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Abstract

Thiolate-protected gold nanoparticles (AuNPs) are a highly versatile nanomaterial, with wide-
ranging physical properties dependent upon the protecting thiolate ligands and gold core size.
These nanoparticles serve as a scaffold for a diverse and rapidly increasing number of
applications, extending from molecular electronics to vaccine development. Key to the
development of such applications is the ability to quickly and precisely characterize synthesized
AUNPs. While a unique set of challenges have inhibited the potential of mass spectrometry in this
area, recent improvements have made mass spectrometry a dominant technique in the
characterization of small AuNPs, specifically those with discrete sizes and structures referred to as
monolayer-protected gold clusters (MPCs). The unique ability of mass spectrometry to analyze the
protecting monolayer of the AUNP may cause it to become a major technique in the
characterization of larger AUNPs. The development of mass spectrometry techniques for AUNP
characterization has begun to reveal interesting new areas of research. This report is a discussion
of the historical challenges in this field, the emerging techniques which aim to meet those
challenges, and the future role of mass spectrometry in the growing field of thiolate-protected
AuNPs.

Introduction

The story of the ligand-protected gold nanoparticle (AuNP) is relatively short due to its
recent arrival in the world of nanotechnology. Colloidal gold, which does not feature any
organic ligands, has been known for much of recorded history; it has been used for various
medicinal remedies and to provide color in ceramics and stained glass. In the 19" century,
Michael Faraday observed the diversity of colors in colloidal gold and theorized that the
spectral diversity was due to size variation, but this was only a small part of the diversity of
nanosized gold colloids.12 Phosphines, amines, and thiols have all been used to protect gold
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nanoparticles, but thiolate ligands became the most popular after the development of Brust’s
synthesis, a facile and versatile route to the formation of thiolate-protected AuNPs.3 Since
the only requirement for the ligand is a free thiol, anything from biologically available
glutathione and cysteine-bearing peptides to exotic aromatic “molecular wire” molecules
can be used. Thiolate-protected AuNPs have since become a scaffold for a wide variety of
applications, such as molecular electronics,? catalysis,® biosensing,® and vaccine
development.”

Two defining properties — core size and protecting ligands — dominate the character of these
nanoparticles. While unprotected, colloidal gold nanoparticles have a core diameter typically
between 2-150 nm,8 thiolate-protected AuNPs are generally <10 nm in diameter.® The
smallest nanoparticles which have discrete sizes and structures will be referred to more
specifically as monolayer-protected gold clusters (MPCs). For this report, the monolayer
should be understood to be a monolayer of the “staple” gold-thiolate complexes which will
be discussed later, and the term “cluster” is used to specify the small and well-defined nature
of the nanoparticle. These MPCs generally have molecular or quantum properties, such as
tunable band gaps, quantized charging, and discrete optical absorbance bands.19 Larger
cores exhibit properties of bulk gold, such as a surface plasmon band with a size-dependent
Amax Near 520 nm.11 The protecting ligands contribute to the electronic properties of the
nanoparticle in addition to determining chemical functionality and solubility.

Thus, the characterization of nanoparticle core size and protecting ligands has great utility
for AUNP-based applications. A number of techniques are commonly utilized for this
characterization. Ultraviolet-visible (UV-Vis) spectroscopy is used to measure size based on
the presence or absence of a surface plasmon band or the unique absorbance spectrum of
very small MPCs.12 Transmission electron microscopy (TEM) allows imaging of the gold
core,3 owing to the high electron density of gold compared to the organic ligands.
Commonly, nuclear magnetic resonance (NMR)13 or infrared spectroscopy (IR) are used
for characterizing the protecting ligands, and thermogravimetric analysis (TGA)13 is used to
determine the proportion of gold and ligand present in the nanoparticles. This information
can be used in conjunction with TEM to give an average molecular formula for the
nanoparticles.13

Mass spectrometry (MS) is unique in that it has been proven capable of performing all three
tasks — measuring core size, characterizing the protecting ligands, and yielding a molecular
formula — simultaneously. Mass spectrometry as a technique has faced several challenges
arising from the unique nature and size of ligand-protected AuNPs. As challenges are
overcome, the use of mass spectrometry in the analysis of small AuNPs is increasing
rapidly. In this report, the development of MS techniques and improvements are detailed,
and applications based on those improvements are discussed.

