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Nanomechanics of Bidentate Thiolate Ligands on Gold Surfaces
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The effect of the chain length separating sulfur atoms in bidentate thiols attached to defective gold
surfaces on the rupture of the respective molecule-gold junctions has been studied computationally.
Thermal desorption always yields cyclic disulfides. In contrast, mechanochemical desorption leads to
cyclic gold complexes, where metal atoms are extracted from the surface and kept in tweezer-like
arrangements by the sulfur atoms. This phenomenon is rationalized in terms of directional mechanical
manipulation of Au-Au bonds and Au-S coordination numbers. Moreover, the flexibility of the chain is
shown to crucially impact on the mechanical strength of the junction.
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Thiolate-gold interfaces have been intensely studied for
many decades using a wide array of experimental and
computational methodologies [1,2]. The pronounced inter-
est in these particular hybrid molecule-metal junctions and
interfaces is due to a multitude of potential applications
such as tailoring the properties of surfaces [3—7], chemical
anchors for molecular electronics applications [8—10], or
coating agents for the stabilization of gold nanoparticles
[11,12]. Only lately, it has been realized that the consid-
eration of the mechanical properties of these molecule-
metal hybrids becomes a crucial design factor [13-24] for
nanoscale devices.

In recent years, the interest in multidentate thiolate
ligands adsorbed on metallic surfaces has grown rapidly
because of the search for an enhanced interaction [25].
Specifically, thioctic acid (TA), a bidentate thiolate, has
been widely used as the anchor for polyethylenglycol
(PEG) chains to “PEGylate” gold nanoparticles [26-31].
This ligand provides enhanced stability to gold nano-
particles under a wide range of conditions with respect
to their monothiolated counterparts [28-30]. Self-
assembled monolayers (SAMs) of aromatic dithiols on
gold have been shown to be more robust than the analogous
normal alkanothiolate and aromatic thiolate SAMs [32,33].

Despite the increasing interest in exploiting multidentate
thiols for functionalization, all experimental and theoretical
studies performed so far have dealt only with the structure
and thermodynamic stability of these adsorbates.
Information about how such multidentate SAMs or junc-
tions would respond to external stress is conspicuously
absent, whereas monothiol-based interfaces and point
contacts have been intensely studied [13,20,34—41]. To
the best of our knowledge, only one paper dealing with the
mechanical rupture of a dithiolate linkage to gold has been
reported [42]. Interestingly, the measured force required to
remove a single TA molecule from the gold substrate
resulted in an about 3.4 times smaller rupture force
compared to that of a simple Au-S bond. This suggests
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that SAMs of multidentate thiols may be less stable under
tensile stress than anticipated from their thermal properties
via thermal desorption experiments and computed binding
energies. Yet, no explanation of this most puzzling result is
available in the literature known to us.

Here, we shed light onto this open topic by investigating,
by means of electronic structure calculations, the mechani-
cal desorption of a series of bidentate thiolated ligands
adsorbed on a defective gold surface in a one-to-one
comparison to thermal desorption; see the Supplemental
Material (SM) for computational methods [43]. The
anchoring sulfur atoms are separated by a carbon bridge
of increasing length from one to four spacer atoms. The
molecules studied in this work are ethane-1,1-dithiol
(abbreviated by C1 in the following), butane-2,3-dithiol
(C2), pentane-2,4-dithiol (C3), and 2,3-dimethylbutane-
1,4-dithiol (C4), as depicted by the structures labeled as
“open chain dithiols” in Fig. S1. Methyl groups were added
at suitable positions as handles to enable mechanical
manipulation of the adsorbates.

Our calculations reveal that the preferred thermally
activated desorption product is the detachment of the cyclic
disulfides. A distinct correlation between the desorption
energy and the strain energy of the cyclic products explains
these observations. In stark contrast, in the mechanically
activated desorption pathway, the Au-Au bonds are prefer-
entially activated instead. This leads to the detachment of
one up to three Au atoms from the metal surface, which are
complexed by the bidentate thiolate ligands in tweezer-like
structures. The following discussion focuses on the repre-
sentative system C2, which has been chosen as our show-
case to illustrate the key findings, whereas the supporting
data from all other cases have been collected in the SM.

