
Staple Motifs, Initial Steps in the Formation of Thiolate-Protected
Gold Nanoparticles: How Do They Form?
Víctor Rojas-Cervellera,†,‡,∥ Ernest Giralt,⊥,∥ and Carme Rovira*,†,‡,¶,∥

†Computer Simulation and Modeling Laboratory, Parc Científic de Barcelona, Baldiri Reixac 10−12, 08028 Barcelona, Spain
‡Institut de Química Teor̀ica i Computacional, Diagonal 647, 08028 Barcelona, Spain
⊥Institut de Recerca Biomed̀ica de Barcelona, Parc Científic de Barcelona, Baldiri Reixac 10−12, 08028 Barcelona, Spain
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ABSTRACT: Recent structural determinations have shown that
thiolate-protected gold nanoparticles are not as regular and
symmetric as initially thought, but characteristic substructures
(staple motifs) are formed on their surface. However, their
mechanism of formation, especially the fate of the sulfur protons
upon thiol binding, remains one of the most intriguing unanswered
questions in gold cluster chemistry. By means of ab initio molecular
dynamics (AIMD), we monitor the trajectory of thiol protons
reacting with a gold cluster, demonstrating that the staple motif
forms in a multiple-pathway chemical reaction, releasing molecular
hydrogen. The results obtained also reconcile the conclusions of structural determinations with the interpretations of
spectroscopic experiments on solution, suggesting the presence of intact thiols or chemisorbed hydrogen.

1. INTRODUCTION

Gold clusters and nanoparticles (AuCs and AuNPs) have excited
much interest not only because of their electronic properties1 but
also because of their broad range of technological applications,
such as molecular electronics,2 catalysis, and biosensors.3 In
biomedicine, AuNPs are used as antiarthritic and antitumor
drugs.4 The observation that small enough nanoparticles
(around 10 nm) cross cell membranes and can be used as
peptide transporters5 opens the door for a number of therapeutic
applications, such as the treatment of Alzheimer’s disease.6 Key
to these experiments is the capacity to decorate the nanoparticles
with thiols (e.g., peptides that bind through the sulfur atom of a
terminal cysteine residue).7

Although the classical synthetic strategy of thiolate-protected
AuNPs consists of the reduction of a preformed AuISR polymer
(R = organic group), experiments on lipoate-coated nano-
particles8 have demonstrated that the thiolate layer can also form
from a neutral AuNP. In addition, recent analyses using the
solvated metal atom dispersion method provide evidence of
hydrogen evolution upon exposure of thiols to AuCs,9 due to S−
H bond scission. These experiments indicate that a redox
reaction occurs between the neutral gold atoms and the protons
of the incoming thiols. Not surprisingly, protons have been
proposed as oxidants for gold(0).10

From a structural point of view, several studies11 have shown
that the gold atoms of AuCs and AuNPs do not form a compact
gold core, but some gold atoms emerge from the surface,
interacting strongly with the sulfur atoms (Figure 1). The latter

surround the inner gold core and form characteristic
substructures, named staple motifs,11a as was first reported for
self-assembled monolayers (SAMs) on a gold surface.12

Interestingly, a recent theoretical study shows that the staple
motif is the preferred structural unit for a medium-sized AuC.13

The presence of conserved staple substructures in all AuCs/
AuNPs so far characterized suggests that there is a general
mechanism by which these substructures form. Key to
deciphering this mechanism is to rationalize how the simplest
thiolate−gold substructure, the monomeric staple, is formed
from its neutral thiol and AuC precursors.
Notwithstanding the amount of experimental and theoretical

