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The gold-sulfur interface at the nanoscale

Hannu Hakkinen

Thiolate-protected gold surfaces and interfaces, relevant for self-assembled monolayers of organic molecules on gold, for pas-
sivated gold nanoclusters and for molecule-gold junctions, are archetypal systems in various fields of current nanoscience
research, materials science, inorganic chemistry and surface science. Understanding this interface at the nanometre scale is
essential for a wide range of potential applications for site-specific bioconjugate labelling and sensing, drug delivery and medi-
cal therapy, functionalization of gold surfaces for sensing, molecular recognition and molecular electronics, and gold nanoparti-
cle catalysis. During the past five years, considerable experimental and theoretical advances have furthered our understanding
of the molecular structure of the gold-sulfur interface in these systems. This Review discusses the recent progress from the
viewpoint of theory and computations, with connections to relevant experiments.

a robust but modifiable interaction that is of paramount

importance in stabilizing nanostructures and transmit-
ting electronic interactions between gold and sulfur-contain-
ing organic molecules'%. These interactions, mediated usually
through the sulthydryl (SH) functional group in thiols (RSH),
are used in a very wide range of studies in molecular biology,
inorganic chemistry, surface science and materials science, with
potential applications in site-specific bioconjugate labelling and
sensing'”'®, drug delivery and medical therapy'*-*, function-
alization of gold surfaces for sensing, molecular recognition and
molecular electronics?, gold nanoparticle catalysis, and linking
individual biomolecules and other organic molecules to gold. In
these fields, self-assembled monolayers (SAMs) of thiols on planar
gold surfaces, thiol-stabilized gold nanoclusters and thiol-stabi-
lized molecular junctions between gold electrodes are archetypal
systems that have been studied for decades. Given the ubiquitous
use of the gold-sulfur interface, it is surprising that, until recently,
detailed information on the atomic structure of that interface has
largely been missing.

It is currently widely accepted that the covalent interaction
at the gold-sulfur interface requires formation of gold-thiolate
bond(s): that is, the sulthydryl group is deprotonated, creating
formally a thiyl radical (RS*), whereas the protonated SH group
can interact with gold only by weaker coordination-type bonds
through the sulfur lone-pair electrons. The thiolate-gold (RS-Au)
bond has a strength close to that of the gold-gold bond, so it can
significantly modify the gold-gold bonding at the gold-sulfur
interface. The importance of this detail has become clear only in
the past five years or so, when new experimental and theoreti-
cal evidence has become available about interfacial structures in
thiolate-SAMs on Au(111), atomic structures of thiolate-pro-
tected gold nanoclusters and gold-thiolate-gold molecular junc-
tions. The new information has been gathered through various
techniques such as scanning tunnelling microscopy (STM), low-
energy electron diffraction (LEED), surface-sensitive X-ray spec-
troscopic techniques such as grazing-incidence X-ray diffraction
(GIXRD) and normal incidence X-ray standing waves (NIXSW),
photoemission core-level spectroscopy, total structure determina-
tion via single-crystal X-ray crystallography, and density-func-
tional theory (DFT) computations.

_|_he covalent bond between gold and sulfur gives rise to

Many reviews have appeared in the fields of thiolate-SAMs on
noble metal surfaces'”, thiolate-protected metal (mostly gold) nan-
oparticles®'? and molecular junctions”*~'¢. This Review focuses on
gold-thiolate systems and discusses the developments during the
past five years or so that have led to the present understanding of
the common structural features (schematically?® shown in Fig. 1)
that are present at the gold—sulfur nano-interface, and the conse-
quent implications for the chemical protection (passivation), elec-
tronic structure and electrical conductance through that interface.
Although the viewpoint is largely that of theory and computations,
relevant experiments are discussed as well. In fact, the interplay
between experiment and theory has greatly aided in developing the
current understanding of the gold-sulfur nano-interface.

Gold-thiolate bonding in molecular complexes
Although gold is inert and chemically very ‘uninteresting’ in bulk
form, it has rich ligand chemistry in nanometre-scale molecular
complexes?*2¢. This is partially due to the existence of several pos-
sible oxidation states of gold when it is bound to ligands; oxidation
states from -I to +V are known. Various complexes containing thi-
olates are interesting for biological and medical applications, for
chemical diagnostics and even for the mining industry? -2

From the coordination chemistry viewpoint, gold is most often
found in oxidation states of +I (linear ligand-Au(1)-ligand bind-
ing) and +III (square-planar binding to four ligands). Relativistic
effects are important for understanding the electronic structure of
a single gold atom, and these effects transmit to binding interac-
tions with other gold atoms or with ligand molecules®®*. Generally,
the relativistic effects induce contraction of the s and p shells in a
given atom, which leads to a slight expansion of d and f shells due
to increased electrostatic screening of the positive nucleus by the
s and p electrons. Systematic analysis of the elements in the two
lowermost rows of the Periodic Table has shown that the relativistic
contraction of the 6s shell has a pronounced maximum at Z = 79
corresponding to gold*. Three important consequences follow. (i)
The ‘size’ of the neutral gold atom is close to that of silver, and the
ionic radius of the oxidized Au(1) (62 pm) is even smaller than that
of Ag(1) (68 pm). (ii) The relativistic effects also shrink the energy
separation between 5d and 6s shells of gold (5d split to 5d,,, 5ds,,
subshells) enabling easy sd hybridization on bonding to neigh-
bouring atoms. (iii) Aurophilic effects (weak 54'°-5d" attraction)
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Figure 1| Schematics of bonding motifs between thiolates and gold. a, Over the past 20 years, several atomic structures for the gold-sulfur interface of
the close-packed thiolate-SAM on Au(111) have been suggested. The ‘standard model’ describing a monothiolate binding at atop, bridge or hollow site on
an unreconstructed Au(111) surface has been challenged by (from middle to right): disulfide bonding, a complex involving an Au adatom and a thiolate
(Au-SR), and a polymeric chain structure where monothiolates are bridging Au adatoms. New experimental and theoretical evidence shows that a key
structural unit in the low- and medium-coverage SAM layer may be the complex RS-Au(1)-SR where the bridging gold atom is in a formal oxidation state
of +1 (left). b, This structural unit has recently been observed also at the gold-thiolate interface of thiolate-protected gold nanoclusters from X-ray single
crystal studies. ¢, Polymeric ring-like (RSAu), or chain-like RSCAuSR), Au(1)-thiolate compounds have been structurally characterized as well. Figure

adapted with permission from ref. 23, © 2007 AAAS.

become important for complexes that contain several Au(1) centres,
and this interaction may contribute to the internal structure.

