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ABSTRACT: Metallic nanoparticles (NPs) appear as promising materials to be used in
biomedicine, as efficient catalysts and electrocatalysts, and as active elements in electronic
and sensing devices. The most common strategy to protect these NPs is by using thiolate
self-assembled monolayers (SAMs), a strategy that has proved to be useful to control the
physical and chemical properties of extended solid surfaces. However, the knowledge of the
structure and chemistry of thiol—metal interfaces yet remains elusive, although it is crucial
for understanding how NPs interact with molecules, biomolecules, and living cells and also
for a better design of NP-based devices. This Perspective strives to show the complexity of
the thiol-metal NP interface chemistry and how this changes with the nature of the
metallic core.

he use of metallic nanoparticles (NPs) for biomedical
applications, as efficient catalysts and electrocatalysts, and

The fact that thiolates are pro-

for the development of NP-based devices, among others, has duced after the formation of the
been of the main interest of the scientific community working metallic cores creates some link
1-4

in nanoscience and nanotechnology.
Synthesis of NPs often requires the use of ligands that con-
trol nucleation and growth and provide chemical and colloidal

between the two-phase
Brust—Schiffrin method and ligand

stability.” Thiols are the most popular ligands because they eXChange reactions. Under certain

adsorb as thiolates, forming self-assembled monolayers (SAMs) conditions, some metal thiolate

on the1 I\}IlP sErfaczi Tlgs }sltratei}lf has proved fto be ;lls(elful ltg polymers are very stable in polar

control the physical and chemical properties of extended soli : : :

surfaces.’ Thri)olates protect the NP Eletl;llic core, hinder aggrega- medla' and mcomplete reduction

tion, and promote ordered particle assembling on surfaces due of these SPecIes can occur.

to the strong sulfur head—metal covalent bonding and the

intermolecular interactions. Moreover, thiol terminal groups (at thiolate-protected metallic NPs, respectively, both with a rela-

the molecule/environment interface) and S heads (at the tively high monodispersity and a mean size controllable by the

molecule/metal interface) determine most of the physicochem- thiol/metal molar ratio.

ical properties and the reactivity of the NPs.” While the outer There is a large amount of work on the BS-II method to

interface is more accessible to experimental techniques and thus synthesize hydrophobic thiolate-protected NPs including Au,”

is better understood, the spatial structure and chemistry of the Ag,10 Cu,"' Pd,"* and Pt* (Figure 1). In the case of AuNPs, Au(III)

buried S head/metal interface remain today a challenge for the is first transferred to a toluene phase using quaternary

scientific community. This knowledge is crucial for under- ammonium salts (NR,X). The aqueous phase is discarded,

standing how NPs interact with molecules, biomolecules, and and thiols are added to the organic phase, which reduce Au(IIT)

cells and also for the behavior of NP-based devices. to Au(I) species. Early, it was believed that insoluble Au(I)-
This Perspective strives to show the complexity of the thiol/ thiolate polyrlneric species ([Au(I)-SR],) were formed during

metal NP interface chemistry and how this complexity changes this reaction.'* Hov;rsever, these cannot be considered the only

with the nature of the metallic core. We will focus our analysis possible precursors. ” In fact, recent results have shown that ion

on thiolate-protected Au, Ag, and Pd NPs, which have shown to pairs of tetraalkylammoniun and Au(I)-halide complexes

be examples of metals with very different chemical reactivity.
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Figure 1. Scheme showing synthetic routes of thiolate-capped Au, Pd, and Ag NPs.

([NR,][AuX,]) are the real intermediates.'® There is evidence
that Au(I) species are encapsulated into inverse micelles of
tetraalkylammonium cations."" Also, if the aqueous phase is left
in the reaction media during the addition of thiol and the
thiol/metal molar ratio is >2, the reaction intermediates will
consist of a mixture of [NR,][AuX,] and [Au(I)-SR], species.
Reduction of Au(I) species to Au(0) clusters is accomplished
by a strong reducing agent, such as NaBH, in aqueous solution.
Finally, thiol molecules in toluene bind to the metallic cluster,
leading to thiolate-protected NPs.

Similar reaction schemes are applicable to the synthesis of
AgNPs,17 although some drawbacks should be considered, like
the possible formation of AgBr precipitates. In the case of
PdNPs the metal halide complexes [PdX,]*” (X = Br, Cl) are
inside of the inverse micelles containing Pd(II)-thiol com-
plexes.'”> Both Pd(II)-thiol and [PdX,]*~ species can be
reduced to metallic Pd clusters when the thiol/metal molar
ratio is <1'® (Figure 1). For higher molar ratios, incomplete or
negligible reduction of the metallic species is observed. Also,
Pt(11)-thiol complexes could not be reduced upon addition of
NaBH, when a 2/1 thiol/metal molar ratio was used.'® This
issue was overcome by inverting the reactant addition sequence.