studies on AuCs and AuNPs (see, for instance, refs 10, 11, 13 and
15−17), the molecular mechanism of the chemical reaction
leading to the formation of Au−S bonds, such as the ones that
constitute the staple motifs, remains a mystery. Specifically, the
fate of the protons released during thiol binding,16 from its
neutral unbound form (RSH) to the anionic bound form (SR),
and the atomic/electronic rearrangements upon formation of
staple motifs11a remain controversial issues. Only thiolate−gold
bonds, in the form of staple motifs, are found in X-ray structures
of monolayer-protected AuCs. However, a signal of hydrogen
atoms was detected in NMR spectroscopic measurements,16

suggesting the presence of intact thiols on their surface, without
excluding the fact that hydrogen could be adsorbed on the gold
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surface (i.e., H−Au bonds). Therefore, a current lack of
mechanistic insight does not allow firm conclusions regarding
the molecular details of the mechanism.
We report an ab initio metadynamics study showing that a

gold−thiol complex readily evolves in a multiple-pathway
chemical reaction to form a monomeric staple motif, as is present
on the surface of thiolate-protected AuCs. A number of
intermediate species, including those proposed in experimental
studies, are found during the chemical redox reaction. We also
present theoretical evidence for the release of molecular
hydrogen upon the formation of Au−S bonds in a thioAuC.
The results obtained reconcile the findings of previous
spectroscopic techniques (intact thiols or chemisorbed hydro-
gen) with those obtained by X-ray measurements (thiolate−
sulfur bonds). Finally, a general mechanism to explain the
protection of AuCs by thiol groups is proposed. While this paper
was being revised, a density functional theory (DFT) study of
methylthiol interaction with models of a Au(111) surface was
published.18 Although the techniques used are quite different
(geometry optimizations in the study of Askerka et al.18 and ab
initio metadynamics in our work), both studies provide evidence
of the release of molecular hydrogen upon the formation of one
staple motif.

2. COMPUTATIONAL DETAILS
2.1. Models. To elucidate the molecular mechanism of the redox

reaction, we designed the smallest thioAuC bearing one monomeric
staple motif. This model system must conform to the stoichiometric
relations governing the size of thiolate-protected AuCs [see the
Supporting Information (SI), pp S2 and S3]. The Au4(SR)2 cluster,
which can also be expressed as [Au]1+2[Au(SR)2]1 fulfills these
requirements. It contains one gold core atom (a = 1), two gold anchor
atoms (a′ = 2), and one monomeric staple motif (b = 1 and c = 0; Figure
1). Moreover, the number of valence electrons (2) is the smallest
possible “magic number” (see the SI, p S2, eq 4).19

Other thiolate-protected AuCs with two valence electrons have been
proposed by Jiang et al.,20 such as Au10(SR)8, Au8(SR)6, Au6(SR)4, or
Au12(SR)9

+. However, we rely on Au4(SR)2 because of its smaller size.
Monomeric staples have been characterized in the solid state for an Au4
cluster21 and, therefore, they should be stable.
For the sake of simplicity, the thiol groups will be taken as

methylthiols (CH3SH). The stability of the Au4(SR)2 system was
initially tested by ab initio molecular dynamics (AIMD) at room

temperature (see the SI, pp S3 and S4). The Au4(SR)2 cluster was found
to be stable under optimization and further molecular dynamics
simulation, with structural parameters in good agreement with the data
available for larger clusters.11a,c,15

Given the above considerations, the question of the mechanism of
formation of the monomeric staple motif thus reduces to, how does
Au4(SCH3)2 form from a bare AuC interacting with thiols (Scheme 1)?

2.2. Simulation Details. AIMD simulations were performed within
the Car−Parrinello approach,22 which is based on DFT. The
calculations were made using the generalized gradient-corrected
approximation of the spin-dependent DFT (DFT-LSD), following the
prescription of Perdew, Burke, and Ernzerhoff.23 This functional has also
been used in previous studies of AuCs (see, for instance, refs 17f and
19a), as well as in the study of the mechanism of CO2 formation on a
AuC.24 The technical details of the calculations, as well as the initial tests
on AuCs, are given in the Supporting Information. The starting
configuration for the simulations consists of a naked Au4 cluster with
two/four methylthiol groups at ≈4 Å distance.