In recent years, a number of DFT computations of gold(1)-thiolate
complexes have appeared, and some of these studies include compar-
ison to other noble metal(1)-thiolate complexes®~*. Systematic com-
parison of the metal-thiolate bond for noble metal monothiolates®
has shown that although all the noble metal-SR bonds show a degree
of covalency, the Cu-SR bond is most polarized and the Au-SR bond
is least polarized, shown by, for example, charge analysis by the Bader
method* (Fig. 2a). Similar charge reorganization is observed for
stoichiometric (AuSR), complexes, which can be ring-like (Fig. 2¢),
crown-like or helical. Conceptually, it is useful to consider sp*-type
hybridization in the sulfur, with two of the four S(sp®) hybrid orbitals
making covalent bonds to the Au(6s) electrons at a roughly 90°angle.
In reality, the gold-sulfur bond also includes important contributions
from Au(d) electrons®. Many structural and electronic properties of
the stoichiometric (AuSR), complexes, such as Au-S bond length,
bonding angles S—Au-S and Au-S-Au, addition energy of one AuSR
unit to the complex, and the molecular HOMO-LUMO energy gaps,
converge at about n = 4 (refs 35,39). The nature of the thiolate ligand
can affect the geometry slightly through steric effects, and the degree
of electron affinity of the organic part may also change the HOMO-
LUMO and optical gaps (Fig. 2d).
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Non-stoichiometric RS(AuSR),, (n = 1, 2...) complexes (Fig. 2b)
are relevant for the later discussion in this Review on thiolate-
protected flat and curved gold surfaces (SAM/Au(111) and thi-
olate-protected gold clusters, respectively). In the neutral state
these complexes are odd-valence-electron systems (radicals). The
LUMO state (HOMO of the corresponding anion) has a configu-
ration with notable sulfur p-character and weak gold d-character
(Fig. 2b). The Au-S bond expands slightly (from 2.27 Ato2.324A)
on adding the electron to the neutral complex, indicating that the
LUMO of the neutral complex has an antibonding Au-S char-
acter. Intracomplex Au-S distances of 2.32-2.35 A are typically
calculated for RS(AuSR), (n = 1, 2) units on Au(111) surfaces
and at the surface of thiolate-protected gold nanoclusters; this
indicates that these complexes localize one additional electron,
becoming formally anionic in those situations. Recently, anionic
CH,S(AuSCH,),” (n = 1, 2) complexes were successfully character-
ized in the gas phase by means of photoelectron spectroscopy*.
The measured vertical detachment energies for the anions are
high, about 3.5 eV (n = 1) and 4.1 eV (n = 2). The photodetach-
ment peaks are sharp at temperature T = 20 K, but become broad
at room temperature, which was ascribed to the many conforma-
tions of the methyl groups on the basis of accompanying density
functional theory (DFT) calculations.
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Figure 2 | Computed structures, bonding motifs and electronic states of gold-thiolate complexes. a, Reorganization of electron charge on formation

of the metal-sulfur bond in noble metal monothiolates: CuSCHj; (left), AgSCH; (middle) and AuSCH5. The contours are plotted in a plane containing
the metal and the sulfur. Blue and red correspond to respective accumulation and depletion of electron charge on bond formation. Bader charge
analysis shows a slight positive charging of metal atoms (Cu +0.34 |e|; Ag +0.27 |e|; Au +0.09 |e]). b, Visualization of the HOMO of anionic complexes
(RSAUSR)~ and [RS(AuSR),]- with R = methyl. The orbital symmetries correspond to p orbitals at the terminating sulfurs. ¢, DFT-optimized structures

of Au,(SR), ring with hexylthiolates (SHex), benzenethiolates (SPh) and glutathionates (SG). d, Electronic density of states (EDOS) for (AuSR),
complexes with methylthiolates (SMe), hexylthiolates, phenylthiolates and glutathionates. The shaded area corresponds to projection to Au orbitals.
The energy of the HOMO state is at zero. Parts a and b reproduced with permission from ref. 38, © 2010 ACS; parts ¢ and d reproduced with permission

from ref. 35, © 2006 ACS.

Thiolate-Au(111) self-assembled monolayers

Gold surfaces offer a convenient substrate for SAM formation
because they are easy to prepare and clean, owing to the chemical
inertness of gold under ambient conditions. Thiolate-SAMs on gold
surfaces (usually Au(100) or Au(111)) can be formed by using mon-
othiols (RSH), thioethers (RSR) or disulfides (RSSR), where R is an
alkyl or an aryl group. The first report on thiolate-SAMs on gold,
back in 1983, dealt with solution-adsorbed organic disulfides®,
and the work soon expanded to other organosulfur-gold systems
(for early reviews, see refs 1 and 2). This discussion focuses on the
Au(111) surfaces.