Three products were considered for the thermal desorp-
tion process: the corresponding cyclic disulfides as well as
cyclic gold complexes containing one or two gold atoms
extracted from the surface. The resulting desorption ener-
gies (E4.) are summarized in Table I. It can be clearly
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TABLE 1. Desorption energies (Eys) from the defective
Au(111) surface slab model (see SM) for C1 to C4 to yield
the corresponding cyclic disulfides (SS) or cyclic gold complexes
by extraction of one (Au) or two (2Au) gold atoms from the
surface, energy to form the cyclic disulfides from the correspond-
ing bidentate thiols (—E,q), RSEs for the cyclic disulfides, and
rupture forces (Fly,p) obtained from mechanical desorption (see
the SM for definitions). Energies are given in eV and forces in nN.

Molecule  ESS  E;Y  EX  —Eq RSE  Fp,
C1 249 456 592 104 086 198
C2 217 403 526  1.09 088 1.25
C3 176 374 533 054 035 205
C4 137 314 499 026 022 201

appreciated that cyclic disulfides are the preferred desorp-
tion products. The desorption energy decreases by ~50% in
the order C1 > C2 > C3 > C4, depending on the length
of the carbon bridge between the sulfur sites. Most
importantly, the extraction of gold atoms from the surface
within a thermal process is significantly disfavored in all
cases by approximately 2-3 eV.

To rationalize the observed behavior, ring strain energies
(RSEs) for the cyclic disulfides were calculated (according
to the group equivalent reaction procedure [54]) and are also
compiled in Table I. A good correlation was found between
RSE and Eg4., values with the exception of C1, for which
a slight over binding is observed (see the SM for details).
The observed trend in the desorption energies can be
tracked down to a combination of reactant (adsorbate)

destabilization, driven by the tilt angle of the S-C bond
with respect to the direction perpendicular to the surface
and product (cyclic disulfide) stabilization, governed by the
C-S-S-C torsion angle. For CH3S and for other monodentate
thiols adsorbed on Au(111) surface, the optimal tilt angle is
~60° (see, e.g., Refs. [35,55,56]) and is related to the
orientation of sulfur orbitals. The tilt angles of the C-S
bonds in the adsorbed structures are about 59°, 36°, 32°, and
43° for C1, C2, C3, and C4, respectively. As was recently
pointed out [57], this reduction in the tilt angle for bidentate
thiolates, which is an immediate consequence of the con-
straints imposed by the rather short carbon bridge between
the two S atoms, can be related to a destabilization of the
adsorption of dithiolated anchors on Au(111). As it is well
known, a value of ~90° is preferred for the C-S-S-C torsion
angle in open chain dialkyl disulfides [58]. For the
cyclic disulfides that are obtained as thermal desorption
products, this value increases in the order C2(19°) <
C3(46°) < C4(58°), and thus, thermal desorption of C4
enormously is favored.

A typical pathway for the mechanical desorption of these
dithiolated ligands is illustrated in Fig. 1(a) for C2. The
extension distance (D) is the control parameter in these
pulling simulations (see SM). It is noted in passing that this
isometric approach corresponds to the “quasistatic pulling”
limit [18], in stark contrast to dynamical constant-velocity
approaches, where the pulling velocity and thus the generated
time scales of plastic deformations are unreasonably fast
compared to experiment. The action of the mechanical force
on the molecules causes the nanojunction to undergo a series
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FIG. 1 (color online).

(a) Pathway of mechanical desorption of C2 (see Figs. S4, S5, and S6 for the C1, C3, and C4 species, respectively):

Total electronic energy along the mechanical desorption pathway (filled black circles), total electronic energy of the fragmentation products
Frag-0 (empty black circles), Frag-1 (empty blue triangles), and Frag-2 (empty red diamonds), as illustrated in Fig. S8. The insets illustrate
the products (molecule only) for the three fragmentation scenarios at D = 7.8 A. Force versus distance curves for regions of elastic
deformation (solid red lines, right axis) are shown; the connecting broken red lines are merely guides to the eye through discontinuous
plastic deformation events (see the SM for details). The filled red circle indicates the F', value reported in Table L. (b) Evolution of the
average vertical distance of those Au atoms that are initially in the top layer (empty squares) relative to this distance (7.29 AyatD =0 A,
and average Au-S distance (filled circles) relative to this distance (2.40 AatD=0A along the mechanical desorption pathway. The
shaded areas indicate the different Au-S coordination numbers (see text for definition) in the three distinct regimes along the detachment
pathway, (I) 2:2, (IT) 2: 1, and (IIT) 1: 1, whereas the insets are representative snapshots at D values of 2.4, 6.4, and 7.8 A, respectively.
(c) Final products for the mechanical desorption of the studied adsorbates. Note that the two bottom gold layers are omitted for clarity.

