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Thiolated gold nanointerfaces play a key role in numerous fields of science, technology, as well as

modern medicine to coat, functionalize, and protect. Our computational study reveals that the mechanical

vs thermal stabilities of aliphatic thiolates on gold surfaces are strikingly different from those of aromatic

thiolates. The aliphatic thiolates feature, at the same time, a higher thermal desorption energy but a lower

mechanical rupture force than thiophenolates. Our analysis discloses that this most counterintuitive

property is due to different mechanochemical detachment mechanisms. Electronic structure analyses along
the detachment pathways trace this back to the distinct electronic properties of the S—Au bond in stretched
nanojunctions. The discoveries that it is a higher thermal stability that entails a lower mechanical stability

and that mechanical loads generate different local nanostructures depending on the nature of the thiolate are

highly relevant for the rational design of improved thiol-gold nanocontacts.

DOI: 10.1103/PhysRevLett.122.086801

The interest in gold-based hybrid organic-inorganic
interfacial materials has dramatically increased over the
past decade due to their potential applications in diverse
fields such as heterogeneous catalysis [1-3], molecular
electronics [4—8], nanophotonics [9], as well as molecular
biology and biomedicine [10-15]. Many of these applica-
tions involve the tailored modification of the metallic
surface by incorporating molecules that provide new
properties to the hybrid interface. In particular, due to
the strength of the S—Au bond, thiolates on gold have been
widely used for this purpose [16-20]. For instance, the
interactions with protecting thiols can be used to tune the
size [21], shape [22], and crystalline phase [23] of gold
nanoclusters, Au,(SR),, [24-27]. The understanding of the
S-Au interaction [28-32], thus, becomes highly relevant
from an application point of view. Still, not much system-
atic knowledge is available when it comes to predicting the
impact of the organic molecule on such properties.

In this realm, mechanical stability towards friction and
wear is critical, yet it is often neglected in the design of
molecule-based devices at the nanometer scale. However,
force-induced degradation and detachment processes are
key aspects for self-assembled monolayers and molecular
nanojunctions of various alkyl thiolates on noble metals
(see Sec. 4.1 of Ref. [33] and Refs. [28,34-38]).

mechanical desorption of two prototypical aliphatic thio-
lates, ethyl (Et-S) and butylthiolate (Bu-S), and a series
of 3,5-disubstituted p-methyl thiophenolates (X-Ph-S in
Table I) adsorbed on gold surfaces. In order to cope
with different adsorption structures of thiolates on gold
[29-31,47], we have considered two complementary mod-
els: a flat Au(111) surface and a defective surface with a
vacancy at the adsorption site. See Supplemental Material
(SM) [48] for computational details with references as well
as validation of the PBE functional herein employed with
respect to results obtained with the Heyd-Scuseria-
Ernzerhof (HSE) hybrid functional [48].

We shall first focus on the usual thermal desorption
energies, i.e., Eq., = E(RS) + E(Au) — E(RS-Au) where
E(RS-Au), E(Au), and E(RS) are the total electronic
energy of optimized adsorbate system, clean surface, and

TABLE I. Thermal desorption energies (Eg4.s) and mechanical
rupture force (Fy,,), see SM [438], for aliphatic and aromatic
thiolates, see text, on flat and defective Au(111) surfaces. The
font indicates if the mechanical desorption occurs through
Au—Au (bold) or S—Au (italic) bond rupture. The values in
parenthesis were obtained using the HSE hybrid density func-
tional as detailed in the SM [48].