The fact that metal—sulfur bonds are produced after the
formation of the metallic cores allows linking of the BS-II
method with ligand exchange reactions, where weak bond-
capping agents are replaced by thiols.'® If the amount of thiol is
relatively small and the reaction time is short, thiolate-protected
NPs are obtained, while at high thiol concentration, smaller
NPs are formed due to digestive ripening.'**°

The BS-I method® (Figure 1) is used to prepare hydrophilic
thiolate-protected NPs, although there are some examples of
hydrophobic NPs.”' In the case of AuNPs, Au(III) ions are first
reduced to Au(I) upon addition of thiols in polar media
(tetrahydrofuran, methanol), which leads to the formation of
[Au(I)-SR],. These polymeric species are further reduced by
NaBH, or LiEt;BH to obtain thiolate monolayer-protected
NPs. In a similar way, PANPs** and AgNPs>' have been
synthesized. However, under certain conditions, some metal
thiolate polymers are very stable in polar media, and
incomplete reduction of these species can occur.”® For instance,
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the existence of a [Au(I)-SR], shell with a ~1 nm Au(0) core
has been reported for a typical reaction using thiomalic acid
(TMA).>* Moreover, TMA-protected PtNPs prepared by this
method™ and subsequent etching with glutathione exhibit a
large amount of oxidized Pt species, suggesting also the
formation of a [Pt(I)-SR], shell. Also, during the synthesis of
dodecanethiolate (DT)-protected NiNPs, the reduction of
NiCl, with NaBH, in the presence of DT yields [Ni(II)-SR],
species surrounding Ni(0) clusters ~1 nm in size.”**’

The Brust—Schiffrin route is very effective in the synthesis of
NPs less than 5.0 nm. On the other hand, alkylthiosulfates have
been used to prepare thiolated-protected NPs 5—20 nm in size
by direct aqueous synthesis in the presence of NaBH,.** >

In a simplified outline, synthetic routes can result in two
different types of NPs, thiolate monolayer-protected NPs and
metal thiolate polymer-coated NPs. The latter is frequently
found for the one-phase method when reduction of the metal
thiolate produced by the metal precursor in the polar media is
difficult. On the other hand, the BS-II and ligand exchange
methods, where the thiol molecules chemisorb on the metallic
clusters covered by weakly adsorbed species, can be better
compared with thiol self-assembly on extended metal surfaces.

Structure and Shape of Clean Metallic NPs. It is well-known
that surface energy considerations are crucial to understand and
predict the morphology of noble metal NPs.”" Surface energy
(y), defined as the excess free energy per unit area for a
particular crystallographic face, largely determines the faceting
and crystal growth observed for particles at the nanoscale.
Noble metals, with a face-centered cubic (fcc) lattice, have
different y’s for different crystal planes.>* The anisotropy results
in stable morphologies where y is minimized by the low-index
crystal planes that exhibit closest atomic packing. For Au, Ag,
Cu, Nj, Pd, and Pt at T = 0 K, surface energy calculations
predict that any high-index crystal planes will spontaneously
facet into linear combinations of the low-index {111}, {100},
and {110} planes.*® Each crystal facet possesses a different
y value, being y{111} < {100 } < y{110}.

The predicted thermodynamic equilibrium shape of mono-
crystalline NPs 3—100 nm in size at T = 0 K is a truncated
octahedron bound by {111} and {100} planes with 90% {111}
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Figure 2. (a) Some of the shapes exhibited by NPs. The different
facets are indicated; (b) scanning tunneling microscopy (STM) and
(c) transmission electron microscopy (TEM) images of citrate-coated
AuNPs. (TEM image taken by M. S. Moreno, CAB-CNEA.) Faceted
and “spherical”-looking NPs are shown.

and 10% {100} surface areas (Figure 2).** Even the most
“spherical”-looking NPs may be described by a truncated
octahedron. However, as NPs become smaller, not only does
the fraction of surface sites increase, but also their shape
transforms into decahedra or icosahedra, the latter exclusively
formed by the {111} fcc crystal planes (Figure 2).>> Due to
accumulated strain energy, the stability of the icosahedral forms
decreases significantly as the cluster size is increased.*® Thus,
the AuNPs stability map at T = 300 K predicts icosahedra—
decahedra and decahedra—truncated octahedra transitions at
~10 and ~14 nm NP sizes, respectively, with 77% {111} and
23% {100} surface areas.> Also, theoretical modeling of PANPs
at 300 K has shown that decahedral—truncated octahedral
shape transition takes place at ~10 nm.”” Similar transitions
have been observed for AgNPs.38 However, some of the most
common particle morphologies are not composed of single
domains but rather possess multiply twinned planes (MTPs).**
The formation of MTPs for Au, Ag, Cu, Pd, and Pt results from
their small twinning energy, which accommodates the strain
induced by a completely (111)-bound particle.** Only at low
temperature and small sizes are multiply twinned decahedra
stable; monocrystalline shapes are thermodynamically preferred
under most conditions.*”

Decahedral and icosahedral NPs have been observed at sizes
that defy predictions made by theory, suggesting other
stabilization mechanisms. These involve the formation of
high-index {511} facets and reconstruction of {001} faces.””
The former possess a high density of low-coordinated atoms,
steps, edges, and kinks,” and because of their high y, they
should vanish faster at a crystal growth stage and are more
difficult to be preserved on the surface of the final NPs.