For both alkyl and aryl thiolates, different phases correspond-
ing to different ordering of the R-groups on Au(111) have been
observed. For low-coverage adsorption, one frequently observes the
‘striped’ phase that, for longer alkylthiolates, shows a ‘lying-down’
configuration with the alkyl chains oriented approximately parallel
to the surface. For ordered higher-coverage SAMs, a ‘standing up’
phase is observed where the R groups are packed vertically. Close-
packing is influenced greatly by the weak but long-range dispersion
forces and steric effects. In this phase the interfacial Au-S layer
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structure is particularly difficult to probe, owing to the inaccessibil-
ity of the interface to direct imaging and the need to use surface-
sensitive spectroscopy, mainly variants of the X-ray standing wave
(XSW), photodiffraction, helium diffraction or electron diffrac-
tion methods. It was suggested early on that the thiolates occupy
three-fold hollow positions on an unreconstructed Au(111) surface
and the geometry of the full monolayer is that of (V3 x V3R30°)*%,
Initial helium diffraction* and electron diffraction**¢ studies sup-
ported this interpretation, but later helium diffraction experiments
revealed a c(4 x 2) superstructure on top of the (V3 x V3R30°) lat-
tice. All these structures imply a 1/3 thiolate coverage for the full
SAM monolayer, with respect to Au sites in an unreconstructed
Au(111) layer.

The adsorption mode involving only monothiolates was ques-
tioned when the first XSW experiments were interpreted in terms
of disulfide adsorption**%. The first implication of the existence of
Au-S bonds perpendicular to the interface came from photodif-
fraction and XSW experiments in 2003/04 indicating Au top-site
adsorption of thiolates***. These results were initially interpreted in
terms of AuSR complexes that may be very mobile on non-defected
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Figure 3 | STM images and atomistic interpretation of the structure of the low-coverage striped phase of methylthiolates CH,S on Au(111). a, The
self-assembled striped patterns are formed by heating a gold crystal pre-dosed with dimethyldisulfide above 200 K for about 10 min. b,d, Close-up
image of a pair of trans-CH;S-Au-SCH; complexes and its atomistic model. c,e, Corresponding image of a cis-trans pair. f,g, DFT-optimized structures of
the (R,R)-trans (part f) and (R,S)-cis (part g) complexes. The R-configuration of the chiral sulfur centre is defined in the following order of the sp3-type
directions: the lone electron pair, CH,, surface Au atom, Au atom in the complex. Figure reproduced with permission from ref. 55, © 2009 ACS.

Au(111) and could be the key structural component in the SAM
formation, in line with a model suggested from DFT computa-
tions®’. This requires the existence of easily available Au adatoms on
Au(111) during SAM formation, which is consistent with observa-
tions of lifting of the ‘herringbone’ (22 x V3) reconstruction and
formation of surface vacancy islands (‘etch pits’). Together these
processes can be estimated to release enough adatoms for the gold—
thiolate complex formation.

STM evidence of RS-Au-SR complexes on Au(111) at low thi-
olate coverage. Recent STM studies on low-coverage striped phases
of methyl- and phenylthiolates on Au(111)** have greatly changed
the understanding of the atomic structure of the Au(111)/SR inter-
face. These experiments have consistently shown formation of RS-
Au-SR complexes (R = CH; or R = Ph) (Fig. 3). In these complexes,
the central Au atom is linearly coordinated by surface-parallel bonds
to the two thiolates, bridging two Au atoms underneath in the first
surface layer, and the sulfurs adopt Au on-top sites. It is instructive
to think the local electronic structure of the sulfur as being of sp?
type where the electrons participate in four different kinds of inter-
actions: with the R group, with the two non-equivalent Au atoms
(Au in the complex and Au in the surface layer) and in a lone-pair
orbital. This special bonding motif creates a chiral centre at the sul-
fur, so the thiolate ends of the RS—-Au-SR complex can be classified
as R- and S-enantiomers (Fig. 3f,g). Any single thiolate-gold-thi-
olate complex includes sulfur atoms of either the same type (R,R
or §,5), creating a thiolate-gold—-thiolate trans-isomer, or an (R,S)
pair, creating a cis-isomer. DFT computations yield cis- and trans-
complexes as thermodynamically almost equivalent, as the differ-
ence in the adsorption energy is only of the order of 0.1 eV. The
calculated activation barrier for cis-trans switching is around 0.5 eV
for low-coverage conditions where the switching is not affected by
interactions from nearby RS-Au-SR complexes. The low activation
barrier implies facile cis—trans isomerization at typical temperatures
(200-300 K) where thiolate-SAMs are formed. Both isomers are also
typically found in the STM images of low- or intermediate-coverage
phases (Fig. 3a). A weak attraction has been calculated for adjacent
trans-complexes; also, the steric repulsion is minimized if adjacent
complexes are both either in (R,R) or (S,S) trans-configuration. These
two factors drive the self-assembly of the ‘stripes’ at low coverage.
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Intermediate and full-monolayer thiolate coverage. At present
it is not clear how the striped phase of methylthiolates transfers to
intermediate coverage or full-monolayer SAMs. It is reasonable to
expect that the facile cis-trans isomerization of RS-Au-SR units,
their mobility, steric interactions and possible other gold-sulfur
bonding motifs may all play a role. STM images have shown tetra-
meric units assembled from RS-Au-SR complexes at intermediate
coverage, and coexistence of one-dimensional stripes with (3 x 4)
and (3 x 4\3) phases at high coverage®*. It is possible to construct
a full monolayer coverage with c(4 x 2) superstructure consisting
only of trans-or cis-RS-Au-SR units without any disorder (Fig. 4a).
DFT computations have shown that an ordered structure, consist-
ing of two non-equivalent cis-RS—Au-SR units per unit cell (struc-
ture 9 in Fig. 4a), is energetically preferred over the ‘standard model’
(monothiolate bridge-site binding) or any models involving other
adatom-thiolate complexes or Au surface vacancies®. This struc-
tural model also minimizes the calculated surface Gibbs free energy
when the thiolate adsorption is modelled from a fictitious reservoir
of disulfides at a given temperature and pressure®.

