion effects inuence the interaction with
chalcogen-based neutral ligands (Au(XR), where X = S, Se, Te;
and R = –H2, –CH3, –C6H11). To account for both
RSC Adv., 2026, 16, 4335–4346 | 4335
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thermodynamic stability and the potential for enantioselective
interactions, ve representative Au surfaces (111), (100), (110),
(321), and (32�1) are considered, following the approach re-
ported by Morales-Vidal et al.33 in their study of amino acid
adsorption, see Fig. 1. This selection enables a systematic
comparison between achiral low-Miller-index facets and high-
index chiral terminations, thereby providing a comprehensive
framework to evaluate the role of chalcogen atoms and disper-
sion forces in modulating surface reactivity. In this work, we
restrict our analysis to molecular adsorption modes of XR on
Au(hkl) surfaces. Dissociative pathways or reaction intermedi-
ates are beyond the scope of the present study, as our objective
is to evaluate comparative interaction strengths and geometric/
electronic trends.
2. Computational details

The Perdew–Burke–Ernzerhof (PBE) exchange-correlation
functional34 was employed, along with van der Waals correc-
tions35 using the Grimme D3 method,36 in all calculations per-
formed with VASP version 6.2.1.37–39 Core electrons were treated
using projector-augmented wave (PAW) pseudopotentials.40,41

For Au, H, and C atoms, 11, 1, and 4 valence electrons were
used, respectively, while six valence electrons were assigned to
the chalcogens (S, Se, and Te). A plane-wave basis set with
a 450 eV cutoff42 was applied in all cases. Structural optimiza-
tions were carried out using the Davidson algorithm (ALGO =

FAST), with a maximum of 400 ionic steps and an energy
convergence threshold of 1 × 10−6 eV. However, in some cases,
for single-point energy calculations, the full diagonalization
(ALGO = All) was required to ensure convergence of all elec-
tronic states.

Different morphologies of the gold substrate were utilized in
this work to determine the orientations of the ligands on Au
surfaces, as displayed in Fig. 1. Periodic boundary conditions
were employed to model gold (Au) surfaces across three low-
Miller-index planes (111), (110), and (100), as well as two high-
Miller-index planes (321) and (32�1). The (111) and (110)
surfaces were modeled using four atomic layers, whereas the
(100) surface was constructed with eight atomic layers. For the
(321) and (32�1) terminations, sixteen atomic layers were
utilized. The number of layers for each surface was determined
according to its degree of openness.43 In all cases, the bottom
Fig. 1 Schematic view of the Au(XR) complexes (X = S, Se, Te, and R =

4336 | RSC Adv., 2026, 16, 4335–4346
half of the layers were kept xed to replicate bulk behavior,
while the top half was fully relaxed. A 15 Å vacuum region was
incorporated between the slabs, accompanied by a dipole
correction along the z-axis.44 The models used are illustrated in
Fig. 1 and were developed following a methodology like that
described in the studies by Morales-Vidal et al.33

The studied Au surface was represented using different
models: the Au(111) and Au(100) surfaces were described with
p(4 × 4) slabs; the Au(110) surface was modeled with a p(3 × 3)
slab; and the Au(321) and Au(32�1) surfaces were represented
with p(2 × 2) slabs. The Brillouin zone for all models was
sampled using a 3 × 3 × 1 k-point mesh generated using the
Monkhorst−Pack method.45 A single chalcogen molecule per
unit cell was included to model a low-coverage system. All
atomic structures and charge distributions were visualized
using VESTA (Visualization for Electronic and Structural Anal-
ysis) soware, version 3.90.0a.46 In this study, the interaction
energy (with and without dispersion corrections), the disper-
sion contribution percentage are presented in Table 1 and the
gold complexes' charge in Table 2.
3. Models
3.1 Clean surfaces

For the development of this study, it is essential to conduct
a preliminary analysis of the surface energy of the systems
under consideration. In this work, the Au(100), Au(110), and
Au(111) surfaces have been selected, as they are achiral. Addi-
tionally, the Au(321) and Au(32�1) surfaces are reported as
chiral,33,47 where Au(321) can be assigned the R conguration,
while Au(32�1) corresponds to the S conguration.