Core size estimation and “magic-sized” MPCs

The earliest use of mass spectrometry for the characterization of thiolate-protected AuNPs
are found in work from the late 1990s. These reports quickly revealed the problem inherent
in mass analysis of AuNPs: ionization typically leads to fragmentation of the nanoparticle.
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For electrospray ionization (ESI), low mass gold-thiolate ions are common.1®> Matrix-
assisted laser desorption/ionization (MALDI) and laser desorption/ionization (LDI) without
matrix assistance generates few nanoparticle ions until the laser fluence is sufficiently high
for photolytic cleavage of the thiolate C-S bond. The ions that are observed are generally
clusters of gold and sulfur, with a complete loss of the protecting ligands.1® However, since
ions roughly correspond to the mass of the core alone, the size of the core could be inferred
from its mass. Using a simple calculation based on the properties of bulk gold, an
approximate core diameter could be obtained as described by Schaaff et al.:1’
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From the mass spectrum, the number of gold atoms (Np,) can be estimated. An approximate
core diameter (Degg) can then be calculated using two assumptions: first, that the gold adopts
a face-centered cubic (fcc) packing structure (with a number density of ca. 59 atoms-nm=3)
and second, that the nanoparticle is spherical in shape. The later discovery of gold-thiolate
“staple” structures and non-fcc packing®-2% in MPCs introduces some error in the estimated
number density term. However, the respective error from denser packing and more distant
capping gold atoms drives the number density in different directions, minimizing the net
error. To illustrate, the calculated and measured diameters of the MPCs whose structures are
known can be compared.18:19 For Au,s5(SCH,CH,Ph)sg, if only the dense icosahedral Auys
core is considered, the calculated diameter of 7.5 A is much greater than the measured
diameter of 5.6 A. However, if the staple gold atoms are included, the calculated diameter of
9.3 A is much closer to the measured diameter of 9.8 A. For Aujg(p-MBA)4 the error is
remarkably small: 1.5 nm calculated compared to a roughly 1.55 nm measured diameter.

Equation 1 was first utilized when members of the Whetten lab discovered?1:22 that a
portion of synthesized nanoparticles contained a series of discretely sized cores less than 2
nm in diameter. The mere existence of synthetically favored core sizes made this new
discovery intriguing. Mass spectrometry was used (Figure 1) to estimate the core diameters
of these newly discovered MPCs. The favored or “magic” sizes that were reported included
what were later identified as the Ausg(SR)24, AU192(SR)44, and Auq44/146(SR)sg/60 Clusters,
which continue to be common in studies of MPCs and their properties.

Schaaff later described the FWHM of MPC mass spectra as superior to the resolution of
TEM with regards to gold core size measurement.23 Mass spectrometry is additionally
capable of obtaining size population information for mixtures of MPCs which have a size
range less amenable to TEM measurements. Ideally, the core size of larger nanoparticles
could be measured using mass spectrometry. However, commonly used detectors exhibit
lower sensitivity with increasing mass; since the mass of an AuNP increases exponentially
with diameter size, larger ions will be unobservable. The use of kinetic energy-dependent
detectors could hypothetically circumvent this problem, but these detectors are highly
impractical for use in this context. In addition, the lower volatility and higher molecular
formula dispersity of larger AUNPs would significantly decrease and broaden the signal,
making such an endeavor unlikely to succeed. Nevertheless, mass spectrometry is a very
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useful tool in the development of applications for MPCs exhibiting desired quantum effects,
especially in light of recent synthetic work exclusively creating sizes under 2 nm.24:25

Advances in MS methodologies for AUNP analysis

Through the discovery of the magic-sized MPCs, researchers had demonstrated that mass
spectrometry could be a formidable tool for elucidating size distributions of small clusters.
Ideally, mass spectrometric analysis of thiolate-protected AuNPs would yield not only
information about the core size, but also the ligand composition decorating the AuNP.
However, because of the ubiquitous fragmentation of the ligands from the gold core, this
ideal was not realized until the advent of improved MALDI- and ESI-based methodologies.