Metallic NPs exhibit a lattice contraction as their size
decreases below 4 nm, resultin§ in lattice parameters smaller
than those of the bulk metal.*'™* In fact, the coordination
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number loss in the NP surface leads to bond contraction at the
surface and subsurface due to surface tension effects.* In the
case of AuNPs* and PtNPs, a 4—5% bond contraction has
been calculated.* The high surface free energy of NPs < 4 nm
results in high evaporation rates, high adatom mobility, and low
melting temperature.

The above picture of NPs results from theoretical
calculations for pristine NPs and from experimental data for
NPs protected by weakly adsorbed species. Next, we will
discuss the chemistry and structure of thiols on (111) and
(100) metal surfaces.

Thiol Self-Assembly on (111) and (100) Crystal Faces. Thiol-
protected NPs can be considered as a metallic core with a
complex thiolate—metal shell. If the size of the metallic core is
large, the NP interface properties approximate to those of
SAMs on planar surfaces. If the metal cluster size is reduced
enough, then all of the metal atoms in the cluster are directly
bonded to the S head, and the system approaches a metal
thiolate. Next, we will briefly discuss the present knowledge of
thiolate SAMs on (111) and (100) surfaces because they
dominate NP surfaces.

Thiols adsorb on Au(111) and Au(100) single-crystal
surfaces, forming strong (2—3 eV) covalent S—Au bonds
(thiolates, RS). The stable phases on Au(111) at high coverage
are the (\/3 X \/3)-R30° and c(4 X 2) lattices that coexist on
the substrate, with the (\/3 X \/3)-R30°/c(4 X 2) ratio
increasing with hydrocarbon chain length.*” Exceptions are
methanethiol (MT) and ethanethiol (ET), which arrange into a
(3 x 4) lattice.® In all cases, the surface coverage on the
Au(111) face is 6 = 0.33, the nearest-neighbor thiol—thiol
distances is d & 0.5 nm, and the tilt angle of the hydrocarbon
chain with respect to the substrate normal (a) is ~30°.*” The
initial picture of adsorbed RS on an unreconstructed (U)
Au(111) surface has been replaced by models involving gold
adatom (Au,y)-RS complexes with a considerable substrate
reconstruction.

The most accepted models*” involve RS-Au,4-SR (“staple”)
units based on scanning tunneling microscopy (STM) results at
low*® and high*® @ values. Recent data*® for MT and ET at high
0 give direct evidence of RS-Au,-SR species in the trans
configuration ((3 X 4) lattice) (Figure 3a), while the cis
configuration (c(4 X 2) lattice) (Figure 3b) is more stable for
longer thiols.*”*" Also, RS-Au,4-(RS)-Au4-RS and RS-Au,y
have been found as intermediate species at low 6.'

Generally, strong electronegative adsorbates can release gold
from the surface. Thus, the uptake of Au,y to form RS-Au,-SR
species results in a single vacancy,** which can either diffuse
to form vacancy islands on terraces (see the black holes in
Figure 4a) or be adsorbed at step edges (see the serrated steps
in Figure 4b).

Figure 4c shows the calculated Gibbs free energy for single
vacancy formation on clean and thiol-covered U Au(111)
substrates.> It is evident that upon thiol chemisorption, the
uptake process becomes thermodynamically favored not only
along step-edge lines and strained surfaces but also at (111)
terraces. The ability of thiols to extract Au atoms is
demonstrated in Figure 4d—f, where butanethiol (BT)
adsorption leads to a separation of the Au atom from the
step edge. The absence of vacancy islands on 5 nm wide
terraces (Figure 4b) indicates that the mean free path of
diffusing vacancies is larger and therefore that they can be
captured at steps before they create a new island. The absence
of vacancy islands after adsorption of some aromatic thiols
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Figure 3. Optimized structures for alkanethiols on different metal
surfaces: (a) MT “staple” (3 X 4) model on Au(111), (b) butanethiol
(BT) “staple” c(4 X 2) model on Au(111), (c) BT on unreconstructed
Au(100), (d) BT “staple” on S covered-Pd(111), (e) BT on a 5/7
model on Ag(111), and (f) BT on unreconstructed Ag(100). Insets:
lateral view of the structures. Gold: Au; gray: Pd; violet: Ag; green:
S-thiolate; light-green: S-sulfide; black: C; white: H. (a,b) Orange: Au
adatoms; (d) blue: Pd adatoms.

(Figure Sa,b) suggests that staple formation on the Au(111) is
more difficult for these thiols.