These structural congurations are depicted in Fig. 1 and 2,
with the latter providing a view along the Z direction, high-
lighting the surface topology where the ligands are adsorbed. To
conrm the convergence of the total energy, eqn (1) was used to
calculate the surface formation energy (g in J m−2) for the slab
models. The expression for eqn (1) is as follows:48

g ¼ Eslab � nEbulk

2A
(1)

where Ebulk represents the total energy of the bulk of gold per
unit formula, and Eslab corresponds to the energy of the slab
used in the models. The number of layers varies depending on
–H2, –CH3, or –C6H11).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Interaction energies between gold surfaces and XR (chalcogen compounds), where X = S, Se, Te and R = –H, –CH3, –C6H11. Energies
listed correspond to the total interaction energies DEint(PBE-D3) and without the dispersion contribution DEint(PBE). The percentage of
dispersion term is included. All energies are in eV

Au(hkl)–XR

DEint PBE-D3 DEint PBE % Dispersion

S Se Te S Se Te S Se Te

Au100-XH2 −0.630 −0.776 −1.064 −0.469 −0.540 −0.540 25.6 30.5 49.3
Au110-XH2 −0.980 −1.142 −1.312 −0.710 −0.782 −0.782 27.6 31.5 40.4
Au111-XH2 −0.561 −0.708 −0.969 −0.159 −0.216 −0.216 71.6 69.4 77.7
Au321-XH2 −0.869 −1.075 −1.242 −0.552 −0.607 −0.607 36.5 43.5 51.2
Au32-1-XH2 −0.985 −1.194 −1.184 −0.614 −0.691 −0.691 37.7 42.1 41.6
Au100-XHCH3 −0.939 −1.096 −1.373 −0.609 −0.681 −0.872 35.2 37.9 36.5
Au110-XHCH3 −1.222 −1.376 −1.825 −0.895 −0.939 −1.310 26.7 31.8 28.2
Au111-XHCH3 −0.855 −1.019 −1.285 −0.285 −0.374 −0.530 66.6 63.3 58.8
Au321-XHCH3 −1.226 −1.665 −1.592 −0.780 −1.228 −0.972 36.4 26.3 38.9
Au32-1-XHCH3 −1.189 −1.456 −1.556 −0.782 −0.877 −1.022 34.3 39.8 34.3
Au100-XHC6H11 −1.408 −1.557 −1.884 −0.534 −0.605 −0.838 62.1 61.1 55.5
Au110-XHC6H11 −1.558 −1.676 −1.979 −0.693 −0.749 −1.046 55.5 55.3 47.1
Au111-XHC6H11 −1.271 −1.454 −1.788 −0.159 −0.270 −0.465 87.5 81.5 74.0
Au321-XHC6H11 −1.689 −1.827 −2.126 −0.613 −0.705 −0.924 63.7 61.4 56.6
Au32-1-XHC6H11 −1.688 −1.793 −2.060 −0.671 −0.718 −0.911 60.3 60.0 55.8
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the surface: four for Au(100) and Au(111), three for Au(110), and
two for Au(321) and Au(32�1) systems. A is the area of the unit
cell, and the factor 2 comes from the fact that each slab has two
surfaces.42 The choice of these numbers of layers ensures that
the slab is thick enough to accurately represent both surface
and bulk properties.

The calculated surface energies for all systems are shown in
Fig. 2. It can be observed that for the achiral systems Au(100),
Au(110), and Au(111), the energies are 1.55 J m−2, 1.63 J m−2,
and 1.43 J m−2, respectively. This indicates a trend of increasing
energy: Au(110) > Au(100) > Au(111), a trend that has also been
observed in other studies with values similar to those obtained
in this study.49–51 In contrast, for the chiral systems Au(321) and
Au(32�1), the energy remains at 1.59 J m2, which is the value
reported by Morales-Vidal et al.33 These values are relatively
close to the experimental value for the surface of Au(111), which
is 1.50 J m−2.52,53

3.2 Models for chalcogen ligands and gold surfaces

As mentioned in the Computational details, to study the
dispersion effects generated by chalcogens on gold surfaces
Table 2 Bader charges (in jej) of chalcogen molecules adsorbed on var
(XH2, XHCH3, XHC6H11 with X = S, Se, Te) on Au(100), Au(110), Au(111), A
bader charge of the chalcogen atom (S, Se and Te)

(100) (110)