STM gives a local view on the structure of individual adsorb-
ates or adsorbate complexes on the surface, offering many possibili-
ties for direct comparison to DFT computations. Practically all the
other experimental surface-sensitive techniques average informa-
tion over a large surface area, making comparison to calculations
more challenging. Interesting progress has been recently achieved
in comparing DFT computations and measurements for the Au(4f)
photoelectron binding energies, specifically the computed surface
core-level shifts (SCLS) from various structural models to experi-
mental SCLS data on methylthiolate-SAMs*°. The observed
binding energies of Au(4f) electrons in the surface region give infor-
mation about the local coordination structure and ‘oxidation state’
of gold atoms in the surface/interface region. Clean Au(111) surface
has been shown to exhibit a surface SCLS component of —-0.34 eV
with respect to bulk gold atoms®. On adsorption of methylthiolates
up to the full (3 x V3R30°) monolayer coverage, the surface compo-
nent changes to -0.22 eV, and an additional component at +0.34 eV
shows up (Fig. 4b). Based on this, the observation was initially inter-
preted as supporting the adatom-monothiolate adsorption model
(structure 2 in Fig. 4a) where the shift at +0.34 eV arises from the Au
adatoms supporting the monothiolate®. A subsequent DFT study
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evaluated the shifts for the Au atoms at the gold-thiolate interface
using a few representative adsorption models (structures 1, 2, 9
and 10 in Fig. 4a)”. Bridge-bound monothiolate (structure 1) and
Au adatom-monothiolate complex (structure 2) yield only nega-
tive shifts and cannot account for the observed large positive shift
of +0.34 eV. The positive shift arises from the formally oxidized,
linearly bound Au adatoms in the polymeric complex ~RS-Au(1)-
RS-Au(1)-RS- in structure 10 and in the RS-Au(1)-RS complex in
structure 9 (Fig. 4b). Overall, structure 9 yields SCLS values that are
in the best agreement with the experiment?®.

There is one possible caveat in interpretation of experimental
data with a set of energy-optimized DFT-computed static struc-
tures, as dynamical thermal effects cannot be accounted for. Results
from photoelectron diffraction and GIXRD on the (3 x V3R30°)
phase of methylthiolate/Au(111) have been interpreted via DFT-
based molecular dynamics simulations to show a dynamical equi-
librium between bridge-site monothiolate adsorption (the ‘standard
model’) and RS-Au-SR units where the thiolate-bridging Au atoms
are lifted from the surface (111) layer, creating a vacancy there®.
This model has been subsequently applied to interpret GIXRD data
on the c(4 x 2) hexylthiolate/Au(111)*". Although energetically
quite unfavourable according to T'= 0 DFT computations (structure

L)

v e K

-0.53 (2.42)

-0.09 (2.33, 2.59) -0.78 (2.34, 2.52)

l}'- 3 ll'- d j

L

-0.84 (2.34, 2.52)

REVIEW ARTICLE

10 in Fig. 4a), one can argue that thermal dynamic effects in chain-
chain interactions (van der Waals attraction and steric repulsion),
gauche defects in the alkyl-chain layer, defect dynamics in the Au
surface layer and the possible interchanges in the Au-S bonding
will create enough configurational dynamic entropy to decrease the
free energy of this kind of interface to be competitive with a more
ordered structure (such as 9 in Fig. 4). A disordered Au-S inter-
face structure cannot be completely excluded based on comparison
of the calculated and measured SCLS values (Fig. 4b), so a definite
structural assignment of that interface at the full coverage of longer
alkylthiolates remains an experimental-theoretical challenge. In
the absence of well-tested classical force-field models for the Au-S
interface, one has to rely on DFT computations where the inclu-
sion of a realistic description of the weak van der Waals interaction
between the (longer) alkyl chains will probably be the next neces-
sary step, and a challenge in itself.

Thiolate-protected nanoclusters of gold

The landmark report® by Brust, Schiffrin and co-workers in 1994
opened a new era for synthesis of air-stable, electrochemically stable
and thermally stable cluster compounds with tunable sizes and prop-
erties on the nanometre scale®'?. Later refinements of the method
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Figure 4 | DFT-optimized atomistic models for the saturation-coverage c(4 x 2) methylthiolate-gold interface and photoemission core-level shifts.

a, Various structural models 1-9 have been considered, and the total energy per c(4 x 2) unit cell (the white rectangle) for all structures, with respect

to the 'standard model’ structure 1, is reported in electron volts. The average Au-S distances (in A) are shown in parenthesis. The Au adatom in
structures 2-4 and 6-9 is shown in blue. An additional ‘disordered’ structure 10 has been proposed®' from GIXRD experiments and molecular dynamics
simulations for c(4 x 2) phase of hexylthiolate/Au(111) and methylthiolate/Au(111). Structure 10 includes a surface vacancy, two bridge-coordinated
monothiolates and one polymeric -RS-Au-SR-Au- chain in the unit cell (the Au atoms in the chain are denoted by small orange spheres). Note that this
configuration is endothermic by 0.2 eV with respect to the ‘standard model’ structure 1in part a. b, Calculated Au(4f) surface core-level shifts (SCLS)
and binding energies for the optimized structures 1, 2, 9 and 10. Red bars denote the surface shifts and blue bars are the bulk components. The individual
theoretical shifts are convoluted by a 0.3-eV Gaussian in order to compare to the experimental data (exp.) from ref. 58, de-convoluted through three
SCLS components at shift values of +0.34 eV, 0 and -0.22 eV. Part a reproduced with permission from ref. 56, © 2008 ACS, part b reproduced with

permission from ref. 57, © 2010 APS.
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Figure 5 | Analysis of the single-crystal X-ray structure of para-mercaptobenzoic acid (p-MBA) protected cluster, Au,,,(p-MBA) . a, Space-filling and

b, ball-and-stick representations. ¢,d, Two views of the 40-atom surface of the Au,, core, together with the passivating Au,;(p-MBA),, mantle. The formally
oxidized Au(1) atoms in the mantle are depicted by the smaller orange spheres. The ‘structure defects’ at the core-mantle interface (two Au atoms with
two Au-S bonds, and a long RS-(AuSR), unit) are highlighted. e, Close-up of the protecting RS-(AuSR), unit with x =1,2. f,g, Two views of the Au,, core,
which has an approximate symmetry of D.,. Au: orange; S: yellow; C: grey; O: red; H: white. Reproduced with permission from ref. 80, © 2008 NAS.