Matrix-assisted laser desorption/ionization

The use of traditional weak organic acid MALDI matrices have provided a means to
measure the mass of the core of ligand-protected AuNPs; however, these matrices do not
prevent extensive ligand fragmentation. Following the initial studies reported in the late
1990s, it was not until 2008 that the first MALDI spectra (Figure 2) of intact ligand-
protected AuNPs was published by Dass et al.26 Very recent work has extended the
effective range of MALDI-MS AuNP characterization to 18 kDa for
Augg(SCH,CH,Ph)34.27 The success of these efforts was due to the use of a unique matrix,
trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB), which
ionizes by electron transfer rather than the proton transfer of weak organic acid matrices.28
In spite of this solution to the fragmentation problem, MALDI-MS analysis will be limited
to small MPCs indefinitely due to the problems associated with larger AuNPs mentioned in
the previous section.

The analysis of AuNPs with hydrophilic ligands has posed a problem for both MALDI and
ESI. These ligands are necessary for applications which require water-soluble thiolate-
protected AuNPs. For hydrophobic AuNPs, the relatively low-energy electron transfer is
conducive to ionization without fragmentation. However, hydrophilic ligands of choice are
commonly terminated with carboxylic acids, which at physiological pH exist in a
carboxylate form. The steric confinement of high charge density results in significant
Coulombic repulsion and fragmentation following ionization, particularly for larger particles
with lower surface curvature and a higher charge density. No MALDI-MS spectra of intact
hydrophilic ligand-protected AuNPs have been reported to date.

Electrospray ionization

The first unfragmented mass spectra were obtained using ESI,1° due to its softness as an
ionization technique; however, the electrospray process is not well-suited for AUNPs.
Alkanethiolates are the most commonly used ligands, and are among the best ligands for
generating magic-sized MPCs. Unfortunately, alkanethiolates are traditionally difficult to
ionize in either the positive or the negative mode, but ionization can be enhanced through
the use of ligand exchange. In 2007, Tracy et al.2 reported the ligand exchange of methoxy
penta(ethylene glycol)thiolate ligands onto Auy5(SCH,CH,Ph)4g clusters, allowing
observation of highly charged MPCs. More recently, Fields-Zinna and colleagues utilized
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quaternary amine ligands with an intrinsic charge to enhance the ionization of larger
MPCs.30

A different approach was explored by Tsukuda and coworkers, who oxidized or reduced the
clusters prior to ESI-MS analysis using Ce(SO.), or NaBH,4.3! This approach allowed the
observation of relatively large, intact MPCs (Figure 3).32 Approaches which enhance the
charge state of intact MPCs are significant for the future due to their applicability to larger
AUNPs, and their ability to overcome the attenuated signal of high-mass ions.

The first unfragmented AuNP mass spectrum reported was that of the small Auys cluster
protected by glutathione ligands (abbreviated SG here to highlight the thiolate bonding).1®
However, due to a large amount of chemical noise and an alternate molecular formula with a
very similar mass, the ion was mistakenly identified as Au,g(SG)1¢ until corrected in
2005.12 This underscores two challenges of peak identification from intact AUNPs, namely
that multiple molecular formulae can be nearly isobaric, and that impurities or ligand
fragmentation can generate a large amount of chemical noise which frustrates the
assignment of atomic information. Clean samples and instrumentation with very high
resolving power decreases the uncertainty of molecular formula assignments,33 since the
number of indistinguishable, nearly-isobaric permutations are decreased.

New applications and emerging trends

Apart from the characterization of synthesized nanoparticles, applications of MS-based
AUNP analysis have included investigations into the nature and properties of AUNPs,
particularly the small MPCs. Two applications are detailed in this section, namely mixed-
ligand and gold-thiolate complex analysis. These were selected for their promise in the
future of AuNP research. Both have implications for routine MS-based AuNP
characterization while also revealing new information about the nanoparticles.