In the case of 4-mercaptobenzoic acid (MBA) on Au(111), a
diluted (4 x \/ 3) lattice was observed (inset in Figure Sa and
Figure 5d).>* The 7 versus adsorbate chemical potential (Agu)
plot (Figure Sc) shows that at low Ay values, this lattice is
more stable than a c(4 X 2) lattice containing RS-Au,g-SR
species (Figure Se), thus explaining the experimental data. The
absence of reconstruction has been observed for other aromatic
thiols, such as 6-mercaptopurine (6MP) (Figure 5£),% which
also exhibits a dilute lattice (Figure Sb, inset). The low binding
energy (E;,) and the low Bader charge (q) on the Au atom
(small repulsion at the surface) could explain why these
molecules fail to reconstruct the Au(111) terraces.

Unlike Au(111), the adsorption of thiol molecules on a
Au(100) has been less studied. Short-chain alkanethiols form a
c(2 x 2) overlayer with d = 041 nm, 6 = 0.5, and a ~30°
(Figure 3¢).’® On the other hand, STM images in solution
show that ET organizes in a quadratic incommensurate lattice
with d = 0.44 nm and @ = 0.43.%7 These images also show a
0.25 Au island coverage, a figure consistent with the lifting of
the hexagonal reconstruction of the Au(100) surface to form
the Au(1 X 1) surface. This fact suggests that the thiol-covered
(100) surface is unreconstructed. Longer-chain homologues,
however, show more complex diffraction patterns.56

SAMs on Pd(111) have also been characterized by using
different techniques.*®*® Thiol molecules on this surface adopt
a standing-up configuration with @ ~ 14—18°°% A careful
analysis of X-ray photoelectron spectroscopy (XPS) data shows

~
~
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Figure 4. (a) STM images showing hexanethiol (HT) c(4 X 2)
domains on Au(111). Black holes represent vacancy islands. (b) HT-
covered terraces 5—10 nm in width showing the absence of vacancy
islands and serrated steps. (c) Vacancy-formation Gibbs free energies,
AGp, for a set of different Au motifs in the absence (light blue) and
in the presence (blue) of an adsorbed MT SAM: (left) Au(111),
(center) Au(111) under uniaxial 5% compressive strain, and (right)
Au(211) stepped surface (taken from ref 53). (d) Clean stepped
Au(211). (e) Lateral view and (f) top view after BT adsorption at step
edges. Note that the Au atom bonded to the BT is elevated.

that thiols adsorb on Pd at saturation coverage, forming a
complex interface that consists of thiolates on a diluted
palladium sulfide (PdS,) with 0,44. ~ 0.4 and 6 =~ 0.30 (total S
coverage 05 ~ 0.7).>° This complex adlayer has been modeled
as a ( 7 X \/7)R1910 S+ thiol (gsulﬁde = 3/7 + gthiolate = 2/7)
lattice®® (Figure 3d). The presence of sulfide reflects the ability
of metals with d-bands populated near the Fermi level to break
bonds of the adsorbates. Upon thiol adsorption on Pd, there is
an electron density transfer from the metal d-band to the
antibonding molecular orbitals of thiol molecules that weakens
the S—C bond, resulting in its elongation and final breakage.
In fact, after S adsorption, the center of the d-band is lowered in
energy with respect to the clean surface, that is, the surface is
“passivated”, allowing thiol adsorption and SAM formation.
In contrast, significant amounts of atomic S on Au(111) are
only observed in the adso?tion of some small thiol molecules
from the liquid phase.'™°* In these cases, S adlayers result
from S—C bond scission or thiol decomposition in solution.
DFT calculations also show that thiol adsorption on the PdS,
surface is able to extract Pd atoms from the surface, forming
RS-Pd,4-SR moieties (inset in Figure 3d) similar to those found
on thiol-covered Au(111).%° This is reasonable as aliphatic and
aromatic complexes forming [Pd(SR),], polymers have been
prepared.®®

It is well-known that thiols adsorb on Ag(111) as thiolates in
a distorted (\/ 7 X \/ 7)R19.1° lattice (0 ~ 0.43) of standing-up
molecules with a ~ 0—19°°%%" However, experimental data
from different techniques have excluded any simgle adsorption
model on an unreconstructed Ag(111) surface.”® Therefore, it
has been proposed that Ag(111) reconstructs, forming a near-
hexagonal surface layer with a Ag density that is only 3/7 that
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Figure S. STM images of (a) MBA and (b) 6MP SAMs on Au(111).
High-resolution images for these SAMs are shown in the insets.
Binding energies (E,), the reconstruction energy per thiol (E,../Nyo1),
the surface free energy (), the surface coverage by sulfur species (6s),
and Bader charges on the S and metal atoms (q) from DFT calculations
(optB88-including van der Waals interactions) are listed for different
aromatic thiol lattices on Au(111). (c) y versus Au of MBA (from
disulfide). The stability of the different surfaces is shown. (d)MBA
(4 x \/3), (e) MBA staple c(4 X 2), and (f) 6MP (2 X 3\/3).