by several groups have enabled high-quality synthesis of a few par-
ticularly stable ‘magic’ compounds in the size range 1-3 nm, and a
few have by now been determined up to molecular precision; these
include Au,,(SR),4 (ref. 63), Au,5(SR) ¢ (refs 64-67), Au,(SR),, (refs
68, 69), Au,,(SR),, (ref. 70), Aug(SR),, (ref. 71), Au,,(SR),, (ref. 72),
and compounds around 144 Au atoms and 60 thiolates®®”>7%. Various
thiolates have been successfully used for synthesis, including water-
soluble glutathione and para mercaptobenzoic acid and organic-
soluble alkylthiolates and phenylethanethiolates. The Au,;, Aus; and
Au,, clusters are notable in this series because their total atomic
structure has been determined from X-ray crystallography, open-
ing the door to detailed theoretical analysis of the surface-covalent
gold-sulfur bond and the electronic and geometric factors underly-
ing the stability of these specific compounds.

It is now well established that the gold-sulfur interface in these
clusters consists of oligomeric RS(AuSR), units just like in the
case of thiolate SAMs discussed above. This has revolutionized
the understanding of the internal atomic structure of these sys-
tems and redefined the concepts of the ‘metal core’ and the ‘pas-
sivating ligand layer. At variance with early theoretical models
that considered an atomically smooth Au-S interface and compact
Au cores”™’®, Au atoms at the centre of the particle and in the thi-
olate layer are now considered to be in two distinct chemical states
(metallic and oxidized). In fact, a more transparent way to write
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the molecular formula of the clusters is according to the ‘divide
and protect’ notation” as follows: Au,s(SR),s = Au,5[RS(AuSR),]s
Auy(SR),;, = Auy,(RSAuSR);[RS(AuSR),lg  Auyp(SR)y =
Au,(RSAUSR) ,[RS(AuSR),], (Figs 5, 6, 7f,g). In addition, a struc-
tural model has been proposed” for the Au,,,(SR),, cluster that gives
a good match with the measured powder X-ray diffraction data. The
model consists of a 114-atom gold core protected by 30 RSAuSR
units (Fig. 6d-g). A similar model was recently proposed for mixed
gold-silver Au,,, ,Ag (SR),, clusters™.

Because the neutral RS(AuSR),, units can be considered as radi-
cals, simple electron-counting rules have been established that can
successfully explain the electronic stability, that is, the origin of dis-
crete HOMO-LUMO gaps in the electronic structure of thiolate-
passivated clusters!®50-52,

Chiral recognition and response

Chirality (‘handedness’) in the structure of matter is a fascinating
property that has important consequences over a wide range of phe-
nomena, properties and response of matter, relevant in the fields
of physics, chemistry and life sciences®. Complex biological self-
assembly processes are rooted in enantiospecific molecular interac-
tions at the nanometre scale. Consequently it has been important
to investigate the origins of enantiospecific molecular recognition
to gain understanding of the underlying mechanisms that could be
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used in developing nanoscale systems and devices for enantiospe-
cific catalysis, sensing, optical activity or electronics, amongst other
examples. Understanding the bonding at the gold-sulfur interface
is relevant here as well.

A ‘three-point contact’ model has been a key concept in ste-
reochemistry and pharmacology since the 1930s%%. According to
this model, enantiospecific molecular recognition is facilitated by
binding of an incoming molecule to a receptor at three non-equiv-
alent sites (Fig. 7d). STM experiments and DFT calculations have
validated this model to some extent for adsorption of cysteine at
an achiral Au(110) surface®. Cysteine is a chiral amino acid con-
taining the thiol group that can make a covalent bond to gold via
deprotonation. The other two non-equivalent (and non-covalent)
interactions to gold are mediated through the amine and carboxyl
groups. STM has shown ordering of homochiral (LL or DD) pairs of
cysteine on Au(110) on adsorption from a racemic mixture, and the
concomitant DFT calculations implied that the pairing is assisted by
reorganization of Au atoms at the surface (Fig. 7a—c)*.

As discussed above, RSAuSR units at the gold-sulfur interface
have a chiral centre at each sulfur atom and the units can exist either
in (R,R) / (S,S) trans-configuration or in (R,S) cis-configuration
(Fig. 3). STM has shown self-assembly of the trans-RSAuSR units
to homochiral [112] rows in case of propylthiolates; furthermore,
neighbouring rows have alternating (R,R) and (S,S) chiralities
(Fig. 7e)*. The enantiospecific packing is thought to arise from opti-
mization of steric effects in the row and between the rows (Fig. 7e).
This example demonstrates that enantiomeric separation can be
achieved even in the case of an achiral support.