Mixed-ligand analysis

With the ability to analyze intact MPCs, it is now possible to investigate variations in the
stoichiometry of different ligands on the basis of mass, considering the gold core to be a
constant mass. This has enabled the characterization of mixed-ligand AuNPs since,
assuming one is comparing ligands of different masses, each population of ligands will
correspond to a unique mass. Mass spectrometry alone allows the observation of ligand
mixtures of discrete stoichiometry. Other techniques, primarily nuclear magnetic resonance
(NMR) spectroscopy, provide population averages, yielding only the percent coverage of
different thiolate ligands on an average nanoparticle.

The characterization of mixed-ligand AuNPs has significant implications in a wide range of
applications, ranging from biological to electronic. While AuNPs are typically protected by
a uniform monolayer of a single ligand species, a mixture of ligands is required for many
applications where the demands of synthetic parameters, solubility, and chemical
functionality require more than a single species can provide. For example, covering an entire
nanoparticle with a given epitope for a vaccine would be costly, difficult, and likely render
the nanoparticle insoluble. Thus, having multiple ligand species with different chemical
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roles is desirable. This can be accomplished through the combination of a higher proportion
of a shorter capping ligand to achieve the desired solubility properties with a smaller
proportion of longer ligands containing the epitope moiety.34

Diverse mixtures of ligands can be placed on a nanoparticle through the presence of multiple
thiols during the AuNP synthesis or through ligand exchange (also known as place-
exchange) reactions. For some applications, it may be acceptable to know that the ligand of
interest is present on the nanoparticle surface. Ideally, the relative amounts of nanoparticles
featuring a given stoichiometry of ligands would be identified. This “ligand exchange
distribution” can only be accurately observed using mass spectrometry if the ionization
efficiency is the same for all nanoparticles, regardless of the specific mixture of ligands
present. The amount of variation in ionization efficiency across mixed-ligand populations
should be dictated by the specific chemical properties of the ligands present. However,
ligand exchange distributions obtained by Murray and coworkers reveal symmetric
distributions for different stoichiometries of phenylethanethiolate and hexanethiolate
ligands, which seems to indicate a uniform ionization efficiency.26

The first MS-based mixed-ligand analysis focused on the ligand exchange kinetics of small
Aus(SR)15-x(SR’)x clusters.3> The kinetics of ligand exchange for thiols on gold films has
been thoroughly explored and extrapolated to three-dimensional nanoparticles.38 An
understanding of on/off rates for terraces, edges, and vertices based on self-assembled
monolayers may conceptually be true for nanoparticles; however, the existence of semi-ring
AU(SR), and Auy(SR)3 structures on AuNP surfaces may complicate a direct extrapolation.
Two thiolate positions — those connected to the core and those that only bind to the outer
“staple” gold atoms — are expected to have similar but distinct exchange rates. Further
complexities arise from ligand-ligand intermolecular interactions. For example, three
different types of interactions were identified in the crystal structure of Aujgy(p-MBA)44.18

The work by Dass et al. explored ligand exchange kinetics for MPCs with mixtures of
phenylethanethiol, hexanethiol, and thiophenol ligands.3® Clusters with a mixture of
hexanethiol and phenylethanethiol, generated both through post-synthesis ligand exchange
(Fig. 4A) and mixed-ligand synthesis (Fig. 4B), agreed well with the predicted ligand
exchange distribution. However, the ligand exchange distribution of place-exchanged
thiophenol was much narrower than expected (Fig. 4C). This may imply the existence of
ligand-ligand interactions which more strictly control the number of ligands which can
exchange. This work demonstrates the capabilities of MS-based ligand analysis, as well as
providing future directions to investigate the variables of ligand exchange reactions for
ligand-protected AuNPs.