of the underlying substrate layers with MT molecules adsorbed
into three-fold-coordinated hollow sites with d = 0.44 nm.%’
However, the stability of this model is similar to that of the
(\/ 7 X \/ 7)R19.1° MT lattice on the U surface as the
formation of Ag vacancies implies a large energy cost.”’ More
recently, a DFT study has proposed a more stable structure for
MT involving a greater density (5/7) of topmost Ag atoms.”"
The adsorption pattern consists of Ag;(MT); units surrounded
by hexagons of Ag atoms. For alkanethiols longer than MT, the
same reconstructed model (Figure 3e) seems to be valid,

although d increases to ~047 nm in order to optimize
hydrocarbon chain interactions.®*”*> Concerning thiolate—Ag
complexes, Ag(SR) species arranged in a planar lamellar shape
are preferentially formed.”* On the other hand, it has been
reported that thiols remain intact on Ag(111) from the gas
phase at room temperature,”* although exposure to UV
radiation” or thermal desorption at high temperature”* causes
C—S bond scission and the formation of S-rich Ag surfaces.
Much less information can be found for thiol adsorption on the
Ag(100) face. Here, thiolates adsorb in four-fold hollow sites by
the S atoms’® (Figure 3f).

Several energetic and structural parameters for BT
adsorption on different Au, Ag, and Pd substrates are shown
in Table 1. The E, and y data indicate that the reconstructed
(111) surface models exhibit enhanced adsorption and are
more stable than that on the U (111) surface, thus supporting
experimental observations. Interestingly, the c(2 X 2) BT lattice
on the unreconstructed Au(100) and Ag(100) surfaces has
large E, and high stability in terms of y, suggesting that these
surfaces are not reconstructed upon thiol adsorption.”” Bader
charges show that the intrinsic dipole in the S—Au bond is quite
small, whereas S—Ag and S—Pd bonds have a strong polar
character.”””’

Chemistry of the Thiolate-Protected Metallic Nanoclusters.
Noble metal nanoclusters (NCs, diameter < 2 nm) have been
the focus of increasing research interest because they exhibit
unique properties compared to NPs (diameter > 2 nm) such as
fluorescence,”’ chirality,80 or magnetism.g1 Therefore, they have
promising applications in the fields of catalysis,** sensing,*’
photonics,** or biolabeling.*®

Surface reconstruction of {111}

nanoparticle facets upon thiol
adsorption is enhanced in rela-
tion to that of plain surfaces due
to bond contraction and a large
number of defects, both favoring
vacancy and adatom formation.

Today, it is possible to synthesize thermodynamically stable
thiolate-protected AuNCs of the formula Au,(SR), with
m = 24, 25, 38, 102, 130, 144, and 225."° A key point in the pre-
sent understanding of the surface chemistry of the S/Au interface

Table 1. Energetic and Structural Data and Bader Charges from DFT Calculations (optB88-vdW) for BT Adsorption on
Reconstructed (R) Au(111), Ag(111), and Pd(111) Surfaces According to the Models Reported in References 78, 60, and 71,

respectively”
Au(111) Ry Au(111) U Au(100) U Ag(111) R Ag(111) U Ag(100) U Pd(111) R Pd(111) U
attice (4 % 2) c4x2)  c2%x2)  (V7X V7RI (V7x V7RI c(2%X2) (V7 X V7)RI9.1° (/3 x 1/3)R30°
E, /eV -328 —226 —2.84 -3.18 -2.53 -2.75 -3.18 -332
(Eoo/ Nipior)/€V +0.51 0 0 +0.51 0 0 —2.32° 0
v/ eV-A™ —0.123 —0.100 0164  —0154 —0.146 0160  —0236 —0.166
0, 033 033 0.50 043 043 05 0.7 033
a/deg 34 10.0 238 421 6.1 83 3-9 11.1
4(8) -0.18 -023 -0.17 —037 —0.39 —0.39 —0.37/-0.23 —024
q(Me) +0.14% +0.06 +0.06 +0.22 +0.13 +0.16 +0.26° +0.07

“Data are compared to those found for BT on unreconstructed surfaces (U). Parameters for adsorption on the Au(100) and Ag(100) surfaces are
also included. “Charge on the Au adatom. “Include the energy to reconstruct the sulfide—Pd surface with respect to the clean (111) surface, which is

negative [(}/ = (NthiolEb + Erec)/A)/(eV.Aiz)]'

3131

dx.doi.org/10.1021/jz401526y | J. Phys. Chem. Lett. 2013, 4, 3127—-3138



The Journal of Physical Chemistry Letters

a)

b)"?.%o_ﬁ
o ©

RS-Au-SR

Z,

yeter

RS-Au-SR-Au-SR

Figure 6. (a) Au,p,(MBA),, cluster. (b) Two kinds of staple motifs
found on the Au cluster surface. Coordinates obtained from O. Lopez-
Acevedo (ref 90). (c) Agy,(AgSR)*" cluster.”’ Orange: Au; yellow: S;
light gray: Ag; dark gray: C; red: O. For clarity, only the S head of the
thiol molecules is shown in the clusters in (a) and (c).

