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ABSTRACT: The self-assembly of thiomalic acid (TMA) on
Au(111) and on preformed Au nanoparticles (AuNPs)
protected by weak ligands has been studied by X-ray
photoelectron spectroscopy (XPS) and electrochemical
techniques. Results show that TMA is adsorbed on the
Au(111) surface as thiolate species with a small amount of
atomic sulfur (∼10%) and a surface coverage lower than that
found for alkanethiols due to steric factors. The amount of
atomic sulfur markedly increases when the TMA is adsorbed
on AuNPs by the ligand exchange method. We propose that
the atomic sulfur is produced as a consequence of C−S bond
cleavage, a process that is more favorable at defective sites of
the AuNPs surface. The bond scission is also assisted by the presence of the electron-withdrawing carboxy moiety in the α-
position relative to the C−S bond. Moreover, the high local concentration of positively charged species increases the stability of
the negatively charged leaving group, leading to a higher amount of coadsorbed atomic sulfur. Our results demonstrate that the
terminal functionalities of thiols are conditioning factors in the final structure and composition of the adlayers.

■ INTRODUCTION

In recent years, self-assembled monolayers (SAMs) of ω-
terminated alkanethiols have been widely employed as linkage
layers to electrostatically or covalently bind redox proteins to
metal surfaces.1 In this regard, thiomalic acid (TMA) belongs
to the hydrophilic thiols that can serve as adhesion layers for
biomolecules2 and cells to study their chemical and electro-
chemical reactivity at interfaces. Also, the TMA molecule is an
intriguing choice to protect nanoparticles intended for
biomedical applications because of its water solubility,
biocompatibility, and in vivo stability.3

The strong Au−S bond in thiolate-protected AuNPs imparts
superior stability to the particles.4,5 In the case of the TMA
molecule the two carboxylic acid groups would also offer strong
intermolecular hydrogen bonding. Thus, good water solubility
is expected, besides the possibility to conjugate the particles
through covalent bonding. Indeed, TMA can also stabilize
nanoparticles in weak acidic solution.3 However, if TMA-
protected Au particles are synthesized in a single-phase system,
based on the reduction of hydrogen tetrachloroaurate(III) by
sodium borohydride in methanol,6 partial reduction of the
polymeric Au(I)−thiolate intermediate takes place.7 As
previously demonstrated, this synthesis strategy leads to

gold@gold(I)thiomalate core@shell particles.8 Although we
have carried out some improvements by slightly changing the
original synthesis by Chen and Kimura,6 it was not possible to
completely reduce the Au(I) polymeric species.
In order to obtain AuNPs protected by TMA (AuNP@

TMA) without a polymeric shell of gold(I) species, we
performed ligand exchange reactions on Au nanoparticles
protected by labile ligands. We demonstrate that the AuNP@
TMA are extremely stable in aqueous solutions, as they can be
dispersed in a wide range of pHs, from 1 to 13. Although the
AuNP@TMA represents a stable and robust system, there are
intriguing aspects with regards to their surface chemistry that
have to be assessed.
In this work we have made a comparative study of TMA self-

assembly on Au(111) and AuNPs prepared by the ligand
exchange reaction in solution to understand the process that
controls the surface chemistry and structure of TMA-protected
AuNPs. Our results demonstrate that the ligand-exchange
method leads to monolayer protected AuNPs avoiding TMA−
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Au(I) polymer formation. TMA assembles both on nano-
particles and on Au(111) surfaces. However, a significant
amount of atomic S is present on AuNPs, suggesting an
efficient C−S bond cleavage at defective-site-rich surfaces. We
explain this stressing the importance of the terminal group in
determining the chemistry and structure of thiol SAMs. Besides
ligand exchange reactions lead to atomic sulfur and thiolates as
coadsorbates, as the traditional synthesis does, we demonstrate
that the amount of atomic sulfur seems to depend on the
nature of the medium and the species dissolved in it.