075501-2



PRL 114, 075501 (2015)

PHYSICAL REVIEW LETTERS

week ending
20 FEBRUARY 2015

of elastic and plastic deformations, leading to the formation of
a neck of gold atoms between the molecule and the surface
until final breakage of the junction. In stark contrast to what is
observed for thermal desorption, the mechanically preferred
products are cyclic complexes in which gold atoms are
extracted out of the surface [see Fig. 1(c)].

In order to understand this significant difference in
behavior between thermal and mechanical desorption, we
calculated “vertical fragmentation energies” (E'™2) at selected
configurations along the mechanical desorption pathway.
This has been done for a set of distinct fragmentation
scenarios in which either the S-Au bonds or some selected
Au-Au bonds have been broken. All calculated E™2 values
are collected in Tables S1 to S4, and the total energies for the
fragmentation products (see SM) are plotted in Fig. 1(a) for
C2 being our representative example. Although it is observed
that the Egag values (for fragmentation at the Au-S bonds)
decrease steadily along the desorption pathway, they are
always ~3-5eV above the energy corresponding to
mechanical stretching. On the other hand, for the scenario
in which two gold atoms are extracted from the surface by the
dithiol tweezers, the fragmentation energies E5°® rapidly
decrease upon stretching the nanojunction. At D = 7.8 A,
Egag is only roughly 1 eV above the energy of the stretching
pathway. At rupture, this energy difference vanishes, explain-
ing that the cyclic gold complex C2 in Fig. 1(c) is the
preferred mechanical desorption product.

Further insight can be gained by analyzing the evolution of
the average Au-S bond distance, the average vertical mean
displacement of the Au atoms that are initially located in the
adsorption layer, and the coordination number of each S atom
with respect to Au atoms, ng.,,, defined as the number of
S-Au contacts within a sphere of radius 2.70 A around each
sulfur atom. Our representative C2 scenario depicted in
Fig. 1(b) (see Figs. S4, S5, and S6 for C1, C3, and C4,
respectively) shows that in the initial stages the Au-S bonds
are only slightly elongated, which is the elastic regime of
mechanical response, but as the surface gets subsequently
modified and Au adatoms are created by the mechanical force
acting on the molecule-metal junction, i.e., upon entering
the plastic regime, the coordination number decreases steadily
from 2:2 (i.e., both S atoms having ng.,, = 2) to 1:1. This
reduction is accompanied with a concurrent decrease of the
average Au-S bond distance in contrast to the increase
observed in the elastic regime. At the same time, Au atoms
are continuously lifted from the surface, as evidenced by the
continuous increase in the average vertical displacement of
the Au atoms. This analysis shows that the external force
preferentially activates Au-Au bonds over Au-S bonds, in line
with the calculated E™2 values.

An interesting effect due to the size of the molecule arises
when comparing the pulling pathways of C2, C3, and C4,
which are very similar for the three molecules except for the
very last stage before final rupture of the nanojunction (see
top panel of Fig. 2). At this point, a peculiar Au-S-Au-S
bonding pattern that resembles that found for thiols adsorbed

on gold surfaces [59] or thiolate-protected gold nanopar-
ticles [60] is formed. This occurs at D values of 6.4 A (for
C2),6.6 A (C3), and 7.2 A (C4). When D increases beyond
these values, two distinct behaviors are discovered: for C2,
one S-Au bond is broken, resulting in both S atoms being
bonded to the terminal Au atom of the wire, whereas for the
other two molecules, further stretching causes Au-Au bond
breaking. In this last case, this particular bonding motif is
maintained so that one S atom remains bonded to two gold
atoms, bridging the molecule to the surface. Although the
final products are all similar, i.e., cyclic gold complexes, the
different plastic response of these molecule-metal junctions
due to tensile force leads to a distinctly different structure of
the molecule-surface junction. This, in turn, substantially
affects the mechanical strength of the system, as evidenced
by the Fy, values in Table L.