The metadynamics approach,25 in its extended Lagrangian version,26

was used to simulate the redox reaction. Metadynamics is a recently
developed molecular dynamics technique aimed at enhancing the
sampling of the phase space and at estimating the free-energy landscape
(see pp S7 and S8 in the SI). This method has already been applied to a
variety of topics in the fields of biophysics, chemistry, and materials
science.27

The collective variables (CVs) used for the simulation of the redox
reaction were taken as a combination of coordination numbers (CNs) of
the covalent bonds being formed/broken. The CN is given by26
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Figure 1. Molecular structure of Au102(p-MBA)44 (p-MBA = p-mercaptobenzoic acid) and its building blocks according to the elegant “divide-and-
protect” scheme.14 Organic groups attached to the sulfur atoms (R) in the right part of the figure are not shown for clarity. Sulfur atoms are in yellow and
gold atoms in green. Types of gold atoms: gold atoms bound “only” to other gold atoms (type a); gold atoms bound “only” to thiolates (types b and c);
gold atoms bound to both gold atoms and thiolates (type a′). [Au]a+a′ represents the inner gold core, whereas [Au(SR)2]b and [Au2(SR)3]c are the
monomeric and dimeric staples,11a,c,14,15 respectively. From the point of view of a formal oxidation state, each thiolate withdraws one electron from the
system. Note that a and a′ are used either to refer to the type of gold atom or the number of gold atoms of a given type. The pictures have been drawn
with VMD.

Scheme 1
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where dij is the internuclear distance of the atoms involved, d0 is the
threshold bonding distance, and p and q are exponents that determine
the steepness of CNij decay with respect to dij. CN values range from 0
(not bonded) to 1 (bonded). These types of CVs have proven to be very
useful for the description of chemical reactions in recent studies (see, for
instance, refs 27c and 28).
Exploratory simulations including the CNs of all possible covalent

bonds formed/broken (i.e., H−Au, H−H, S−H, and S−Au) revealed
that the two hydrogen atoms are transferred sequentially (i.e., the
second one “waits” for the first to be transferred). Therefore, we decided
to model the redox reaction in two consecutive bidimensional
metadynamics simulations (MTD1 and MTD2), corresponding to the
respective transfers of H′ and H″. The first CV used for MTD1 (CV1 or
H′ detachment) measures the cleavage of the S−H′ bond and the
formation of H−Au bonds, whereas the second one (CV2 or H′−Au
coordination) captures the diffusion of H′ on the AuC (see the SI).
Concerning MTD2, the first collective variable (CV1 or H″ detachment)
measures the cleavage of the S−H″ bond and the formation of H2,
whereas the second one (CV2 or H−Au coordination) captures the
diffusion of both H′ and H″ on the AuC. Further details of the CVs used
are described in the SI.

3. RESULTS AND DISCUSSION
3.1. Molecular Mechanism of the Redox Reaction.

Spontaneous Thiol Chemisorption. We started our study by
considering the smallest thioAuC bearing one staple motif, which
is Au4(SCH3)2 (see section 2.1). The first step of the formation
of this thioAuC is the binding of two thiols to a Au4 cluster. An
AIMD simulation at room temperature shows that thiol binding
occurs spontaneously in less than 2 ps, forming a Y-shaped thiol−
gold complex (Figure 2). Chemisorption of the first thiol

stabilizes the complex by 8.7 kcal/mol (Table 1), but the energy
gain for binding the second thiol is more than twice that (19.3
kcal/mol), indicating that thiol chemisorption is initially
cooperative. Interestingly, the AuC becomes slightly anionic
(by 0.3 electrons; Table S3 in the SI) because of electron
donation from the bound thiols. No further structural changes
were observed when the simulation in time was extended. For
this reason, we used an enhanced sampling technique
(metadynamics) to activate the redox reaction and obtain its
complete free-energy landscape.
Proton Transfer. The free-energy landscape reconstructed