■ EXPERIMENTAL SECTION
Chemicals. HAuCl4 (Aldrich #50778, 25 mM in HCl 0.1 M),

propanethiol (PT), thiomalic acid (TMA, >99%, Fluka #88460),
tetrakis(hydroxymethyl)phosphonium chloride (THPC, solution 80%
in water, Aldrich #404861), tetraoctylammonium bromide (TOABr,
98%, Aldrich #294136), sodium borohydride (≥99%, Aldrich #71321),
absolute ethanol (Carlo Erba), toluene (Carlo Erba), and Milli-Q
water. All chemicals were purchased from commercial suppliers and
were used as received without further purification.
Synthesis of Gold Nanoparticles Capped by TMA (AuNP@

TMA). AuNP@TMA were prepared by ligand exchange reactions
performed over two different kinds of nanoparticles from aqueous or
organic (toluene) media. The water-soluble nanoparticles (AuNP@
THP) were capped by trihydroxymethylenephosphine, while the
toluene-soluble ones (AuNP@TOABr) were protected by tetraocty-
lammonium bromide. We denoted by THP-AuNP@TMA the
nanoparticles obtained from ligand exchange reaction in water
solution and by TOABr-AuNP@TMA those modified in toluene
solution.
AuNP@THP. The synthesis of these hydrosol nanoparticles has been

developed by Duff et al.9 Briefly, 3 mL of freshly prepared NaOH
aqueous solution (0.3 mmol) was added to 44 mL of Milli-Q water.
Then 1 mL solution of THPC (0.05 mol) was taken from a diluted
THPC solution (1.2 mL, 80% of THPC in 100 mL of water) and was
mixed with the alkaline solution in a round-bottom flask with a
magnetic stir. After 2 min, 2 mL (0.05 mol) of HAuCl4 aqueous
solution was added. The pale yellow mixture turned brown after 30 s,
leading to 3−4 nm gold nanoparticles capped with trihydroxymethy-
lenephosphine (AuNP@THP).
AuNP@TOABr. These hydrophobic nanoparticles were synthesized

by the biphasic method developed by Schiffrin et al.10 An aliquot of
HAuCl4 aqueous solution (0.2 mmol of Au(III) in 20 mL) was mixed
with a tetraoctylammonium bromide (TOABr) solution in toluene
(0.8 mmol of TOABr) in order to transfer Au(III) species to the
nonpolar phase of toluene. The mixture was stirred until the aqueous
phase became colorless. After that, this phase was discarded. A sodium
borohydride solution was added as reducing agent (2 mmol in 5 mL of
water). The toluene phase turned dark red with gas evolution. The
reaction media was further stirred for 2 h. The aqueous phase was
discarded, and the toluene phase was washed with water.
Ligand Place Exchange Reactions. The reactions were carried out

using a 2:1 Au:TMA molar ratio to minimize possible changes in the
average size of Au core under ligand excess.11 In a typical procedure an
appropriate amount of TMA was dissolved in ethanol to obtain a
concentrated solution. The volume of ethanol solution used in each
case was lower than 5% of the AuNP solution. The reaction mixture
was stirred overnight.
AuNP@THP increase their size over time, showing changes in their

color. Indeed, the UV−vis spectroscopy data show an increase in the
plasmon peak intensity at ∼520 nm and a red-shift as time progresses.9

On the other hand, when TMA is added as capping agent, it effectively
quenches the growth of nanoparticles. Interestingly, the THP-AuNP@
TMA showed no evident changes in the UV−vis spectra over 6
months. The average diameter of these nanoparticles determined by
transmission electron microscopy (TEM) was 3.7 ± 0.9 nm (see
Supporting Information).

The mixture of the toluene phase of AuNP@TOABr and the TMA
ethanolic solution leads to a black precipitate of Au nanoparticles
(TOABr-AuNP@TMA). The supernatant was discarded, and the
pellet was rinsed with toluene and ethanol (two times) and
precipitated with a centrifuge (∼2000g). The average diameter
determined by TEM was 4.4 ± 0.6 nm (see Supporting Information).
Then, the TOABr-AuNP@TMA were dissolved in 0.1 M NaOH
aqueous solution.

Preparation and Electrochemical Characterization of SAMs
on Au(111). Preferred oriented (111) evaporated Au on glass were
used as substrates (AF 45 Berliner Glass KG, Germany) for the study
of TMA adsorption on planar surfaces. After annealing for 10 min with
a hydrogen flame, these Au substrates exhibit atomically smooth (111)
terraces separated by monatomic steps.

The electrochemical measurements have been carried out by means
of an operational amplifier potentiostat (TEQ-Argentina). A saturated
calomel electrode (SCE) and a large-area platinum foil were used as
reference and counter electrode, respectively. All potentials in the text
are referred to the SCE scale. The real surface area of working
electrodes was determined by measuring the charge needed to reduce
a gold oxide monolayer, which is a two-electron process. This was
done by integrating the main cathodic peak in the current−potential
curves obtained in 0.1 M HClO4 aqueous solutions between 0.0 V
versus a reversible hydrogen electrode (RHE) and the so-called
Burshtein minimum.12 The roughness factor average was 1.18 ± 0.03.