has been the elucidation of the Au,,(MBA),, crystal structure by
X-ray diffraction® (Figure 6a). The core of this thiolate—AuNC
has been found to be packed in a Marks decahedron (a neutral
79-atom Au core), surrounded by two types of “staple” motifs
(RS-Au,4-SR and RS-Au,y-RS-Au4-SR, Figure 6b). In these
complexes, the central Au atom is linearly coordinated by
surface-parallel bonds to the two thiolates, bridging two Au
atoms underneath of the first surface layer, and sulfur atoms
occupy Au on-top sites. In order to understand the stability of
these clusters, two distinct approaches have been proposed. On
one hand is the superatom model with a closed electron-shell
structure based on global electronic effects,”” where the Auy
is present as Au(I). In this model, the staple is also stabilized
by long-range “aurophilic” Au—Au coordination. On the other
hand, a model based on thermodynamical considerations and
strong local chemical effects has been proposed. In this case,
the S atom retains the thyil form, and the Auy remains as
Au(0).% Finally, it is interesting to stress that the thiol coverage
is 6 = 0.7, much higher than 6 = 0.25 for MBA on Au(111).>*
Geometry optimization and ab initio molecular dynamics have
shown that staple formation is preferred because it stabilizes the
cluster by pinning the surface Au atoms.*

The presence of the staple motif was later verified on
different thiolate-protected AuNCs by X-ray diffraction” and
X-ray absorption data.”** The thiol capping seems to play a
role in the thermodynamic and electrochemical stability of
thiol—AuNC.*® In general, aliphatic thiols have higher electro-
chemical and thermodynamic stability than aromatic thiols, in
agreement with data for the Au(111) (Table 1 and Figure 5).

In contrast to AuNCs, the scarcity of reports on AgNCs may
be assigned to the high reactivity and poor stability of the
Ag(SR) interface. However, some progress in this direction has
been recently made. In fact, a superatom complex with a
molecular formula Ag,,(SR);,*~ has been synthesized.”® In a
similar way, 2 nm size AgNCs have also been prepared by
reduction of a silver thiolate precursor, Ag(SCHZCHZPh).91 In
this case, a core—shell structure model was developed, with a
92-atom Ag core having icosahedral—dodecahedral symmetry
and an encapsulating protective shell containing Ag atoms and
60 thiolates arranged in a network of six-membered rings
resembling the geometry found in alkanethiolate SAMs on
Ag(111)*” (Figure 6c). On the other hand, it has been shown
that glutathione-capped Ag,s clusters decompose at 50 °C,
yielding Ag,S NPs 3 nm in diameter.”®

Regarding Pd,(SR),, clusters, these have been prepared by
reactions between palladium chloride and alkanethiols.”” The
size of the clusters (which are in the range of 5 < n < 60,
m ~ 0.6n) is consistent with the ~1 nm core diameters
observed by TEM. For instance, the [Pd(SC;,H,s),]¢ complex
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has six palladium atoms, forming a nearly planar hexagonal
ring with the adjacent Pd atoms bridged by sulfur atoms from
both sides.'® However, as the size of the metallic Pd core is
increased, marked changes in the structure and chemistry
take place.'”" Thus, PANCs, 1.2 nm in size, capped with dif-
ferent alkanethiols (number of C atoms = 12, 16, and 18) show
evidence of PdS, in the bulk.

The previous discussion demonstrates a strong correlation
regarding surface structure and chemistry between thiolate-
protected NCs and SAMs on (111) surfaces.

Thiolate-Protected NPs. The structure of thiolate-protected
AuNPs has been studied from both experimental and
theoretical viewpoints. (DT)-protected AuNPs (5—8 nm in
size) have been analyzed by high-resolution TEM (HRTEM)
and theoretically modeled.>* Careful examination of the images
shows that about 1/3 of the particles either contain a single
twin plane or are decahedral. The remaining 2/3 are single fcc
NPs, some of which appear “spherical” in shape, while others
exhibit faceting, as predicted by recent DFT calculations.'*
Most of them can be described in terms of the truncated
octahedral motif with the crystal surface dominated by {111}
(77%) and {100} (23%) planes.>*

Concerning surface chemistry, some evidence about the
presence of RS-Au,4-SR on the {111} face of 300 nm diameter
gold nanocrystals results from recent coherent X-ray diffraction
measurements. > Upon thiol self-assembly, the flat facets
contract radially inward relative to its spherical regions. The
magnitude and slow kinetics of the contraction are consistent
with the formation of a RS-Au,-SR layer. Theoretical and
experimental data indicates the existence of RS-Au,y species
and increased surface disorder upon thiol adsorption,'®*
although a vacancy island cannot be formed on the {111}
facets of small AuNPs (Figure 4b).