SH2 −0.190 (−0.084) −0.198 (−0.022)
SeH2 −0.252 (−0.271) −0.243 (−0.226)
TeH2 −0.362 (−0.647) −0.361 (−0.665)
SHCH3 −0.227 (−0.093) −0.240 (−0.062)
SeHCH3 −0.275 (−0.282) −0.289 (−0.308)
TeHCH3 −0.396 (−0.675) −0.351 (−0.536)
SHC6H11 −0.235 (−0.039) −0.253 (−0.064)
SeHC6H11 −0.293 (−0.257) −0.292 (−0.266)
TeHC6H11 −0.404 (−0.610) −0.418 (−0.643)

© 2026 The Author(s). Published by the Royal Society of Chemistry
under low coverage conditions, Au(XR) type systems are
modeled, where X represents the chalcogen element (S, Se, Te)
and R corresponds to three types of substituents: –H, –CH3 and
–C6H11. In all cases, the neutral state of the system is main-
tained by adding a hydrogen atom bonded to the chalcogen,
which electronically stabilizes the adsorbed species.

Fig. 3 illustrates the models presented in this study sche-
matically, the gold surfaces are represented by blocks on which
the different XR species adsorb. In each case, different initial
orientations of the molecule with respect to the surface were
considered, including horizontal (Fig. 3a, c, and e) and vertical
(Fig. 3b, d, and f) geometries, to represent the possible
adsorption congurations under low coverage conditions.

In all systems, the chalcogen atom is initially placed at the
top site of the gold atom on the surface. It is fully relaxed to
obtain the optimized conguration, as previously described,
using DFT calculations to determine their minimum energy
geometries. From these optimized structures, the adsorption
energies were calculated with and without dispersion correc-
tion, along with the percentage of dispersive contribution; all
these results are reported in Table 1. This strategy enables
ious Au(hkl) surfaces. Total bader charges are given for each molecule
u(321), and Au(32�1) surfaces. Values in parentheses correspond to the

(111) (321) (32−1)

−0.167 (−0.026) −0.231 (−0.062) −0.206 (0.013)
−0.221 (−0.274) −0.274 (−0.304) −0.234 (−0.209)
−0.351 (−0.631) −0.387 (−0.669) −0.386 (−0.659)
−0.205 (−0.101) −0.257 (−0.104) −0.254 (−0.107)
−0.269 (−0.317) −0.317 (−0.331) −0.270 (−0.238)
−0.400 (−0.676) −0.415 (−0.692) −0.427 (−0.711)
−0.214 (0.011) −0.249 (−0.048) −0.256 (−0.086)
−0.277 (−0.263) −0.316 (−0.274) −0.314 (−0.312)
−0.396 (−0.624) −0.426 (−0.622) −0.428 (−0.657)

RSC Adv., 2026, 16, 4335–4346 | 4337
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Fig. 2 Top view of gold surfaces considered in this study and their corresponding computed surface energies in J m−2.

Fig. 3 Schematic representations of the XR species adsorbed on
different gold surfaces: Au(100), Au(110), Au(111), Au(321), and Au(32�1),
depicted as gold blocks. Panels (a), (c), and (e) correspond to horizontal
molecular orientations, while (b), (d), and (f) show vertical configura-
tions. Legend: (S, Se, or Te) = white sphere with blue circle; brown =

carbon; white = hydrogen.
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a systematic evaluation of how molecular orientation and the
nature of the R group affect the stability and electronic prop-
erties of the interaction between the chalcogen and the gold
surface.
4. Results and discussion
4.1 Interaction strength analysis

The interaction energies Eint between the chalcogens and the
various gold surfaces are calculated using the following
expression:33,42

Eint = EAu(hkl)–XR − (EAu(hkl) + n$EXR) (2)

where EAu(hkl)−XR represents the total energy of the chalcogen-
containing compound (where X = S, Se, Te and R = –H, –CH3,
–C6H11), EAu(hkl) corresponds to the energy of the gold surface,
and EXR is the energy of the isolated molecule. In this work, n =

1 since the calculations are performed under low coverage
conditions with only one molecule. As mentioned above in
4338 | RSC Adv., 2026, 16, 4335–4346
Fig. 3, both vertical and horizontal geometries were considered
for the molecules without dissociating the X–R bond, and the
most stable conguration was selected based on its lower
electronic energy.