After surface preparation the Au substrates were immersed in 5 ×
10−5 M thiol (TMA or propanethiol, PT) solutions overnight to yield
a complete SAM and then rinsed carefully with pure solvent to remove
weakly adsorbed molecules. The samples were kept in the dark during
immersion in order to avoid photo-oxidation. Absolute ethanol, water,
and toluene were used as solvents in the modification of Au(111)
surfaces with TMA.

Some of the TMA-covered substrates were then analyzed by X-ray
photoelectron spectroscopy (XPS) while other samples were placed in
an electrochemical cell containing 0.1 M NaOH to carry out thiol
electrodesorption experiments and thus determine the electro-
desorption potential, Ep. Electrodesorption curves were recorded at
0.050 V s−1. The 0.1 M NaOH aqueous solution used as the base
electrolyte was prepared from solid NaOH (analytical grade from
Baker). In all cases the solutions were prepared with Milli-Q water.
The electrolyte was thoroughly deaerated by bubbling with nitrogen
prior to each experiment. All measurements were performed at room
temperature.

Transmission Electron Microscopy. TEM imaging of AuNPs
was performed using a FEI CM200 UT microscope, operating at 200
kV. The images were taken with the nanoparticles supported on 300
mesh ultrathin carbon film on holey carbon support copper grids. The
size distribution of nanoparticles was performed using ImageJ
software13 by measuring more than 100 nanoparticles from bright-
field images. A log-normal distribution function was fitted to the
histogram obtained, according to ref 14 (see Supporting Information).

X-ray Photoelectron Spectroscopy. The samples were charac-
terized by XPS using a Mg Kα source (XR50, Specs GmbH) and a
hemispherical electron energy analyzer (PHOIBOS 100, Specs
GmbH). A two-point calibration of the energy scale was performed
using sputtered cleaned gold (Au 4f7/2, binding energy (BE) = 84.00
eV) and copper (Cu 2p3/2, BE = 932.67 eV) samples. XPS was also
performed at the PGM beamline of the Laboratoŕio Nacional de Luz
Sińcrotron (LNLS), Campinas, Brazil, with a hemispherical electron
energy analyzer (PHOIBOS 150, Specs GmbH). The energy of the
incident photons (hν) was set to 250 and 523 eV, with fluxes of 1 ×
1014 and 2 × 1014 photon s−1 cm−2, respectively. For the synchrotron-
based measurements, the BE scale was corrected by fitting the XPS
data near the Fermi level (see Supporting Information). Also, a
dodecanethiol SAM on Au(111) was used as reference. For this
sample the Au 4f7/2 peak was located at 83.92 eV, which is very close
to the ISO standard value of 83.95 eV.15 Notably, the full width at half-
maximum (fwhm) for the Au 4f7/2 peak for this SAM is ∼0.5 eV.
Special care was taken to avoid radiation damage. Indeed, the
measurements performed at PGM beamline were carried out in a
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single scan. The effect of radiation damage on the samples has been
carefully analyzed, as illustrated in the Supporting Information.
Density Functional Theory (DFT) Vibrational Frequency

Calculation.We used Gabedit16 software as user interface to generate
input files and read output files for MOPAC201217 and MPQC18,19

computational chemistry package. First, geometry optimization was
carried out by semiempirical method with MOPAC2012 using a
PM620 Hamiltonian. Then, geometries were reoptimized and
frequencies were calculated using B3LYP density functional with a
6-31+G* basis set by using the MPQC package.

■ RESULTS AND DISCUSSION
Electrochemical Data of TMA Adsorption on Au(111).

The stability of thiolate SAMs as well as their surface coverage
can be assessed by electrochemical methods. Figure 1a displays

typical electrodesorption curves recorded for TMA and PT-
covered Au electrodes where the main cathodic current peaks
correspond to the well-known thiol reductive desorption
reaction.21 The massive desorption of the TMA monolayer
occurs at E < −0.6 V with the peak potential located at Ep =
−0.7 V. On the other hand, the reductive desorption of PT
occurs massively at E < −0.8 V with Ep = −0.83 V. The amount
of charge, q, involved in the reductive desorption peaks gives
information about the thiol coverage. For TMA (qTMA = 0.049
± 0.005 mC cm−2) this magnitude results smaller than for
propanethiol (qPT = 0.071 mC cm−2). Considering that 0.074
mC cm−2 22 is the expected charge for a Au(111)-(√3 × √3)
R30°-PT lattice, the surface coverage of TMA results in θTMA =
0.22. This is reasonable since one would expect TMA to have a
lower coverage than PT as a consequence of steric hindrance of
TMA related species. Note that if the potential is reversed in
the positive direction (not shown in Figure 1), no evidence of
PT and TMA readsorption is observed, indicating that the
desorbed species are soluble in the alkaline solution.
The fact that the Ep value for PT is more negative than for