- . . . . Molecule Flat Au(111) Defective Au(111)
Surprisingly, aromatic thiolate ligands have received
much less attention [39-45], although it is conceivable Eges (€V)  Fryp (AN)  Egeg (€V)  Fyyp (N)
that the quantum nanomechanics [46] of their sulfur-metal Bu-S 2.15 1.68 2.64 1.75
bond could be tuned by using chemical substitution — Et-S 215 1.46 (1.41) 2.63 1.72
strategies involving aromatic ring systems. Here, we close =~ NH»-Ph-S 1.74 2.25 222 1.82
this gap by presenting a systematic study, based on plane =~ OCH3-Ph-S 1.69 2.20 2.15 1.82
wave pseudopotential density functional theory (DFT) g_thS ; '29 2'212 (]2]'34) ;gg igg
calculations using the Perdew-Burke-Ernzerhof (PBE) N-Ph- 69 ‘ : :
: . NO,-Ph-S 1.68 2.32 2.06 1.77
exchange-correlation functional, of the thermal and
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isolated thiolate, respectively. The E,., values of aliphatic ~ stretching of the thiolate-gold junction produces a gold
vs aromatic thiols are vastly different on the flat gold  chain consisting of two to three atoms which finally breaks
surface (see Table I). Specifically, E4,, of the aromatic at some Au—Au bond [37,38], whereas for all aromatic
thiols is on average about 20% lower than the aliphatic thiolates, the force-induced rupture takes place at the S—Au
counterparts. Interestingly, this scenario still holds when  bond; see Table I. These different mechanical detachment
the aromatic ring has different substituents (see SM for = mechanisms explain the dissimilar rupture forces, being
details [48]). Notwithstanding the higher thermal stability 1.5 nN for Au-Au cleavage in the aliphatic cases and 2.2 nN
of aliphatic vs aromatic thiolates, mechanical desorption  for S-Au cleavage in the aromatic cases. Therefore,
leads to easy detachment of aliphatic species whereas the =~ aromatic thiolates are thermally less stable, but mechan-
rupture forces (Fy,,) required for aromatic thiolates are  ically more stable toward desorption in comparison to the
systematically higher; see Table 1. This surprising finding  aliphatic analogues. This behavior is independent of the
can be explained by means of the energy profiles shown  particular adsorption structure of the S-Au nanojunction
in Fig. 1 for the mechanically enforced detachment itself, as demonstrated in the SM [48]. Moreover, we
of aliphatic vs aromatic thiolates adsorbed on the flat  validated the performance of the semilocal PBE functional
Au(111) surface as a function of the detachment coordinate ~ for computing the rupture forces of aliphatic vs aromatic
D; see SM for all profiles [48]. thiolates by performing representative benchmark calcula-

Two different classes of mechanical detachment scenar-  tions using the hybrid HSE functional (see SM for back-
ios are observed: For the aliphatic species, mechanical  ground and computational details [48]). Most importantly,
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FIG. 1. Pathways and mechanisms of mechanical detachment of (a) aliphatic Bu-S and (b) aromatic H-Ph-S thiolates adsorbed on the
flat Au(111) surface (see SM for all systems from Table I [48]). Left-hand panels: Total electronic energy along the preferred mechanical
desorption pathway (filled black circles, left axis) and total electronic energies of the distinct vertical fragmentation products Frag-0
(empty black circles), Frag-1 (empty red triangles), and Frag-2 (empty blue diamonds), see text, as a function of the mechanical
detachment coordinate D, see SM [48]. Force vs distance curves for regions of elastic deformation (solid red lines, right axis); the filled
red circles indicate Fly, as reported in Table I. Vertical dashed black lines indicate the position of the relevant structures I-VI, along
detachment that are depicted in the right-hand panels. The inset depicts the fragmentation product (molecule only) for the different
scenarios considered at D = 2.4 A for both systems. Right-hand panels: Configuration snapshots at important stages of mechanical
desorption as defined in the left-hand panels at D = 0.0 (I), 1.2 (II), 2.4 (1), 4.0 (IV), 5.8 (V), and 6.4 (VI) A for Bu-S and at D = 0.0
(D), 1.6 (II), 2.4 (III), 4.8 (IV), 6.4 (V), and 7.0 (VI) A for H-Ph-S in the upper and lower part, respectively. Note that only the two
uppermost layers of the surface slab are shown for clarity.
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the vastly different rupture forces of the aliphatic and
aromatic reference systems agree with the HSE data each
within £0.1 nN; see Table 1.

In order to disclose the reasons behind these two
different mechanical detachment mechanisms, ‘“vertical
fragmentation energies” (Ef,,) were calculated along the
mechanical desorption pathway for Bu-S and H-Ph-S by
considering different fragmentation scenarios in which
either the S—Au bonds or some selected Au—Au bonds
have been cleaved. These energies are defined via
ET8 — E(A) + E(B) — E(A-B), where the fragments A
and B are kept in the same configuration as in the
nonfragmented reference structure A-B (see SM for further
details [48]). For H-Ph-S, see Fig. 1(b), the vertical
fragmentation energy for the S—Au bond (E?ra ) is always
lower than for breaking a Au—Au bond (Efr,d1 ) and thus
detaching a single sulfur-bound Au atom together with the
thiolate. Notably, E?rag decreases rapidly at the last elastic
stage of the stretching pathway, i.e., between structures IV
and V, thus explaining the final S-Au cleavage.