from the metadynamics simulations (Figure 3) contains a

number of local minima (labeled I1−I5), expanding a narrow-
energy window. Nevertheless, a reactive pathway connecting
reactants and products can be easily drawn. The reaction begins
with elongation of the S−H′ bond (by ∼0.2 Å; Table 2) until H′
starts to interact with the gold atoms (intermediates I2 and I3).
Similar configurations have been observed for a tryptophan
amino acid absorbed on a AuC as very stable configurations,
although the interaction takes place in this case via a carboxylic
group instead of a thiol.29 These intermediates, in which H′ is
ready to be transferred to the cluster, can be described as
“preactivated states”. The reaction continues with the transfer of
H′ into the Y-shaped cluster (I2 to I4). At this point, H′ diffuses
on the cluster, adopting various types of H−Au coordination (2-
or 3-fold as in I5). From an energetic point of view, the transition
from the reactants to a preactivated state (I2 or I3) involves
lower energetic barriers (16 kcal/mol) than proton transfer to
the AuC (28 kcal/mol).
It is interesting to analyze the evolution of the atomic charges

obtained from the electron density (solid lines in Figure 4 and
Table S3 in the SI). The charge on H′ becomes slightly positive
when H′ starts to interact with the cluster (R to I1). In turn, the
sulfur atoms become more negative (Table S3 in the SI).
However, the H′ charge decreases dramatically upon proton
transfer (I1 to I4; Figure 4). Remarkably, the charge of the AuC
shows the opposite trend; it receives electron density upon thiol
binding (R to I1) but becomes positively charged upon H′
transfer (from I1 to I4). These changes indicate that H′ detaches
from its thiol as a proton, but it acquires pseudohydride character
once bound to the cluster.

Hydrogen Release. After the first proton (H′) is transferred,
the second one (H″) starts to detach from the thiol and
coordinates with the gold atoms. Simultaneously, one of the Au−
Au bonds breaks (see the evolution of the main Au−Au distances
in Table 2) and one gold atom separates from the rest (I6),
forming the precursor of a staple motif. Finally, cleavage of the
two Au−H bonds (I7 to P) leads to the release of a hydrogen
molecule and the formation of the staple motif. Therefore, the
results demonstrate that a monomeric staple motif can form in a
redox reaction (see the discussion in the SI, section 1) f rom a AuC
interacting with thiols.

Excess of Bound Thiols Increasing Charge Transfer.
Additional simulations were performed to study the mechanism
in the presence of an excess of thiol groups. This scenario was
modeled by considering two additional methylthiol molecules
(Figure 5). In principle, only two thiols should lead to thiolate−
sulfur bonds; otherwise, the resulting thioAuC would not
conform to the electron count rules for exceptional stability (see
the SI, p S2, eq 5).19 However, any of the remaining two thiols
could bind to the cluster as neutral thiols.
In fact, the initial AIMD simulation shows that three of the four

thiols spontaneously bind to AuC (Figure 5) and the cluster
remains closed at I1, unlike the previous case (Figure 3). All
attempts to bind the fourth methylthiol were unsuccessful. Once
it approaches the cluster, another methylthiol unbinds,
recovering the initial configuration. This type of anticooperative
effect is also reflected in the calculation of the binding energies
(Table 1): thiol binding is initially favored by the binding of
another one but later becomes less favored as the number of
bound thiols increases. Therefore, there seems to be a maximum
number of thiols that the cluster can accommodate. Interestingly,
charge transfer from the thiol groups to AuC upon binding
increases significantly with respect to the previous scenario with
only two thiols (0.6 vs 0.3 electrons, respectively; compare the

Figure 2. Spontaneous binding of thiols to the AuC (R→ I1). The two
thiols are initially located at a ≈4 Å distance from the cluster.