Gold-thiolate precursor complexes and capping structures

Complexes of cationic gold and thiols are well-known, having been used for medicinal
purposes for some time.3” The complexes form both ring and linear structures; aurophilic
binding induce aggregation until, in many cases, they become insoluble. In the Brust
synthesis, these complexes are generated and then reduced to form ligand-protected AuNPs.
An alternative case of cationic gold binding to thiolate ligands are self-assembled
monolayers (SAMs), where a planar film of gold is oxidized by binding to the thiolate
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monolayer. It was long assumed that gold nanoparticles were a kind of three-dimensional
SAM, with planar gold surfaces on every face of the nanoparticle.

The first experimental evidence of a distinct and discrete capping structure arose in 2007,
when Cliffel and coworkers analyzed tiopronin (Tio)-protected AuNPs using ESI-MS and
found a dominant Au(Tio), ion species.38 This Au,(Tio)s complex — most likely a
tetrameric ring structure3® — was estimated to be a favorably eliminated structural formation
present on the surface of the nanoparticle. The same tetrameric complex ion was obtained by
ESI-MS analysis of a gold-tiopronin precursor complex, and more recently by MALDI-
MS.39 The two separate analyses which yielded a remarkably similar mass spectrum
indicated that the surface of AUNPs was dominated by cationic gold-thiolate complexes not
dissimilar to the precursor complexes prior to reduction.

Kornberg and colleagues’ crystal structure of the Auqgo(p-MBA)44 cluster, published later in
2007, revealed the presence of semi-ring “staple” structures which capped a gold core.18 In
the 2008 MALDI-MS study of Auys(SCH,CH,Ph),g by Dass and co-workers, the first
major fragment upon raising laser fluence corresponded to a loss of Aus(SCH,CH,Ph),, as
shown in Fig. 3.26 The same loss has been prominent in MALDI-MS spectra of
Ausg(SCH,CH,Ph),4 and Augg(SCH2CH,Ph)34.27 Heaven et al. published the crystal
structure of [Au,5(SCHoCH,Ph)4g]™ later in 2008.1° No Aus(SCH,CH,Ph), features were
present on the cluster, suggesting that the feature appears during ionization prior to
elimination. This idea is strongly reinforced by Dass’ recent observation of a similar
elimination from Augg(SCH,CH,Ph)34 and Ausg(SCH2CH,Ph)24.27 It should be noted that
the cluster in Heaven’s crystal structure was negatively charged, while the tetramer loss is
more prominent in the positive ion mode. Furthermore, tandem ESI-MS spectra obtained by
Fields-Zinna et al. which shows a tetrameric ion generated from [Au,5(SCH,CH,Ph)g]*
after collision-induced dissociation (CID).4%The well-known “staple” Au»(SR)3 capping
structure of this MPC was also present in the spectrum. This work demonstrates the
capabilities of CID to provide an interesting view into the gold-thiolate capping structures of
hydrophobic — and potentially hydrophilic — MPCs.

The tetrameric Aus(SR)4 feature may be intrinsic to nanoparticle structures: for the
Ausg(SCH3)y4 nanoparticle, Hakkinen used density field theory to predict the existence of
six (AuSCHa), rings surrounding the core.# The tetrameric ring structure was described as
having a “convergence in stability and electronic properties.”#2 Furthermore, computational
work by Gronbeck et al. investigated the differences between staple complexes, as seen in
crystal structures, and tetrameric cycles and linear multimers of gold-thiolate complexes
when located on a metallic gold Au(111) surface.*3 The tetrameric ring complex was lower
in energy than three-fold hollow thiolate binding, but higher in energy than staple structures.
The prominence of these Aus(SR)4 ions suggests some degree of similarity between the
architecture of gold-thiolate complexes and the cationic gold of AuNPs.

Gold-thiolate fragments other than the tetrameric Auy(SR)4 ion are generated from AuNP
surfaces, as reported by Fields-Zinna et al.*% Our recent work, following the ion mobility
spectrometry work of Zachariah et al.,** utilized a coupled MALDI-ion mobility-mass
spectrometry (IM-MS) technique to reduce chemical noise and observe lower-intensity ion
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species, revealing gold-thiolate fragments from the AuNP surface with multiple
stoichiometries.