Interestingly, for Bu-S shown in Fig. 1(a), the fragmen-
tation energy resulting from breaking the S—Au bond,
E?mg, lies initially below Efmg, until a significant plastic
deformation at D ~ 4.0 A suddenly rearranges the structure
of the molecule or metal contact by means of a decrease of

the coordination number of S with respect to the gold,
caused by the breaking of the Au,—S bond (transition from
structures III and IV). It is only after this plastic deforma-
tion that the cleavage of a Au—Au bond becomes more
favorable than the breakage of the S-Au contact, leading to
a final aliphatic product in which an Au atom is extracted
from the surface. Surprisingly, the arrangement of the Bu-
S-Au junction at stage IV along the mechanical detachment
pathway in Fig. 1(a) is very similar to the one found for the
structure also labeled as IV in the aromatic pathway found for
H-Ph-S [see Fig. 1(b)], where, however, the S—Au bond is
broken instead. The fact that at this particular point Etra i
smaller than E(f)ra for the aliphatic ligand, whereas the reverse
is true for the aromatic one, is an indication that it is the nature
of the electronic structure of the carbon skeleton which has a
fundamental influence on the S-Au interaction and, hence,
on the mechanical vs thermal strength of the bond.

These astonishing findings can be rationalized in terms
of the electronic structure of the two distinct adsorbate
classes and its effect upon mechanically stretching these
hybrid junctions. The evolution of the relative Lowdin
charges (LC) for relevant atoms at the nanocontact and the
Mulliken overlap population (MP) for relevant bonds along
the mechanical desorption pathway of Bu-S and H-Ph-S
initially adsorbed on a flat Au(111) surface are shown in
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FIG. 2. Evolution of relative Lowdin charges (LC) and Mulliken overlap population (MP) along the mechanical detachment pathways
for (a) Bu-S and (b) H-Ph-S adsorbed on the flat Au(111) surface as well as for (c) H-Ph-S adsorbed on a defective surface. Upper
panels: LC with respect to the initial structure at D = 0.0 A for the anchoring S atom (filled black circles), the Au slab (filled blue up
triangles), and the alkyl-aryl moiety R (filled red squares). Lower panels: MP for relevant bonds along the different pathways, namely,
S—C (empty red squares), S—Au; (empty blue up triangles), S—Au, (empty blue down triangles), Au;—Au, (empty green down
triangles), Au;—Au; (empty green diamonds), and Au;—Au, (empty green pentagons); see right-hand panels in Fig. 1 for Au; atom

labeling.
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Fig. 2. The major differences in the mechanical behavior
of aliphatic vs aromatic thiolates occur in the transition
from structures I — III and again from IV — V. For both
species, charge is being reshuffled from the gold surface
to the molecular moiety from I to III, which is mostly
accumulated on the anchoring S atom as a result of
stretching. For Bu-S, the Au—S bonds are slightly weak-
ened from I — II, where two Au atoms are lifted from the
surface to finally produce structure III, in which there are
two adatoms on the surface [see Fig. 1(a)]. For H-Ph-S, in
turn, the mechanical force induces much larger charge flow
from the Au surface to the anchoring S atom, resulting in a
weakening of the covalent character of the Au—S bonds, as
measured by the MP, thus leading to the breakage of one of
the S—Au bonds, as illustrated by structure II in Fig. 1(b).
At this stage, a concomitant strengthening of the S—C bond
is also observed.

An even more contrasting behavior is observed in the
stretching of structures IV — V. At this later stage there is
an increasing charge reshuffling from the R group to the
anchoring S atom for the aromatic thiolate. This causes a
strengthening of the S—C bond, as evidenced by the MP
analysis, and a concomitant weakening of the Au—S bond,
even lower than the Au—Au bonds, thus causing the final
S—Au bond rupture. In contrast, for the aliphatic molecule
this charge flow is not found and, hence, the Au—Au bonds
are weaker than the S—Au bond in the entire range of
stretching. For this reason, the later stages of its mechanical
detachment involve only Au—Au bond rupture events.