The origin of the circular dichroism of thiolate-protected gold
nanoclusters has been debated for over a decade®”*®. Chiroptical
activity can be induced if chiral thiolates are used in the syn-
thesis of gold clusters, if they are introduced to the clusters via
ligand-exchange reactions as a post-synthesis step or if chiral
phase transfer from a racemic solution is successful®8$209194,

Theoretical studies have considered possibilities for geometri-
cally chiral metal cores, chiral ligand footprint or dissymmetric
ligand field models. One well-studied example is the gold-thi-
olate cluster compound known previously by its approximate
core mass of 8 kDa, now believed to correspond to the known
cluster Auy(SR),,. A decade ago, glutathione-protected Aus,
was shown to yield intense circular dichroism signals at rather
low excitation energies where the absorption is expected to be
dominated by metal-based transitions (glutathione itself yields
a circular dichroism signal but only at excitation energies over
5 eV)¥. The recent experimental breakthrough in solving the
crystal structure®® of Au,;(SCH,CH,Ph),, and the computational
discovery® of the origin of the optical activity of Auys(SCH;),, has
shed light on this problem. Both the crystallographic structure
and the computationally optimized structure of Auy(SR),, show
an achiral gold core of 23 atoms, protected by three RSAuSR and
six RS(AuSR), units (Fig. 7f). The geometrical arrangement of the
nine gold-thiolate units has the chiral D, symmetry (Fig. 7f). This
cluster yields a strong computed circular dichroism signal in the
energy range up to 2.2 eV where the transitions are metal-metal
or ligand-metal type (Fig. 7g). A geometrically closely related,
but achiral, higher-energy C,, isomer has a circular dichroism sig-
nal that is clearly weaker. These computational results indicate the
important role of the chiral geometrical arrangement of the pro-
tecting gold-thiolate overlayer even though the metal core and
the thiolate themselves can be achiral.

In the single-crystal experiment of Au,;(SCH,CH,Ph),, the crys-
tal unit cell was observed to accommodate an enantiomeric pair of
the clusters®®. As the SCH,CH,Ph itself is achiral, enantiomeric sep-
aration of this cluster compound was a challenge that has been over-
come only very recently, by using chiral high-performance liquid
chromatography (HPLC)*. The measured circular dichroism signal
from an enantiopure solution compares very well to the computa-
tions® for Au.,(SCH,),,.

Figure 6 | Structures of the Au,.(SR),;” and Au,,,(SR), clusters. a, Geometry of the Au,s(SCH,CH,Ph),s" in the gas phase and b, together with the
counterion TOA". ¢, Packing of the clusters and counterions in the crystal. The structures are computationally relaxed ones™ with the initial structures
taken from the known crystal structure data®®. d-f, The concentric 12-atom (hollow), 42-atom and 60-atom Au shells of the 114-atom gold core of

AUy, (SCH,) 4o, respectively. g, S-Au-S arrangement of the 30 RS-Au-SR units covering the surface (blue) of the 114-atom gold core; h, with all the atoms
shown. Note the sphericity of the 60-atom gold rhombicosidodecahedron shell (blue) in part f. Parts a-c reproduced with permission from ref. 131,

© 2010 ACS, parts d-h reproduced with permission from ref. 78, © 2009 ACS.
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Figure 7 | Chiral recognition and response of organosulfur molecules at various gold surfaces. a-c, Atomic structure of cysteine pairs on Au(110)
surface as obtained from DFT calculations (ref. 86) (left and middle columns) and the simulated STM images (right column). Pairing of L and b
enantiomers is affected by three factors: (i) the tendency of sulfur to bridge two underlying Au atoms, inducing in some cases a local change of the
surface reconstruction; (i) interaction between the nitrogen lone pair and the gold surface; and (iii) the carboxylic acid dimerization. Together these form
a 'three-point’ contact for chiral recognition, visualized in part d. e, Striped phase of propylthiolate C;H,S on Au(111), formed by thermal deprotonation
and subsequent self-assembly of propylthiols at T > 250 K. The stripes are formed by (R,R) and (§,S) trans-units of RSAuSR and packed according to
alternating chiralities with a (11 xv/3) periodicity (the black rectangle denotes the unit cell). For the R,S notation specifying sulfur as the chiral centre

and for the cis-trans notation see Fig. 3f,g. f, The Au-S framework in the computed structures (ref. 99) of the Aus3(SR),, cluster composed of an achiral
Au,, core protected by three RS-Au-SR and six RS-Au-SR-Au-SR units. The units can be arranged in a chiral D, symmetry (top) or achiral C;, symmetry
(bottom). The chiral isomer is the energetic ground state and it has also been confirmed from single-crystal X-ray crystallography (ref. 69). g, Computed
circular dichroism signal of the D, cluster with SR = SCH,. Reproduced with permission from the respective sources: parts a-d, ref. 86, © 2002 NPG;

e, ref. 55, © 2009 ACS, f,g, ref. 99, © 2010 ACS.

Gold-thiolate molecular junctions consisting of a benzene-1,4-dithiol (BDTH, HSPhSH; Ph = phe-
Single, well-defined molecule-metal junctions have, since the nyl) molecule between gold electrodes at room temperature'®.
1970s, been envisaged as cheap, fast and robust building blocks for ~ The experiment made use of the so-called mechanically control-
electronic devices'®'*. Gold-sulfur bonding has played a central lable break junction technique, where a notched gold wire was
role in this field, as the thiol group is frequently used to link various ~ immersed in a solution containing the BDTH. The contact was
organic molecules covalently to metal electrodes, which usually are  broken in the solution, leading to formation of a SAM of BDT
made of gold. Alkylthiolates and derivatives of 7-conjugated arylthi-  molecules (that is, as thiolate, SPhS) on the electrodes. The solvent
olates have ‘intrinsic’ conductivities that can be expected to differ by = was then allowed to evaporate, and the system was kept in argon
several orders of magnitude. The true challenge is the molecular- atmosphere for measurements. The electrodes were subsequently
scale control of the number and geometry of the ‘molecular wires  brought together and separated several times, and the current-
in the junction between the electrodes. voltage (I-V) characteristics of the junction were recorded. At an