Table 1. Energetics of Chemisorption of One Thiol Group to

thioAuC: ⎯→⎯−
Δ

Au (CH SH) Au (CH SH)n
E

n4 3 1 4 3

n ΔE (kcal/mol) n ΔE (kcal/mol)

1 −8.7 3 −14.9
2 −19.3 4 >0

Inorganic Chemistry Article
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Figure 3. Free-energy surfaces reconstructed from the metadynamics simulations (MTD1 and MTD2) of the reaction of two CH3SH molecules with
Au4. Contour lines are plotted every 2 kcal/mol. Au−Au solid bonds are drawn for distances of <2.8 Å, whereas a dashed line is used for bond distances in
the range of 2.8−3.7 Å. Analogously, H−Au solid bonds are shown for distances of <1.85 Å, whereas dotted lines are used for bond distances in the range
of 1.85−2.0 Å. Free-energy barriers (in kcal/mol) are shown below the arrows.

Table 2. Structural Parameters of Each Characteristic Point along the Reaction Pathway for the Reaction of Two Thiols with Au4
(See Figure 3)

distance (Å)

I1 I2 I3 I4 I5 I6 I7 P

Au−Au (d1) 2.60 ± 0.06 2.53 ± 0.09 2.56 ± 0.04 2.61 ± 0.07 2.63 ± 0.05 3.70 ± 0.20 2.83 ± 0.02 2.90 ± 0.10
Au−Au (d2) 4.50 ± 0.30 4.40 ± 0.10 4.11 ± 0.01 4.00 ± 0.01 3.93 ± 0.07 2.99 ± 0.05 3.10 ± 0.10 2.98 ± 0.08
Au−Au (d3) 2.81 ± 0.09 2.65 ± 0.01 2.77 ± 0.02 2.68 ± 0.07 2.82 ± 0.05 2.94 ± 0.05 2.70 ± 0.10 2.94 ± 0.2
Au−S′ 2.46 ± 0.07 2.4 ± 0.10 2.40 ± 0.06 2.29 ± 0.07 2.33 ± 0.06 2.36 ± 0.09 2.32 ± 0.04 2.39 ± 0.08

2.37 ± 0.03 2.43 ± 0.04 2.41 ± 0.08
Au−S″ 2.50 ± 0.10 2.46 ± 0.05 2.5 ± 0.10 2.41 ± 0.06 2.42 ± 0.09 2.38 ± 0.06 2.32 ± 0.04 2.60 ± 0.30
H′−S 1.39 ± 0.03a 1.56 ± 0.07 1.50 ± 0.05
H″−S 1.38 ± 0.02 1.38 ± 0.02 1.38 ± 0.01 1.38 ± 0.01 1.38 ± 0.01 1.54 ± 0.09
H′−Au 1.73 ± 0.04 2.0 ± 0.10 1.9 ± 0.10 2.01 ± 0.03 1.63 ± 0.07 1.8 ± 0.10

1.8 ± 0.10 1.95 ± 0.08
1.73 ± 0.06

H″−Au 2.5 ± 0.1 1.85 ± 0.09
H′−H″ 0.85 ± 0.03 0.75 ± 0.01

aStandard deviation.
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solid or dashed AuC lines in Figure 4). Clearly, the AuC becomes
more basic as more thiols bind to it, and this prevents opening of the
cluster.
Excess of Thiols Facilitating Proton Transfer. As in the

previous simulations with two thiols, the computed free-energy
surfaces (Figure 5) exhibit several local minima (I1−I8). A
preactivated configuration in which H′ starts to interact with the
cluster (I2) is also found (the S−H′ bond elongates by 0.12 Å
with respect to the first intermediate; Table S5 in the SI).
Remarkably, the transfer of the first thiol proton (I2 → I4)
implies a much lower activation energy compared with the
simulation with two thiols (18 vs 28 kcal/mol). This finding can
be explained in terms of the differences in the AuC electron
density in both cases: the greater the cluster electron density, the
easier it is to receive a proton. As was previously found, the
detachment and subsequent transfer of H″ leads to the formation
of molecular hydrogen (I6 → I7).
Substantial atomic rearrangement occurs during the reactive