TMA is a sign of higher stability of the PT SAM. This can be
explained considering the repulsive interactions between the
carboxylate groups in the alkaline solution, which are not
completely neutralized by the counterions.12,23 Also, the
solvation of thiomalate anion might be more favorable than
that of propanethiolate.

These results indicate the formation of thiolate monolayers
upon exposure of the clean Au surfaces to the thiol solutions.
On the other hand, the features observed at −0.9 > E > −1.0 V
are too negative to be related to desorption of residual thiolate
species of a short thiol. Alternatively, we could relate this to a
small amount of atomic sulfur, a possible coadsorbate in thiol
adsorption.24 This consideration is supported by XPS analysis
(see below). The desorption of diluted atomic sulfur takes place
by the well established two-electron electrochemical reaction.25

The amount of charge related to this reaction was qS = 0.010
mC cm−2, which corresponds to a surface coverage of θS = 0.02.

XPS Analysis of TMA Adsorption on Au(111). The
chemical nature of the adsorbates has been assessed by XPS.
Figure 1b shows the S 2p region of the XPS spectrum of a
TMA-modified Au(111) substrate. The absolute value of the
BE of the S 2p3/2 is employed to obtain information about the
chemical bonding of the S to the Au surface. The S 2p3/2 core
level peak for SAMs of thiols on Au can be decomposed into
three different components: S1 and S2 near 161 and 162 eV,
respectively, and S3 at 163−164 eV.26 The S1 component is
associated with atomically adsorbed sulfur species.24,27 The S2
component is related to S chemisorbed on the metal surface
through a thiolate bond, while the S3 component has been
assigned both to unbound thiol and disulfide species.28−30 In
Figure 1b, the more abundant component is that corresponding
to thiolate, while S1 represents ∼10% of the area below the
curve of the S2 component. For our experimental setup, the
ratio Sthiolate/Au results in 0.056 for a compact SAM of
alkanethiol with a surface coverage of θ = 1/3.31 Instead of that,
we found a S/Au atomic ratio of 0.0026 for S1 and 0.039 for S2,
which correspond to θS1 = 0.02 and θS2 = 0.23. These figures
are in good agreement with the electrochemical results and
reinforce previous claims about the influence of the thiol nature
on the final structure of the SAM. In fact, recent studies on the
determination of thiol ligand density on AuNPs postulate
sterical hindrance as a conditioning factor on the expected
surface coverage.32,33

XPS Analysis of TMA-Modified Gold Nanoparticles.
TMA-modified gold nanoparticles (AuNP@TMA) were
prepared by ligand exchange reaction to avoid the formation
of Au(I)−TMA polymer obtained by the traditional one-phase
synthesis.8 The ligand-exchange reactions have common
features with the processes involved in SAM formation onto
bulk surfaces. However, if the ligand-exchange reaction was
carried out in the presence of high excess of thiols, Au(I)−
thiolate complexes would be formed due to the extensive
etching of metallic cores.34 The analysis of the Au 4f signal
obtained with incident X-rays of 250 and 523 eV showed that
no Au(I) species are present (Figure 2). Indeed, the BE of the
Au 4f7/2 peak was centered between 83.88 and 83.99 eV, near
the value found for dodecanethiolate SAMs on bulk Au, and the
fwhm was 0.60−0.66 eV. Note that when the photon energy is
250 eV, the analyzed depth is about 1−2 atomic layers of Au,
while for 523 eV 2−3 atomic layers contribute to the XPS
signal.35,36 Thus, even though different depths were analyzed,
we found no signal from polymeric Au(I)−TMA species.
Therefore, the etching process was successfully suppressed
under the particular conditions of our ligand-exchange reactions
(2:1 Au:TMA molar ratio).
Figure 3 shows the S 2p regions of the TMA-modified gold

nanoparticles prepared by ligand exchange reactions. The
spectra have been fitted with the three components already
described for thiol adsorption on flat surfaces. These particles