A pioneering experiment, published in 1997, attempted to electrode separation of about 8 A, stable contacts were formed such
form and measure the conductance of a single-molecule junction  that their I-V characteristics could be determined reproducibly. A
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Figure 8 | Schematics of Au-BDT-Au junctions and computed structures, conductance and dynamics by using the novel RS(AuSR), motif.

a, Equilibrium structures of four model junctions 1-4 at mechanical equilibrium (top) and their conductance values as the junctions are manipulated
(bottom). The values at the mechanical equilibrium are labelled 1A to 4A. The horizontal dashed lines denote various conductance values G (or

ranges of G) reported from experiments. b, Conductance of 2 as a function of the electrode displacement, with the mechanical equilibrium at 0. The
insets from left to right highlight important structural changes occurring during the elongation, correlating with the conductance data. Left: maximal
strain of the S-Au* bond corresponding to the maximal G; middle: breaking of the S-Au* bond reflected in an immediate drop of G and subsequent
elongation and breaking of the Au(1)-Au** bond; right: G settles to a value of about 0.1G, after the Au(1)-Au** bond is broken. Further elastic stretching
of the long molecular wire, containing both Au(1) atoms, does not affect G, because the BDT moiety is electronically decoupled from the electrodes.

¢, Time evolution of the potential energy (E,) of junction Tin DFT molecular dynamics simulation (pulling speed 50 ms™). d, The corresponding data
for junction 2 (pulling speed 100 m s™). Note the ‘tumbling back’ of BDT after junction rupture in ¢ and re-bonding parallel to the Au(111) surface.

Reproduced with permission from ref. 121, © 2010 ACS.

central plateau in the I-V curve (0.7 eV) and two values of contact
resistance were determined, about 22.2 MQ and 13.3 MQ, which
correspond to conductance values of 5.8 x 107G, and 9.7 x 107G,
respectively, in units of the conductance quantum G, = 2e%/h.
Because the size of the BDT molecule roughly corresponds to the
gap determined between the gold electrodes, it was concluded that:
“The reproducibility of the minimum conductance at a consistent
value implies that the number of active (BDT) molecules could be
as few as one™'%.

It is obvious that the measured resistance of the junction is inti-
mately related to the total geometry of the molecule(s) and sulfur—
gold interface, and it was found later in numerous experiments that
an unambiguous determination of a (single) ‘conductance’ value
even for the conceptually rather simple Au-BDT-Au junction is
truly challenging!®'">. After the first experiment, a wide variety

NATURE CHEMISTRY | VOL 4 | JUNE 2012 | www.nature.com/naturechemistry

of conductance values (10*G, to 0.5G,) for this junction, gener-
ated either by contacting and retracting an STM tip, or by using the
mechanically controllable break junction set-up, has been found,
as shown schematically in Fig. 8a. This is currently understood as
arising from the variations in the experimental geometries, set-ups
and measurement protocols. Crucial factors are the initial density of
the partial thiol(ate) coverage on the electrodes, whether the elec-
trodes are driven to full metallic contact (having conductance of
several quantum units) before subsequent retraction and break-up,
and whether thiol molecules are available to migrate into the bro-
ken contact at each cycle. Statistical measurements have also shown
temperature effects in the range of typical measurement tempera-
tures between a few tens of kelvin and room temperature.

The wide scatter of experimental data has created challenges
to theory and computations''*'*. Treatments based on DFT or
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semi-empirical tight-binding models have shown that the coordi-
nation of the sulfur to the gold surface (top, bridge, hollow sites),
the orientation of the phenyl ring with respect to the crystallo-
graphic orientation of the electrodes, the detailed combined elec-
tronic structure of the molecule-metal contact including proper
screening effects, and the dynamical effects all play an important
role in modifying the conductance. But no unambiguous agree-
ment currently exists between theory and experiment, making the
situation puzzling.

It is essential to realize, however, that all computations but one
have so far considered a very idealized junction geometry, namely
that of the BDT-terminating sulfur coordinating to a locally smooth
Au(111) surface or on an apex of a pyramidal tip structure. In the
light of the current knowledge of the Au-S interface of Au(111)/
SAMs and of thiolate-protected gold nanoclusters, it is conceiv-
able that RS—(Au(1)-SR), units exist at the highly curved tips of
the electrodes. As discussed above, these units have been experi-
mentally detected for both low-coverage and high-coverage SAMs
and on a ‘curved’ SAM interface of the nanoclusters. In fact, any
of the crystallographically known nanometre-sized Au,(SR),, clus-
ters ((n,m) = (25,18), (38,24), (102,44)) could offer a realistic model
for the thiolated tip apex of the electrodes. The relevant question
is then what happens to the RS-(Au(1)-SR), overlayer units during
repeated contacting and retracting of the electrodes. Unfortunately,
direct DFT-based molecular dynamics simulations are currently
prohibitively intensive in computing time, and realistic classical
force field models are lacking (acceptable classical force fields need
to be able to describe Au-SR bond-breaking energetics and dynam-
ics with the accuracy of the full DFT).