Table 1 presents the results of the evaluation of eqn (2),
which includes the energies of all systems studied at the PBE
level, both with and without Grimme's correction. The disper-
sion percentages associated with each chalcogen on the
different gold surfaces are also reported. The Eint values for all
systems indicate that the inclusion of the dispersion correction
results in more negative interaction energies (DEint), conrming
that this term is helpful in accurately describing adsorption.
The magnitude of DEint depends on the nature of the chalcogen
(X = S, Se, Te) and on the substituent R, consistent with varia-
tions in polarizability and molecular size. The affinity for gold
follows Te > Se > S, reecting the higher polarizability of Te and
its greater ability to establish stronger interactions with the
surface. This pattern is consistent across the three XR ligand
families and becomes more pronounced as the group prog-
resses. The effect of R is likewise marked: on average, the
interaction energy becomes more negative in the order XH2 <
XHCH3 < XHC6H11, indicating that bulkier substituents
promote adsorption. Stability also depends on the surface facet.
For XH2, the weakest interaction corresponds to Au(111)-SH2

(−0.561 eV), whereas the strongest is observed for Au(110)-TeH2

(−1.312 eV). For XHCH3, the least stable system is Au(111)-SCH3

(−0.855 eV) and the most stable is Au(110)-TeCH3 (−1.825 eV).
Finally, for XHC6H11, the strongest interactions in the entire
series are reached, with Au(321)-TeC6H11 (−2.126 eV) being the
most negative; in contrast, within this family, the least negative
value appears for Au(111)-SC6H11 (−1.271 eV).

With respect to the contribution of dispersion, exceptionally
high percentages are observed for systems with a vertical
geometry on the Au(111) surface, as discussed below. These
results show that, beyond substituent size, the molecular
orientation and the specic surface strongly condition the
importance of dispersion forces in stabilizing the adsorbate-
surface system. Additional tests performed with the r2SCAN
meta-GGA functional with rVV1054 on a representative weakly
bound system (SH2/Au(111)) and a strongly interacting cong-
uration (XC6H11/Au(321)) conrm that the relative energetic
trends are preserved. Although r2SCAN yields slightly more
stabilizing adsorption energies, the stability order between at
and stepped Au surfaces remains unchanged, supporting the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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robustness of the conclusions obtained with the original GGA +
D3 approach (see Table S1 in SI)

4.2 Inuence of surface morphology and dispersion

Fig. 4 shows the dispersion for the XR (X = S, Se, Te; R = H2,
HCH3, HC6H11) on the ve surfaces studied. Au(111) stands out
with the highest values: for XHC6H11 it reaches 87.5% (S), 81.5%
(Se), and 74.0% (Te), and it is also high for XH2 (z70–77%) and
XHCH3 (z58–66%). For a given surface, the dispersion fraction
increases with substituent size (XH2 / XHCH3 / XHC6H11),
suggesting that long-range van der Waals contacts become
more important as the group becomes bulkier.

Fig. 4 also shows that the more reactive surfaces Au(321)/
Au(32�1) and Au(110) exhibit lower dispersion percentages (e.g.,
XH2 z 40–43%, XHCH3 z 25–40%, XHC6H11 z 55–62%) and,
on average, display more negative DEint, indicating a predomi-
nance of the chemical contribution to stabilization. This trend
is consistent with their higher surface energies (g z 1.59 J m−2

for Au(321)/Au(32�1) and g z 1.63 J m−2 for Au(110)) compared
with the compact Au(111) facet (g z 1.43 J m−2), where van der
Waals interactions tend to dominate. Finally, Au(100) remains
the least favorable facet, particularly for XH2.

4.3 Structural and charge analysis

Before analyzing the bonding geometry in detail, it is important
to assess whether adsorption induces any modication of the
Fig. 4 Dispersion percentage in adsorbate–surface stabilization for XR (c
on gold surfaces. Au(111) is dominated by van der Waals interactions (
surfaces) show a lower dispersion percentage and more negative DEint,
XHC6H11 is also observed.

© 2026 The Author(s). Published by the Royal Society of Chemistry
surface structure. A comparison between the clean and
adsorbate-covered slabs (Fig. S1–S4) shows that adsorption
produces only localized relaxation of the topmost Au layer.
Vertical displacements remain within 0.05–0.20 Å, while in-
plane Au–Au distances deviate by less than 2–3% from the
clean surfaces. No lateral rearrangements, loss of periodicity,
formation of adatoms, or step restructuring were observed.
Therefore, the Au(hkl) terminations preserve their terrace-step
morphology, indicating that XR adsorption leads to minor
local relaxation rather than true surface reconstruction.