Indeed, the different nanomechanical behavior can be
related to the flexibility of the spacer bridge between the
S atoms. This is best illustrated by the variation of the
S-Au-S angle within the tweezer-like arrangement. A linear
S-Au-S bond is thermodynamically favored in the case of
monothiols [61]. At the initial point, the S-Au-S angle
increases in the sense C2(98°) < C4(110°) < C3(119°).
For the case of C2, the additional strain created by stretching
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FIG. 2 (color online). (Top) S-Au-S angle for parts of the
mechanical desorption pathways (as parametrized by D) of C2,
C3, and C4. The insets introduce the atom labels and illustrate the
relevant structural changes at D = 6.4 Aand 7.2 A (C2), 6.6 A
and 7.2 A (C3), 7.2 A and 8.2 A (C4). (Bottom) Atoms-in-
molecules charges for S, (empty circles), Sy (filled circles), Au,
(empty triangles), and Au, (filled triangles) for the same part of
the mechanical desorption pathways of C2, C3, and C4 (see top
insets for atom labeling).
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the structure at D = 6.6 A causes a reduction of the S-Au-S
angle to ~91°. The S atom that is initially coordinated to two
gold atoms is forced to reduce its coordination number
to one. In contrast, for the other two larger molecules, the
S-Au-S angle is found to increase (to ~126° for C3 and to
~129° for C4) at the expense of expanding the C-C-C angles
in these molecules. This additional flexibility is missing in
C2 due to the shorter bridge. The resulting force-induced
deformation of the spacer chain enables the aforementioned
S atom to keep its coordination number of two all the way
until final rupture of the junction.

The structural analysis is corroborated by electronic
structure analysis. “Atoms-in-molecules” charges [62] were
calculated along the different stretching pathways and are
plotted in the lower panels of Fig. 2. Close inspection shows
that there is a correlation between the observed behavior and
the charge transfer that occurs between the S and relevant Au
atoms (see the configuration snapshots in Fig. 2 for atom
labels). For C2, the stretching of the junction induces a
charge transfer S, — Au; so that S,, which is initially
negatively charged, becomes less negative and Auy, initially
slightly positive, becomes negatively charged. This weakens
the S,-Au; bond, which finally breaks. On the other hand,
for C3 and C4, the charge transfer occurs in the sense S —
Sa through Au,. As a consequence, S, becomes more
negative, thus strengthening the S,-Au; bond. The weak-
ening and strengthening of the relevant bonds along the
stretching pathway is also reflected in the calculated
Mulliken Overlap Population values [63], being a comple-
mentary approach, as summarized in Table S5.

Projected density of states (pDOS) analysis of the
stretched nanojunctions shows that there is a significant
difference in the bonding picture between C2 and the other
two larger molecules, which is illustrated in Fig. 3. The main
bonding interactions are due to S 3 p and Au 5d bands, as has
already been shown to be the case in, for instance, thiolate-
protected gold nanoclusters [61]; detailed analyses of Au s
and p orbitals show that their total contribution never
exceeds 20%, although the s contributions to bonding tend
to increase systematically upon stretching the nanojunction
(see the SM for details). For the larger molecules, the pDOS
analysis reveals that there is significant bonding between Sy
with both Au; and Au,, whereas for C2 the spatial constraint
between the S atoms prevents the S 3 p orbitals to have an
optimal orientation for an efficient interaction with the two
Au atoms at the same time. This molecular orbital-based
explanation is clearly supported by inspecting selected
molecular orbitals that are depicted as insets in Fig. 3.

In short, we have shown that the thermal and mechanical
desorption pathways of dithiolate ligands adsorbed on
gold surfaces lead to distinctly different products. This
difference can be understood in terms of the directional
mechanical manipulation of Au-Au bonds and the co-
ordination number of the sulfur anchoring sites with respect
to gold atoms. The distance constraint imposed by the
carbon spacer bridge is found to have a dramatic effect on the

FIG. 3 (color online). Projected density of states for (a) C2 at
D=64A (b)C3atD=6.6A, and (c) C4at D =72 A. The
depicted orbitals are 3p for S, (black line) and S (red line) and
5d for Au, (blue shaded area) and Au, (green line). The labeling
of the atoms corresponds to that introduced in Fig. 2, and the
insets illustrate relevant molecular orbitals corresponding to the
pDOS states indicated by the arrows (isosurface representation
at 0.00015 ¢ Bohr™3).

mechanical strength of these molecule-metal nanojunctions
depending on the length of the bridge. This phenomenon has
been demonstrated to originate from the different bonding
pattern that is observed when the Au-S-Au-S bonding motif
arises as evidenced by electronic structure analysis. Given
these insights, what remains to be seen in the future is to what
extent solvent effects might affect the rupture scenario and
thus the mechanical strength of nanojunctions.
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