Figure 1. (a) Cathodic polarization curves recorded for PT (upper
trace) and TMA (lower trace) on Au(111) in 0.1 M NaOH. Scan rate
0.050 V s−1. (b) S 2p XPS spectrum of a Au(111) surface modified by
TMA.
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exhibit higher amounts of atomic sulfur than that observed on
Au(111). We found two feasible explanations for the origin of
this species. We analyzed whether the atomic sulfur is formed
upon TMA adsorption but also considered its presence as a
consequence of radiation damage during XPS measurements. In
this regard, Gonella et al.37 reported that the long irradiation
time of 3-mercaptopropionic acid SAMs on Au(111) leads to
the development of the component at 161 eV. However, under
our experimental conditions extensive X-ray exposure leads to
an increase in the S3 signal, at expenses of the S1 and S2
components (see Supporting Information). The same trend has
been observed on studies of radiation damage on dodeca-
nethiolate SAMs on Au by Laiho et al.38 Thus, we consider that
atomic sulfur forms upon TMA adsorption and not as a
consequence of radiation damage.
It is important to note that for gold@gold(I)-thiomalate

core@shell nanoparticles obtained by the traditional one-phase
synthesis8 the binding energy values of sulfur and thiolate are
different from those reported in this paper because these
species are in a different environment. In that case most of the
atomic sulfur and thiolate species are bonded to Au(I) species,
and higher binding energies are expected.39,40 On the contrary,
the nanoparticles prepared by ligand-exchange reaction with a
limited amount of TMA lead to BEs consistent with adsorption
of sulfur species on metallic Au.
The analysis of the C 1s signal is useful to hold the idea that

the S2 signal comes from the thiomalate adsorbed on Au sites.
Figure 4 shows the high-resolution XPS spectrum of C 1s
region of THP-AuNP@TMA (hν = 523 eV), where five
components were used to fit the data. The C5 peak was
assigned to carboxylic groups. The C4 was related to the carbon
bonded to sulfur,37,41 while C3 was associated with the
methylene group. As expected for TMA, both C5:C4 and
C5:C3 ratios resulted very close to 2:1. These results show that
the TMA molecules adsorb as thiolates, although some intact
TMA molecules are also present as proposed from the analysis
of the S 2p signal. In other words, molecular fragmentation
should not be significant during spectra acquisition. Addition-
ally, the C5 peak was used to estimate the COOH:S atomic
ratio, considering the contributions from S2 and S3. For the

two kinds of TMA-protected particles, the COOH:S atomic
ratio was estimated considering the peak areas, the atomic
subshell photoionization cross sections,42 the angular asymme-
try factor,35 and the attenuation of the S signal due to the TMA
residue43−45 (for more details see Supporting Information). We
obtained C5:(S2 + S3) ratios of 1.5:1 for THP-AuNP@TMA
and 1.7:1 for TOABr-AuNP@TMA. Considering that all of the
available models overestimate the electron attenuation by the
carbon chain, these stoichiometry ratios are in good agreement
with the expected value 2:1 for TMA and thiomalate. However,
if the three sulfur components are taken into account, the C5:
(S1 + S2 + S3) ratios resulted in 1.3 and 1.1 for THP-AuNP@
TMA and TOABr-AuNP@TMA, respectively. Thus, these
results support the idea that S1 correspond to atomic sulfur.
The reason Au nanoparticles present a higher proportion of

atomic sulfur than SAMs of TMA on flat gold might be in the
high amount of defect sites on nanoparticles with enhanced
activity for the formation of atomic S in a heterogeneous
cleavage process.46 Additionally, the TMA molecule seems to
be prone to experience S−C bond scission in comparison with
other thiols. Indeed, AuNPs protected with 3-mercaptopro-

Figure 2. High-resolution Au 4f XPS spectra of THP-AuNP@TMA
and TOABr-AuNP@TMA measured with a hν = 250 and 523 eV. The
vertical dashed line is located at 83.92 eV, the BE found for the Au
4f7/2 peak of a dodecanothiolate SAM on Au(111).