In short, the different mechanochemical response of
aliphatic vs aromatic thiolates seems to be related to the
enhanced capacity of the “aromatic S atom” to bear a
negative charge. This, in turn, is associated with a good
overlap of the p orbitals of this atom with the C(p) orbitals
in the aromatic ring, as evidenced by the projected density
of states analysis of Fig. 3, which shows that there is a good
overlap between S(p) states with C(p) states about 1 eV
below the Fermi level for the thiophenolate H-Ph-S. This is
not the case for aliphatic analogues, such as Bu-S, due to
the lack of an aromatic ring system. In fact, for H-Ph-S
adsorbed on the flat Au surface, these S(p)-C(p) states are
perfectly aligned with the Au(d) orbitals of the gold atoms
to which the S atom is anchored (indicated with an arrow in
Fig. 3). This is supported by electron density difference
analysis (see insets in Fig. 3), which demonstrates that most
of the charge is accumulated between the S and Au atoms in
the case of aliphatic Bu-S, while some charge is also
accumulated on a p orbital of the C atom directly attached
to the anchoring S atom for the aromatic H-Ph-S species.
Moreover, Fig. 2 in the SM not only provides further
evidence for this very bonding scenario and thus the
qualitative difference of aromatic vs aliphatic thiolates
attached to gold surfaces, but also reveals in addition that
the S(s) orbitals have a negligible participation in the
bonding states close to the Fermi level [48].
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FIG. 3. Projected density of states for the S(p) orbital (broken
red line) and C(p) orbital (continuous blue line) at the anchoring
S atom and the C atom attached to it, respectively, and for the
Au(d) orbitals (shaded gray area) at those Au atoms to which the
molecule is bonded to corresponding to (a) Bu-S and (b) H-Ph-S
adsorbed on the flat Au(111) surface as well as for (¢) H-Ph-S
adsorbed on a defective surface, all shown at D = 0.0 A. For the
case of H-Ph-S on the flat surface, the arrow indicates an
important electronic state in which the orbitals of S, C, and
Au atoms overlap. The insets in the upper part illustrate the
corresponding electron density difference isosurfaces at an
isovalue of 0.005 ¢/A? for the fragmentation of the S—Au bond;
blue (red) isosurfaces indicate charge accumulation (depletion).

Let us finally address the impact of a vacancy defect in
the vicinity of the adsorption site on the gold surface. The
mechanical detachment mechanism remains unaltered for
the aliphatic thiolates, F,,, being only slightly larger. In
stark contrast, adsorption at a defect has two contraposing
effects for aromatic junctions; while the junction is ther-
mally stronger (i.e., higher E,.), it becomes mechanically
weaker (i.e., lower Fy,,) according to Table I. Remarkably,
the mechanical desorption pathway (see SM [48]) for the
aromatic thiolates on the defective surface is identical to
that displayed by the aliphatic analogues; i.e., the final
rupture of the hybrid nanojunction takes place at a Au—Au
bond. This surprising behavior can be rationalized on the
basis of the resemblance between the stress-induced evo-
lution of electronic structures of the junction in both cases
[compare Figs. 2(a) and 2(c)]. This resemblance, in turn,
originates from a shift upwards in energy of the Au(d)
states due to the vacancy, as a result of which the overlap of
the S(p)-C(p) state is disrupted, thereby rendering the
bonding pattern of the aromatic thiolates on the defective
surface similar to that of the aliphatic analogues on the flat
Au(111) surface.

In conclusion, we disclosed the counterintuitive phe-
nomenon that, although aliphatic thiolates are more
strongly bound to flat Au(111) gold surfaces than aromatic
species in terms of the thermal desorption energy, they
are more easily mechanically desorbed upon applying
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mechanical forces. This is because the two classes of
thiolates give rise to different intermediate nanostructures
in response to mechanical stress and also to different bond
breaking scenarios just before mechanical detachment.
These observations can be directly related to qualitative
differences in chemical bonding right at the molecule-metal
nanojunction. The presence of defects in the surface
significantly modifies the thermal and mechanical stability
of the aromatic thiolate-gold nanojunctions. Specifically, a
vacancy defect results in enhanced binding energies while
the mechanical stabilities are reduced.

Beyond the specific case, our work demonstrates that
knowing the thermal desorption energy of molecule or
metal contacts does not help to predict their mechanical
strength, which has important consequences on assessing
the stability of molecular coatings toward friction and wear.
Furthermore, their unveiled different mechanical response
depending on the aliphatic or aromatic nature of the thiolate
and on the type of gold surface demonstrates that it is
possible to tailor the mechanical strength of Au-S contacts
and to exert control on which nanostructures are formed
when these contacts are subjected to mechanical stress.
These are certainly appealing features for the rational
design of Au-S contacts with practical applications in many
fields.
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