Only one recent computational study has so far considered the
possibility of the interacting RS—(Au(1)-SR),, units at the opposing
electrode surfaces'”. A few model structures for these novel junc-
tions (2-4) and their conductance values, calculated by Green’s
function methods, are shown in Fig. 8a and compared with the
‘standard model’ 1, shown schematically also in Fig. 1. The equilib-
rium structures of 1-4 span a wide variety of conductance values
between 2.8 x 107G, and 8 x 10~ °G,. The more interesting point of
comparison with experiments is to consider these junctions under
tension, because from statistical measurements, the determined
‘conductance values’ are drawn from the peaks (if any) in the con-
ductance distribution corresponding to plateaux in conductance
versus stretching curves. Junctions 2 and 4 show very interesting
behaviour: 2 gives a plateau at about 0.01G, and 4 settles to scat-
tering values below 10~*G,. Both junctions can be stretched con-
siderably, by more than 1 nm, from their equilibrium geometry.
For instance, the DFT molecular dynamics simulations of 2 show a
clear formation of a long contact Au(electrode)-SR-Au(1)-SPhS-
Au(1)-RS-Au(electrode) before rupture (Fig. 8b,d). The ‘molecu-
lar wire’ that yields the conductance plateau at about 0.01G, is
then the long complex —SR-Au(1)-SPhS-Au(1)-RS-. It is crucial
to realise that the two Au(1) atoms in the wire are chemically in
a distinctly different state from the Au(0) atoms at the surface of
the metal electrode. This applies also when these atoms are closer
to the electrodes in the mechanical equilibrium. The Au(1) atoms
also play a role in passivating the sulfurs of the central BDT moi-
ety; this has important consequences for the conducting orbitals
of the BDT"*"'**, The calculations confirm the experimental and
many earlier theoretical results that the measured conductance
is mainly due to one conducting state of BDT, but its resonance
position and shape close to the Fermi energy are very sensitive to
the electronic structure of the sulfurs. State-of-art GW methods,
considering just the simple ‘standard model’ 1, give similar con-
ductance values to junction 2 (calculated from the Green’s func-
tion method) if the sulfurs in 1 are passivated by hydrogens'®.
On the other hand, the standard model junction 1 is much stiffer
than 2 against stretching, the conductance increases even close to
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1G, before breaking (Fig. 8a) and on breaking the BDT molecule
tumbles back and binds parallel to the Au(111) surface of one
of the electrodes (Fig. 8c). It is clear that further computational
work is needed to evaluate many other possible geometries of the
junctions containing the novel gold-thiolate units, and eventu-
ally molecular dynamics simulations should be performed for the
improved geometry models to determine statistics of the conduct-
ance plateaux. This poses a considerable computational challenge
for the coming years.

Conclusion and outlook

Tremendous progress has been achieved during the past five years,
both on the experimental and the theoretical fronts, in understand-
ing the molecular structure of the gold-sulfur nanometre-scale
interface in thiolate-SAMs on Au(111) and in thiolate-protected
gold nanoclusters. Formation of the polymeric ~RS-Au(1)-SR-
units and the existence of two chemical states of gold (Au(0) and
Au(1)) are by now well-established features of that interface, and
they can be expected to be important for understanding atomistic
mechanisms of, for example, ligand-exchange reactions, dynamical
stability and catalytic activity of protected gold nanoclusters'®, or
local roughness of SAM surfaces'”’.

Despite all the advances discussed in this Review, a few open
issues remain regarding thiolate-stabilized clusters. Appearance
of the ‘magic’ sizes (n,m) for Au,(SR),, clusters is affected both
by thermodynamics and kinetics, as has been elegantly shown in
the case of glutathione-stabilized clusters®. Although the synthe-
sis yields appreciable amounts of a series of (n,m) clusters such as
(10,10), (11,11), (12,12), (15,13), (18,14), (22,16), (22,17), (25,18),
(29,20), (33,22), (35,22), (38,24), (39,24), most of them decay on
a timescale of a few days either to polymeric (n,n) forms or into
(25,18) and (38,24) clusters, which thus seem to be the thermo-
dynamically stable compositions in this size region. It is clear that
only a few of the observed (n,m) compositions can be explained
from an electronic structure point of view as electron shell clo-
sures'®®, so structural effects must play a part as well. For the
larger sizes, it seems that the stability of the (144,60) compound
can well be explained solely by geometric effects. In fact the pro-
posed (144,60) icosahedral structure’ has recently been suggested
as the ‘core structure’ for larger icosahedral-based plasmonic clus-
ters with approximate composition of about 330 Au atoms and 80
thiolates (76 kDa mass)!2%12°,

In the coming years, the use of monothiol(ate)- or dithiol(ate)-
stabilized gold nanoclusters for bio-applications is expected to
increase. In this area, they have already been demonstrated for
contrast enhancement in electron microscopy, delivery and
enhancement of existing small molecule drugs, and as intrinsi-
cally pharmaceutically active compounds. A better understanding
of the role of the Au-S interface for long-term stability of gold
nanoclusters in living cells, under the influence of bio-thiols such
and glutathione and cysteine'*’, may then be crucial for success-
ful use of gold-based agents for biolabelling, drug delivery and
photothermal therapy. Understanding the very fine details of the
internal structure and stability of the organic thiolate ligand shell
is expected to be crucial for the control of ligand-exchange reac-
tions that are at the heart of the bio-functionalization of the nano-
particle surface. The large number of distinctly different kinetic
environments for ligand-exchange for some known Au:SR clus-
ters raises the possibility of treating these systems analogously
to proteins, which have a distinct three-dimensional sequence
of amino acids that can be routinely modified by protein engi-
neering, or analogously to DNA, which can be modified by site-
directed mutagenesis.

Model calculations'?' have now shown that the Au(1) atoms
have a distinct role also for transmitting electrical current through
Au-S nanojunctions, because they may form an integral part of the
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‘molecular nanowire. Much more work is, however, needed in this
area to establish the structure of the most robust junctions that are
formed under various experimental conditions. The structures dis-
cussed in this Review may be most relevant for experiments where
the metal contacts are formed and broken in thiol solutions, where
a full SAM on the gold tips can be expected to form in each con-
tact cycle. Formation of the oligomeric gold-sulfur units is a mani-
festation of the strong chemical modification of gold electrodes by
thiolates, and its effects for the electrical contact also need to be
carefully re-evaluated in situations where individual biomolecules
make contact to gold electrodes through thiolate linkers.
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