Investigations of the relationship between gold-thiolate complexes and AuNP structure have
implications for improving AuNP syntheses. A recent study has suggested that the physical
structure of a gold-glutathionate complex controls the size of the AuNPs formed by
reduction.® Another study improved the yield of Au,s(CH,CH,Ph);g clusters by
controlling the size of a gold-phenylethanethiolate precursor complex aggregate.4’ These
reports indicate that the next step in improving AuNP syntheses may involve precise control
of the gold-thiolate complex structure. A technique yielding precise structural information
on an atomic level would be required to advance such research. Mass spectrometry provided
the first indicator of unique AuNP structural capping phenomena, and the continuing
investigation of the relationship between gold-thiolate complexes and AuNP structure may
require the unique capabilities of an MS-based platform.

Conclusion

Mass spectrometry is a powerful analytical tool in part because of its capacity for revealing
what would otherwise be unobtainable information. For this reason, mass spectrometry has
played a prominent role in discovery and application development of ligand-protected
AuUNPs. While much of the progress detailed in this report has occurred over the last two
years, this progress has contributed greatly to our understanding of small AuNPs, thereby
fueling interest in their unique properties and enabling potential applications. As the
capabilities of mass spectrometry are extended further into the realm of AuNP research, it
will continue to drive advances in the development and applications of thiolate-protected
AuNPs.
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Figure 1.
Initial LDI mass spectra of various magic-sized MPCs. Spectra A-E each correspond to a

particular magic size, having been fractionated from a mixture of synthesized nanoparticles.
Spectra A-D represent fractions corresponding to Ausg(SC12H25)24, Augg(SC18H37)34,
Au192(SCeH13)44, and Aug44/146(SCeH13)59/60, respectively. The fraction in spectrum E is
unidentified. Spectrum F is a representative unfractionated mixture of nanoparticles with
dodecanethiolate ligands. Adapted with permission from ref. 17. Copyright 1997 American
Chemical Society.
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Figure2.
MALDI-MS spectra of Auys(SCH2CH2Ph)1g using various matrices, demonstrating the

unique capability of the DCTB matrix to generate intact ligand-protected AuNP ions. The
most prominent fragment shown corresponds to Auy1(SCHCHPh)14, resulting from a loss
of Aug(SCH,CH,Ph)4. The peaks marked with an asterisk correspond to the intact
[Au,5(SCH,CH»Ph)1g]* species. Adapted with permission from ref. 26. Copyright 2008
American Chemical Society.
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Figure 3.
LDI (above) and ESI (below) mass spectra of Ausg(SC12H25)24 (A) and Au144(SC12H25)59

(B) as obtained by Chaki et al. Samples were oxidized with Ce(SO4), prior to analysis.
Adapted with permission from ref. 32. Copyright 2008 American Chemical Society.
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Figure 4.
Comparison of theoretical (red) and experimental (black) ligand exchange distributions,

where m is the number of phenylethanethiol ligands, Auy5(SCH2CH,Ph),(SR)18-m, and © is
the proportion of the entire cluster population featuring its respective value of m.
Hexanethiol ligand exchange (A) and hexanethiol/phenylethane thiol mixed Brust synthesis
(B) matched with calculated ligand distributions, but thiophenol ligand exchange (C)
demonstrated a narrower ligand exchange distribution. Adapted with permission from ref.
35. Copyright 2008 American Chemical Society.
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Figureb5.
lon mobility-mass spectrum of tiopronin-protected AuNPs in positive ion mode (A), and the

total (B) and extracted (C) mass spectrum. Extracted signal is from the outlined region of the
two dimensional plot. The symbols above the ion species indicate their assigned structure:
ring (O), linear (=), and staple (IT). In panel C, species are labeled by their molecular
formula x,y for Auy(Tio)y. The spectrum is very similar to that obtained from gold-tiopronin
in positive ion mode. Reproduced with permission from ref. 45. Copyright 2010 American
Chemical Society.
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