Typical HRTEM images obtained for DT (prepared by BS-1I
method) and MBA (prepared by BS-I method) monolayer-
protected AuNPs with average sizes ranging from 2 to 3 nm are
shown in Figure 7a,b. In the above discussion, it was stated that

Figure 7. a) DT-protected AuNPs prepared by the two-phase Brust—
Schiffrin method supported on amorphous carbon. (b) MBA-
protected AuNPs prepared by the one-phase Brust—Schiffrin method.
(¢,d) Two HRTEM images of the same MBA-protected AuNP. The
electron beam produces not only the rotation of the NP but also the
displacements of the atoms closer to the surface of the NPs. In smaller
NPs, this effect is also important for inner atoms. The lines were
drawn for reference. Images taken with a Philips CM300FEG/UT
microscope at NCEM, Berkeley.
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Figure 8. TMA-protected AuNPs. (a) SAXS versus TEM size distribution (adapted from ref 107), (b) HRTEM image (adapted from ref 24),
() high-angle annular dark field scanning TEM (HAADF-STEM) image (obtained with a JEOL JEM-ARM200F by G. Casillas, UTSA, U.S.A.), and

(d) schematic drawing of the NP structure.

thiolate-protected AuNPs approach their expected thermody-
namic shape and that their surface chemistry is consistent with
RS-Au,4-SR species. However, marked changes in both
structure and chemistry of AuNPs have been observed under
HRTEM imaging and X-ray characterization. In fact, NPs
illuminated by an intense electron beam are damaged due to
atom ijonization, breaking bonds, local heating, and knock-on
displacements>" (Figure 7c,d).

The electron beam can result not only in changes in the
position of the atoms in the NPs, evident by comparing the
images in Figure 7 ¢ and d, but also in dramatic changes in
surface chemistry. For example, TMA-protected AuNCs appear
~1 nm in size when characterized by small-angle X-ray
scattering (SAXS) (Figure 8a) but transform into ~3 nm
AuNPs in size under HRTEM imaging (Figure 8ab). This
results from the reduction of the Au(I) polymeric species that
surround the Au core to Au(0), as revealed by HAADF-STEM
(Figure 8c) and schematically shown in Figure 8d. In fact,
a synthetic method for AgNPs (2—6 nm in size) based on the
reduction of RS-Ag by electron beam irradiation has been
described.’® On the other hand, DT-Ni(II) complexes are not
reduced under similar imaging conditions.”” Radiation damage
during X-ray absorption experiments on alkanethiolate-capped
AuNPs has been also observed after 45 min of exposure,
resulting in S—C bond cleavage and atomic S formation.'%

The high surface free energy (and strain) of the small NP and
NC surfaces also plays a key role in surface chemistry. In fact,
while MBA SAMs show no evidence of surface reconstruction on
Au(111) terraces™ (Figure S), the situation is very different on the
{111} facets of small NPs (<3 nm in size) because their 4—5%
lattice contraction®*** should enhance vacancy (adatom)
formation upon thiol adsorption (Figure 4c). We have estimated
that the reconstruction energy per MBA (E,../Ny;y) to form
RS-Au,4-RS moieties decreases from 0.555 (Figure S) to 0.539 eV
when the Au—Au distance decreases 5%, that is, the formation of
this species on the strained surface is favored. Also, the defective
sites (Figure 4) at the NP’s surface provide Au, for staple
formation. After adsorption, the bonds created by thiol molecules
with adatom/surface atoms release the excess surface free energy,
and thiolate-protected Au**'°*'® exhibits a surface lattice
expansion.*® The higher thiol coverage (6 = 2/3) found for
AuNPs <4 nm in size with respect to Au(111) (6 = 1/3) results
from the NP curvature and larger ligand/Au binding ratios on core
edges and vertexes.''” These effects vanish for AuNPs >4 nm, and
0 approaches 1/3.""" In contrast, a slight lattice expansion has
been observed for thiolate-protected PANPs'® due to H
incorporation during NP synthesis or sulfide formation.''*

Thiol adsorption is also accompanied by changes in the NPs’
electronic properties. XPS measurements showed that thiolate
adsorption induces a positive binding energy (BE) shift in the
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Electrons and X-rays can induce
dramatic changes in NP structure
and surface chemistry.

Au 4f core level.'"® The valence band exhibited small BE shifts,
which were interpreted as rehybridization of Au 5d electrons
due to the Au—S bond formation. Furthermore, the disappearance
of the Fermi edge upon thiol adsorption, which was attributed
to a sulfur-induced metal—insulator transition of the NP, was
observed. Similar results were reported for AgNPs. However,
different phenomena, such as final-state effects, were proposed
to explain Au 4f BE shifts in thiolate-protected AuNPs."'"* The
difficulty to uncouple these effects makes the analysis of the BE
shifts more difficult. However, the shift in the Pd 3d signal in
PdNPs is much higher than that for the 4f signal of AuNPs
because of the presence of PdS, on the surface (Figure 9a). The
valence band spectrum of AuNPs is located at a greater BE than
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Figure 9. (a) Comparison of the Pd 3d spectrum of DT-protected
PdNPs and a clean planar Pd surface. (b) Valence band signal of
DT-protected Pd and Au NPs. (c) S 2p spectrum of DT-protected AuNPs.
(d) S 2p spectrum of DT-protected PdNPs. (ef) HAADF-STEM
images of alkylamine-protected PdNPs and alkanethiolate-protected
PdNPs, respectively. Adapted from ref 18.
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the one of PANPs (Figure 9b), a fact closely related to the high
reactivity of Pd compared to Au.'® Regarding the S 2p signal, it
evidences the already commented differences in the chemistry
of thiolate-protected Pd and Au NPs. In AuNPs, the signal can
be deconvoluted into two components, the main one at
~162.5 eV, assigned to the thiolate monolayer, and a smaller
one at ~163.5 eV, assigned to free thiol (Figure 9c). In the case
of PANPs, the total amount of S is about twice that found in
AuNPs of a similar size, thus revealing the presence of sulfides.
In this case, three components are necessary to fit the signal.
The two main components at 162 and 163 eV have been
assigned to sulfide and thiolate, respectively, while a minor
component at higher binding energy has been assigned to
different oxidized S species (Figure 9d).'®