The preferred adsorption site for each surface was also
determined from the most stable optimized geometries. On
Au(32�1), XR species bind at the step-edge Au atom, maximizing
interaction with under-coordinated sites. On Au(110), adsorp-
tion occurs at a bridge site between the Au rows along the [�110]
direction. On Au(321), the chalcogen atom preferentially
occupies the step/kink region of the terrace step structure.
These adsorption sites were consistently observed for all XH2,
XHCH3 and XC6H11 species.

Fig. 5 and 6 illustrate the optimized adsorption geometries
of the Au(XR) systems, where X = S, Se, Te, and R = H2, CH3,
C6H11, corresponding to the highest and lowest energy cong-
urations, respectively. As shown in Fig. 5, the complexes with
the highest interaction energies are located on the Au(111)
surface, which represents the least reactive termination within
the studied set. In these congurations, the ligands adopt
halcogens compounds), where X= S, Se, Te and R= –H, –CH3,–C6H11

maxima for XHC6H11), whereas Au(321)/Au(32�1) and Au(110) (reactive
evidencing a greater chemical contribution. The trend XH2 < XHCH3 <

RSC Adv., 2026, 16, 4335–4346 | 4339
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Fig. 5 Optimized adsorption geometries of Au(XR) species (X = S, Se, Te; R = –H, –XCH3, –XC6H11) on the Au(111) surface, showing charac-
teristic Au–X distances (d1–2) and X–Au–Au angles (:123). These configurations correspond to the systems with the highest interaction energy
values (least stable adsorption) within the studied series.
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nearly perpendicular orientations relative to the surface, with
longer Au–X distances and larger X–Au–Au angles, consistent
with weaker adsorption dominated by dispersive interactions.
Conversely, Fig. 6 displays the most stable adsorption geome-
tries, located on stepped and chiral surfaces Au(321), Au(32�1),
and Au(110). These congurations exhibit shorter Au–X
distances and smaller X–Au–Au angles, reecting stronger
chemisorptive interactions. The comparison between both
gures highlights a clear correlation between surface
morphology and adsorption strength: at surfaces favor weak,
dispersion-driven physisorption, whereas stepped terminations
promote stronger chemical bonding and greater stabilization of
the Au–X interaction. These parameters enable the correlation
of geometry and stability, highlighting the strength of the
interaction between the chalcogen (X = S, Se, Te) and the
substituent R on the gold surfaces.

Furthermore, Fig. 5 and 6 show that increasing chalcogen
polarizability (Te > Se > S) and substituent size (–H < –CH3 < –

C6H11) systematically drive DEint toward more negative values,
thereby enhancing the strength of the chalcogen–gold interac-
tion. The series spans from the most stable Au(321)-TeHC6H11

to the least stable Au(111)-SH2. On the other hand, it is
acknowledged that surface thiols (SH) typically dehydrogenate
on gold to yield thiolate species.55,56 However, in this study, only
non-dissociated X–H ligands are considered to enable a consis-
tent comparison among neutral adsorbates. Consequently, the
XH2 cases appear less stabilized than would be expected for
4340 | RSC Adv., 2026, 16, 4335–4346
their deprotonated counterparts (X−),57 whose treatment is
ionic by nature and falls outside the scope of the present work.

In addition, the gold surfaces modulate the geometry and
stability: Au(111) tends to favor more vertical TOP-side orien-
tations with a high dispersion contribution (see Fig. 5); while
Au(321), Au(32�1) and Au(110) stabilize bridge congurations
with stronger interactions (more negative DEint), a lower
percentage of dispersion (∼20–40%), d1–2 < 2.6 Å, and angles of
50–70° (see Fig. 6). In contrast, the congurations predomi-
nantly on Au(111) (the most stable surface, as shown in Fig. 2
for clean surfaces), exhibit d1–2 > 2.6 Å, a higher dispersion
contribution (∼70–80%), TOP-side orientation, and angles of
85–95°. This is consistent with previous reports for chalcogens
on Au(111), where the TOP-side conguration is preferred,58–60

suggesting that neutral chalcogen species tend to stabilize in
TOP-side positions on Au(111) due to the high stability of the
Au(111) surface.