Figure 3. High-resolution S 2p XPS spectra of AuNPs protected by
TMA, hν = 250 eV. (a) THP-AuNP@TMA (S1: BE = 161.21 eV,
fwhm = 0.53 eV; S2: BE = 162.18 eV, fwhm = 0.88 eV; S3: BE = 163.4
eV). The relative amounts of S1 and S2 were 18.7% and 81.3%,
respectively. (b) TOABr-AuNP@TMA (S1: BE = 161.24 eV, fwhm =
0.56 eV; S2: BE = 162.07 eV, fwhm = 0.90 eV; S3: BE = 163.4 eV).
The relative amounts of S1 and S2 were 38.2% and 61.8%,
respectively.
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pionic acid, also prepared by ligand exchange, do not show
atomic sulfur species (see XPS data in the Supporting
Information).
The C−S bond cleavage have been reported for the

adsorption of other thiols on planar or nanoparticle
surfaces.30,47,48 As well as TMA, those thiols have electron-
withdrawing groups or a double bond close to the C−S bond.
The tendency of thiols to suffer C−S bond scission can rely on
different factors. The proximity of the carboxylic acid function
affects the strength of the C−S bond. Then, we have estimated
the frequency of the normal vibration mode that implies the
elongation of the C−S bond in different molecules. For C−S
elongation in mercaptoacetic acid, the normal vibrational
frequency is lower than that calculated for 3-mercaptopropionic
acid. In the case of the TMA molecule (nearest carboxylic acid
function in the α-position with respect to C−S bond), the
frequency of this mode is lower than that for 2-
(mercaptomethyl)succinic acid (nearest carboxylic acid func-
tion in the β-position) (see Supporting Information). This
observation is supported considering that electron-withdrawing
groups in the α-position will result in the formation of better
leaving groups. Additionally, significant electron-charge transfer
from the surface of gold nanoparticles to the sulfur atoms of the
thiolates has been proposed based on X-ray absorption near-
edge structure (XANES) data.49 Taking into account the above
discussion, the molecular structure of the TMA and our
experimental results we propose a cleavage mechanism where
(i) S withdraws charge form gold surface and (ii) the negatively
charged leaving group is partially stabilized by electronic
resonance with the carboxylic group at α position to C−S bond
(Scheme 1).
This mechanism is supported by the higher amount of

atomic sulfur found in the TOABr-AuNP@TMA, in compar-
ison with THP-AuNP@TMA. During ligand exchange reaction
the tetraoctylammonium cations present on the nanoparticle
surface could form ionic pairs with the negatively charged
leaving groups. This might minimize the energy barrier of the
cleavage process.

■ CONCLUSIONS
Thiomalic acid forms thiomalate self-assembled monolayers
when it is adsorbed on Au(111) surfaces. On these planar
substrates the thiolate coverage is lower than that found for
alkanethiols, which was explained considering steric hindrance.
Additionally, low coverages of atomic sulfur were confirmed
from both XPS and electrochemical data.
Also, thiomalic acid adsorbs mainly as thiomalate onto

preformed Au nanoparticles protected by labile ligands.
However, the amount of atomic sulfur is higher than that
found on the Au(111) surface. This is related to the higher
density of surface defects on the nanoparticles when compared
with Au(111). Furthermore, the extent of the C−S bond
cleavage seems to depend on the ability of the media to
stabilize the anionic leaving group,. The electron-withdrawing
ability of the carboxylic group in the α-position with respect to
the C−S bond gives additional stability to the leaving group.
Additionally, the C−S bond scission is favored when
tetraalkylammonium cations are adsorbed on the surface of
the Au nanoparticles.

Figure 4. High-resolution C 1s XPS spectrum of THP-AuNP@TMA
(hν = 523 eV). The spectrum was fitted with five peaks: C1 comes
from the support; C2 is the typical adventitious carbon; C3 and C4, of
similar areas, are associated with the methylene carbon and carbon
bonded to S, respectively. C5 is assigned to carbon of carboxylic
groups.

Scheme 1. (a) Proposed Mechanism of C−S Cleavage;a (b,
c) Schematic Representations of Ligand Exchange
Reactionsb

aThe sulfur atom takes charge from gold, and the carboxylic group
weakens the C−S bond. The negatively charged leaving group is
partially stabilized by electronic resonance. bThe light blue circles
show the stabilization processes for the leaving group. In panel c, the
high concentration of cations near the surface favors the C−S bond
scission, increasing the amount of atomic sulfur.
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Finally, the ligand exchange reactions lead to nanoparticles
formed by Au(0), different from those obtained by the
traditional synthesis in polar media which are mainly composed
by Au(I) species. In the latter case, the Au(I)−thiolate
intermediates are kinetically trapped and cannot be fully
reduced to Au(0). Furthermore, the thiomalic acid-protected
Au nanoparticles can be dispersed in aqueous solution in a wide
range of pHs, from 1 to 13.
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