process. Specifically, one gold atom separates from the rest (I4 to
I6; see the evolution of the main Au−Au distances in Table S5 in
the SI) and one thiolate group changes position to interact with
two gold atoms, thus forming the precursor of a monomeric
staple (I7). Finally, the hydrogen molecule leaves the cluster, and
the monomeric staple comes into view (P′). As in the previous
case, hydrogen transfer and formation of molecular hydrogen are
the steps with the highest activation energies, with H2 formation
being rate-limiting.
During the entire process, the third methylthiol molecule

remains either unbound (I6) or weakly bound to AuC (the
binding energy of the S···Au interaction at P′, 8 kcal/mol, is
significantly lower than the 15 kcal/mol value at I1). An attempt
to transfer the proton of the third thiol (H‴) to AuC failed,
resulting in the complete detachment of the thiol and the
formation of Au4(CH3SH)2 (P). All of these observations
suggest that, although a certain excess of thiol molecules
participates in the formation of the staple motifs (thiol binding
favors proton transfer from other thiols onto the cluster), they
easily detach from the cluster.
3.2. General Discussion. Mechanistic Proposal. As

mentioned above, a number of questions related to the formation
of thioAuC and thioAuNP structures have emerged from recent
studies, namely, how does the shape of the AuC change upon
“thiol protection” and what is the fate of the thiol protons
released during thiol binding (can they formmolecular hydrogen

as observed for thiol binding to gold surfaces? Are SH−Au and
H−Au bonds formed?) Because of the difficulties in trapping
short-lived species along the reaction pathway, answering these
questions using experimental probes is a major challenge. In fact,
both thiol−gold and thiolate−gold interactions have been
detected by spectroscopic and X-ray techniques, respective-
ly.11a,16 Theoretical methods can be of major value in this area
because they can offer the mechanistic insight needed to answer
the above questions.
The picture emerging from the present ab initio study is as

follows (see Figures 3 and 5). First, the thiols attach to AuC in an
almost spontaneous process. In so doing, some gold atoms to
which the thiols are attached may rearrange, decreasing the
number of gold−gold interactions in which they participate.
Second, transfer of protons from a fraction of the attached thiols
occurs immediately, followed by migration through AuC. Third,
one gold atomwith an attached thiol unbinds from the other gold
atoms while making an Au−S bond with a neighboring attached
thiolate. In that way, it remains bonded to the cluster through this
thiolate. This is the precursor of a staple motif. Fourth, the
hydrogen atom of the thiol attached to this “peculiar” gold atom
is transferred to the neighboring gold with a singly bound
hydrogen. In this way, both the staple motif precursor and two
hydrogen atoms coordinated to the same gold atom are formed.
Fifth, formation of the new Au−S completes the staple, while H2
desorbs from this gold atom.
All of these steps are expected to be easier (i.e., lower free

energy barriers) for larger cluster sizes, where the number of gold
atoms is higher and the system may be less tense. It should be
noted that the two gold atoms anchoring the two SR groups of
the monomeric staple are nearest neighbors in Au4(SCH3)2 but
next-nearest neighbors in larger clusters (Figure 1). In these
cases, the number of possible configurations would most likely
increase, leading to a much richer energy landscape with a large
number of alternative pathways. However, the essential steps
should be the same. It could also be argued that the solution
phase would favor different oxidation states of the reacting
species with respect to the ones obtained in gas-phase
calculations. However, the fact that a neutral aprotic solvent is
used in experiments9 suggests that the solvent would not play a
major role in the process of staple formation. Thus, the full
mechanism can be summarized as follows:

+ → +Au 4CH SH Au (CH SH) CH SH

(thiol chemisorption)
4 3 4 3 3 3

→ − −Au (CH SH) SCH Au H (CH SH)

(transfer of one thiol proton)
4 3 3 3 4 3

− − → − −SCH Au H (CH SH) (SCH ) Au H CH SH

(transfer of a second thiol proton)
3 4 3 2 3 2 4 2 3

− − → −

− +

(SCH ) Au H CH SH (SCH ) Au

CH SH H

(release of molecular hydrogen and monomeric staple 

formation)

3 2 4 2 3 3 2 4

3 2

Figure 4. Evolution of atomic charges (Hirshfeld analysis) of AuC and
the thiol hydrogen atoms along the reaction pathway. The charges are
given relative to the isolated Au4 and CH3SH molecules. Solid line:
reaction with two thiol molecules. Dashed line: reaction with four thiol
molecules.
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− − → +(SCH ) Au CH SH Au (SCH ) CH SH

(excess thiol release)
3 2 4 3 4 3 2 3

An important conclusion that emerges from the calculations is
that neutral bound thiols can be present either in the reaction
intermediates or as part of the final product, in agreement with
the interpretations of spectroscopic experiments from solutions
of AuCs.16 However, thiol binding is found to be weak, and
therefore these extra thiols can easily detach from the cluster
(Figure 5). Under this scenario, it is likely that the media
surrounding the cluster determines the presence of neutral thiols
in the final product. We believe this reconciles the fact that intact
thiols on AuCs and AuNPs are detected in solution experiments
but not in the crystalline phase.

Interestingly, thiol binding induces subtle but relevant
electronic changes in AuC. In particular, the cluster receives
charge from the thiol groups (Figure 4); i.e., it becomes more
basic. The degree of charge transfer is more pronounced when
there is an excess of bound thiols, thereby indicating that such an
excess facilitates proton transfer. In fact, our results clearly show
that in this situation the energy barrier for the first proton transfer
drops off considerably; i.e., an excess of bound thiols favors the
redox reaction. However, there is a maximum number of thiol
groups that can bind to the cluster (three in our case); otherwise,
the binding energy becomes positive. The balance between both
factors will determine the number of bound thiols. The results in
Figures 3 and 5 also suggest that the cluster tends to form staples
in such a way that the appropriate “magic number” is reached
(two in our case, meaning that, following the analysis provided in

Figure 5. Free-energy surfaces reconstructed from the two metadynamics simulations of the reaction of four CH3SHmolecules with Au4. Contour lines
are plotted every 2 kcal/mol. Au−Au solid bonds are drawn for distances of <2.8 Å, whereas a dashed line is used for bond distances in the range of 2.8−
3.7 Å. Analogously, H−Au solid bonds are shown for distances of <1.85 Å, whereas dotted lines are used for bond distances in the range of 1.85−2.0 Å.
Free-energy barriers (in kcal/mol) are shown below the arrows.
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the SI, two gold atoms will become of the a′ type). Consequently,
for larger clusters, the degree to which the initial number of
valence electrons of the cluster deviates from the “magic number”
may also be an important parameter in controlling the number of
staples formed.

4. CONCLUDING REMARKS
In conclusion, we find that one staple motif readily forms in a
multiple-pathway chemical reaction when a AuC interacts with
thiols, releasing molecular hydrogen. Both H−Au bonds and
intact Au−thiol bonds are present during the reactive process,
but the former are weakly bound and easily detach from the
cluster. This explains why experimental detection of these species
has been elusive and reconciles the interpretations of
experimental studies in the crystalline and solution phases.
Finally, we propose a mechanism in which an excess of bound
thiols triggers the redox reaction by facilitating proton-transfer
events. The results obtained in this study open the door for
investigating the complex reaction pathways of peptide binding
to AuNPs by ab initio metadynamics techniques. Investigations
in this direction are currently underway in our laboratory.
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