The strong influence of the sulfide layer on the PdNPs
structure is evident in high-resolution HAADF-STEM images.
While amine-protected PANPs are crystalline (Figure 9e),
thiolate-protected PANPs are amorphous (Figure 9f), a result
that can be related to the presence of the PdS, layer. In fact, the
synthesis at T = —78 °C results in crystalline PdNPs,*
suggesting that the formation of the sulfide layer is kinetically
hindered at low T. On the other hand, Pd(II)-SR complexes are
used as precursors to prepare thiolate-protected PdS, NPs
through high-temperature-induced decornposition,115 that is,
C—S bond cleavage is favored at high T. Concerning thiolates,
DFT calculations on Pd(111) suggest that the sulfide-covered
PANP surface could contain RS-Pd, -SR species,60 as in the
case of Au(111) surfaces and AuNCs.

Also for AgNPs, a core—shell morphology consisting of a
metallic A% core surrounded by a Ag,S-like phase has been
proposed."’® The increase in the thiol concentration leads to
smaller AgNPs and produces more Ag,S."'® Therefore, the
proposed structure for AgNPs resembles that described for
thiolate-protected PdNPs. However, XPS data for DT-
protected AgNPs synthesized in our laboratory by the BS-II
method showed only a small amount of sulfide, which is not
consistent with thiolates grafted on a Ag@Ag,S core@shell
model. Also, thermogravimetric analysis data for thiolate-
protected AgNPs prepared by the BS-I method showed no
evidence of an excess of S in relation to that for intact thiol
molecules.”’ However, DFT calculations for a hypothetical
(\/7 X \/7)R19.1° sulfur + thiol on Ag(111) (similar to that
shown for Pd in Figure 3d) yields y = —0.148 eV/A? a value
very close to y = —0.154 eV/A? calculated for thiolate SAMs on
the reconstructed Ag(111) (Table 1). Therefore, thiolate-
protected AgNPs and thiolate-protected Ag@Ag,S core@shell
NPs have a similar stability, and the final product could depend
on details of the synthetic procedure''” or on the presence of
sulfides impurities."'® In fact, Ag(I) thiolates react rapidly with
H,S or HS™ to form Ag,S,""” and then, thiols can bind the
silver sulfide, leading to thiolate-protected Ag@Ag,S core@
shell NPs.'*

In conclusion, we have discussed the surface chemistry of
thiolate-protected Au, Pd, and AgNPs, an important issue in
relation to applications in many technological fields. We have
shown that there is a correlation between the surface chemistry
of these NPs and those found in the corresponding (111)
extended surfaces. Metal thiolates play a dominant role in the
{111} faces of AuNPs, while both thiolates and sulfides are
present on PANPs and on AgNPs, although for different
reasons, the intrinsic catalytic activity of Pd and the sensitivity
of AgNP to preparation conditions. Surface reconstruction of
{111} NP facets upon thiol adsorption is enhanced in relation

3134

Metal thiolates play a dominant
role in the {111} faces of AuNPs,
while both thiolates and sulfides
are present on PdNPs and on
AgNPs, although for different
reasons, the intrinsic catalytic
activity of Pd and the sensitivity
of AgNP to preparation
conditions.

to that of plain surfaces due to bond contraction and a large
number of defects, both favoring vacancy/adatom formation.
On the basis of some experimental and DFT data thiol
adsorption would not induce reconstruction of {100} Au and
Ag faces of NPs.

Future work in the subject should address several important
topics. For instance, our knowledge on the surface chemistry
and structure of thiolates at surface defects should be improved
as they become increasingly important as the NP size decreases.
Also, much more experimental data are needed on thiol
adsorption on the {100} faces because their contribution to the
total NP surface increases with the NP size. Both topics
become crucial in order to link extended surfaces with NP
surfaces. Moreover, more information about S—C bond
cleavage is necessary, in particular, on the role of defects in
this process and on the effect of adsorbed sulfide to promote
strong disorder in the NPs’ cores. Finally, it would be important
to have a better understanding of the impact of electrons and
X-rays on the surface chemistry and structure as this seems to
induce uncontrolled changes on the surface chemistry and
structure of NPs.
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