Table 2 presents the Bader charge analysis for the series of
chalcogen-containing molecules (–H, –CH3, and –C6H11, with X
= S, Se, Te) adsorbed on each distinct gold crystallographic
plane [(hkl)] considered in this work. In all cases, the total
charge transfer from the surface to the molecule is negative,
indicating a net transfer of electrons from the metal to the
adsorbed molecule. The magnitude of charge transfer increases
systematically from S to Te across all surface orientations,
which can be attributed to the increasing polarizability and
atomic size of the heavier chalcogens. The substitution of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Optimized adsorption geometries of Au(XR) species (X = S, Se, Te; R = –H2, –CH3, –C6H11) on stepped and chiral gold surfaces Au(32�1),
Au(110), and Au(321), showing characteristic Au–X distances (d1–2) and X–Au–Au angles (:123). These configurations correspond to the systems
with the lowest interaction energy values (most stable adsorption) within the studied series.
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dihydrogen with electron-donating groups (–CH3 or –C6H11)
leads to a modest but systematic increase in charge transfer,
especially for Se and Te derivatives, supporting the role of the
nature of the anchoring atom in modulating surface
interactions.

Interestingly, no direct correlation is observed between the
magnitude of charge transfer (either total or on the chalcogen
atom) and the calculated interaction energies. However, among
the surfaces studied Au(111) consistently exhibits the lowest
charge transfer and also corresponds to the least stable
adsorption congurations, which is consistent with its relatively
inert and closely packed nature. For themost stable systems (i.e.
those with the strongest interaction energies), no clear depen-
dence on the total molecular charge or the chalcogen charge can
be established. This suggests that factors beyond simple charge
accumulation, such as geometric orientation, orbital overlap or
surface electronic structure, may play a more dominant role in
dictating adsorption strength.

Notably, the chiral Au(321) and Au(32�1) surfaces consistently
induce greater electron accumulation on the chalcogen atom
compared to the achiral Au(100), Au(110), and Au(111) surfaces.
This is consistent with the presence of low-coordination sites
(e.g. steps and kinks) on the chiral facets, which enhance
molecule–surface interactions. This trend aligns with the
stronger interaction energies observed for most systems on
these surfaces.
© 2026 The Author(s). Published by the Royal Society of Chemistry
In terms of charge distribution, the chalcogen atom gener-
ally accommodates the majority of the transferred electron
density. This trend is particularly pronounced for tellurium-
containing species, with Bader charges as low as −0.711 jej on
the Au(32�1) surface for Te in TeHCH3. An exception is observed
for sulfur, where the charge on the S atom is signicantly
smaller and comparable to that of hydrogen atoms.

On the other hand, the specic type of interaction between
all adsorbed molecules and gold surfaces was thoroughly
analyzed by calculating the projected density of states (PDOS)
for each system. Our investigation focused exclusively on the 5d
orbitals of the gold atoms in direct interaction with the organic
molecule and the p orbitals of the chalcogen atoms (X = S, Se,
Te) from the adsorbed molecules (XH2, XHCH3, XHC6H11). For
comparison, we examined these interactions on both the
specic most and least stable gold surface orientations for each
system.

Across all investigated systems and surface orientations, the
PDOS of the chalcogen p orbitals consistently show contribu-
tions within the energy range of the gold 5d states, indicating an
electronic interaction, most likely covalent in nature. A clear
trend emerges with respect to the chalcogen identity: as we
move from S (green lines in the PDOS) to Se (red lines) and then
to Te (blue lines), the contribution of the p orbitals in the energy
region above the Fermi level is systematically shied to lower
energies. This trend is exemplied in Fig. 7 for the AuXH2
RSC Adv., 2026, 16, 4335–4346 | 4341
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systems and further corroborated by the AuXHCH3 and
AuXHC6H11 systems presented in Fig. S5 and S6, respectively.
For tellurium, these p-orbital contributions even overlap
signicantly with Ef. This shi of chalcogen p-orbital density to
energies below Ef enhances the covalent bond character
between the metallic surface and the chalcogen atom. This
progressive strengthening of the covalent Au–X interaction can
be attributed to the increasing atomic size and polarizability of
the heavier chalcogens, which lead to more diffuse p-orbitals
Fig. 7 Spin-polarized projected density of states (PDOS) for systems Au
clean and adsorbed surfaces. Chalcogen p-orbitals are shown with distinc
(gold) are for the adsorbed system and Au 5d “clean” orbitals (black) a
termination for each system: dotted lines represent the least stable, an
respective Fermi energies (Ef).

4342 | RSC Adv., 2026, 16, 4335–4346
capable of more extensive orbital overlap with the gold 5d-
orbitals.

Comparing the most stable (represented by plain lines) and
least stable (represented by dotted lines) gold surfaces further
elucidates the adsorption mechanism. While the fundamental
Au–X bond character is present on both, the PDOS of the more
stable surfaces oen exhibits subtly enhanced or broader
features related to orbital interaction compared to the less
stable surface. Notably, on the most stable surfaces, the
XH2 with chalcogen (X = S, Se, Te) p-orbitals and gold 5d-orbitals on
t colors (green for S, red for Se, blue for Te), while Au 5d “bond” orbitals
re for the clean slab. Plots include the least and most stable surface
d solid lines represent the most stable. All PDOS are aligned to their

© 2026 The Author(s). Published by the Royal Society of Chemistry
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chalcogen p orbitals are observed to shi to higher energies,
which in turn increases the potential for overlapping with the
5d orbitals of the gold atoms. The electronic structure of the
clean gold surfaces (represented by black lines) also plays
a crucial role. For all systems, we observe either a shi or
a broadening of the gold 5d orbital PDOS across the energy
range upon adsorption, compared to the clean surface. This
directly reects the electronic rearrangement and charge
redistribution associated with the bond formation at the
interface.

Beyond the chalcogen atom, the molecular ligands (H2, CH3,
and XHC6H11, typically ordered from top to bottom in the
gures for a given chalcogen) introduce subtle modulations to
the overall electronic structure. Although the core Au–X inter-
action dominates, the presence of electron-donating groups like
CH3 and the bulkier cyclohexyl can inuence the local electron
density around the chalcogen and indirectly affect the orbital
interactions. These ligands induce minor alterations in the
peak shapes and intensities of both the chalcogen p-orbitals
and the interacting gold d-orbitals in the PDOS. For instance,
the CH3 group oen leads to an intensity of the PDOS that is
approximately twice as high as that observed for the H2 or
cyclohexyl groups, suggesting amore signicant contribution to
the density of states from this ligand.

5. Conclusion

This theoretical study elucidates the interplay between chal-
cogen identity, substituent size, and surface morphology in
determining the adsorption strength and geometry of Au(XR)
systems on gold surfaces. Three key trends emerge. Chalcogen
effect: The interaction strength follows the order Te > Se > S,
consistent with increasing polarizability and enhanced charge
transfer from the surface to the ligand. Substituent effect:
bulkier groups (–C6H11) amplify adsorption energies through
larger dispersion contributions and greater surface contact.
Surface effect: compact surfaces like Au(111) favor dispersion
dominated, vertical adsorption, while stepped or chiral facets
Au(110), Au(321), Au(32�1) promote chemisorbed bridge cong-
urations with shorter X–Au distances.

Electronic-structure analysis through PDOS further supports
these trends, revealing systematic strengthening of the Au–X
covalent interaction from S / Se / Te, accompanied by
increased p(X)–d(Au) hybridization and characteristic shis of
chalcogen p-states toward the Fermi level. These features are
more pronounced on the most stable adsorption orientations,
conrming that geometric stabilization and electronic rehy-
bridization act cooperatively to dene the adsorption
mechanism.

A key nding is the identication of a dispersion contribu-
tion threshold (∼45%), beyond which the adsorption mecha-
nism shis from physisorption to chemisorption. This provides
a quantitative descriptor for predicting adsorption modes
across different surfaces. Overall, the results underscore the
necessity of including dispersion corrections in DFT simula-
tions to accurately capture adsorption energies and geometries,
particularly for systems involving heavy chalcogens and bulky
© 2026 The Author(s). Published by the Royal Society of Chemistry
ligands. The combined energetic and electronic insights pre-
sented here establish a coherent framework for understanding
and designing gold–chalcogen interfaces, opening avenues in
catalysis, self-assembled nanostructures, and molecular
electronics.
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11 B. Ni, M. Mychinko, S. Gómez-Graña, J. Morales-Vidal,
M. Obelleiro-Liz, W. Heyvaert, D. Vila-Liarte, X. Zhuo,
W. Albrecht, M. Zheng, G. González-Rubio, J. M. Taboada,
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