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ABSTRACT
Christina A. Fields-Zinna: Analysis and Mass Spectrometric Investigations of Charged
Thiolate-Protected Nanoparticles
(Under the direction of Dr. Royce W. Murray)

Chapter One is an introduction to the characteristics of gold thiolate-protected
nanoparticles, including synthesis, optical and electrochemical properties, and structure. A
brief history and study of nanoparticle detection using mass spectrometry is also discussed.

Chapter Two discusses the Electrospray ionization mass spectrometry (ESI-MS) of
Au25L18, where L is a thiolates ligand.

The study of past experiments with

Au25(SC2H4C6H5)18 with ESI-MS is reviewed, along with recent studies of Au25 products
modified with various ligands and charge agent tags, including carboxylic acidfunctionalized thiols and inorganic salts.

Chapter Three describes the synthesis and characterization of Au24Pd(SC2H4C6H5)18
using electrochemistry and mass spectrometry. Despite a change of only one atom versus
Au25(SC2H4C6H5)18, the change in properties is drastic.

Chapter Four explores the reactivity of Au25(SC2H4C6H5)18 with Ag+, Cu2+, and
Pb2+, which results in changes in absorbance and fluorescence spectra and voltammetry.
Mass

spectrometry

of

Ag+

titration

products

iii

indicates

the

formation

of

Au24Ag(SC2H4C6H5)18, Au23Ag2(SC2H4C6H5)18, and Au22Ag3(SC2H4C6H5)18. The proposed
mechanism for reaction is a reversible redox model where the nanoparticle reduces the metal
ion forming Au25M(SC2H4C6H5)18 adducts which form bimetals in the oxidative environment
of mass spectrometer’s ionization source.

Chapter Five describes the collision-induced dissociation tandem mass spectrometry
(CID MS/MS) of [NaxAu25(SC2H4Ph)18-y(S(C2H4O)5CH3)y]x-1, which reveals that the primary
dissociation pathway involves the outer protecting structures, or semi-rings Au2L3, of the
nanoparticle core. Fragments produced under CID conditions are also seen under non-CID
conditions, proving that even soft ionization results in fragmentation.

Chapter Six presents MALDI mass spectra and analytical data which identify and
characterize [Au25(SC2H4C6H5)18]1- chelated by CH3C6H3(SH)2. Optical and electrochemical
properties indicate obvious changes upon initial displacement of -SC2H4C6H5 with the
dithiol, which MALDI shows to be due to some chelation of the semi-rings. Later in the
exchange process, this chelation cannot compete with the dominance of single thiol
coordination.

Chapter Seven describes the Electrospray ionization triple quadrupole mass
spectrometry (ESI-QQQ-MS) of approximately 1.6 nm diameter thiolate-protected gold
nanoparticles, revealing a mixture of nanoparticles with formulae Au144L60 and Au146L59.
The nanoparticles are cationized by exchanging multiple [-SC11H22N(CH2CH3)3+] ligands
into the original [-S(CH2)5CH3] ligand shell.
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CHAPTER 1
AN INTRODUCTION TO GOLD THIOLATE-PROTECTED NANOPARTICLES
AND THE MASS SPECTROMETRY OF NANOPARTICLES

Thiolate-protected

clusters,

or

monolayer-protected

clusters

(MPCs),

are

nanoparticles that have cores of metal (for example Au, Pd, Pt, Ag) atoms stabilized by a
layer of surrounding ligands, L, in some configuration. Studies of MPCs are motivated by
their novel chemical and physical properties, ease of modification, and their high surface
area-to-volume ratio, thereby enabling applications as optoelectronic nanodevices, catalysts,
and chemical or biochemical sensors.1 MPCs and nanoparticles of various materials have
been studied for applications as drug delivery agents, imaging agents, biomolecule
transporters, and components in immunoassays.2-5

“Nanomedicine”, as the National

Institutes of Health has acknowledged it, utilizes nanotechnology for disease diagnosis,
monitoring, treatment and biological systems control.6
The number of applications for these nanomaterials continues to develop, particularly
in bio-nanotechnology which requires functionalization for biocompatibility and chemical
targeting. Current analytical procedures, however, are quite primitive in the identification of
nanomaterials. In this chapter, the synthesis and analytical properties of thiolates-protected
clusters are discussed, as well as the use of mass spectrometry as a powerful analytical tool in
nanotechnology.
1.1

Nanoparticle Synthesis and Thiolate-Ligand Monolayer Modification

Historically, the Brust-Schiffrin procedure7 has been the basis for the synthesis of
monolayer-protected clusters (MPCs), or more specifically, thiolate-protected clusters, which
are sufficiently stable to be dried, dissolved, and re-dried without aggregation or degradation.
This allows for easy handling, modification and functionalization. Briefly, this is a twophase synthesis, where AuCl4- is transferred from the aqueous phase to an organic phase with
the use of a phase transfer agent, tetraoctylammonium bromide (TOABr). The organic
phase, typically toluene, turns a reddish color as the AuCl4- is transferred. This solution is
collected and some kind of thiol (L) is added and stirred for ca. one hour as Au(I) thiolate is
formed, resulting in a colorless solution. A reducing agent, sodium borohydride (NaBH4), in
a cooled aqueous solution is added quickly, causing the solution to turn black and indicating
the reduction of Au(I) to Au(0). This solution is stirred for several hours to overnight as
nanoparticles form and to some extent equilibrate towards more stable sizes. The organic
solution is then collected, dried and washed with a polar solvent, such as methanol, ethanol,
and/or acetonitrile to remove impurities, salts and excess free ligands. Size segregation can
also be achieved via solvent extraction.
This procedure can result in a mixture of various core sizes, but the final product can
be roughly controlled and tuned by the reaction conditions, including temperature, type of
ligand, time of stirring, and the thiol:metal feed ratio. For example, the 1.1 nm diameter
nanoparticle8 (later referred to as Au25L18,9 where L is a ligand) is favored by a 3.2:1
thiol:metal while the 1.6 nm diameter nanoparticle10 (later referred to as Au144L6011) requires
3:1 thiol:metal. Even the core material can be modified, using different metals than Au or a
mixture of metals.
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The exact mechanism for the Brust-Schiffrin method is not understood, but two
prominent theories have developed.

The first is the nucleation-growth-passivation

mechanism proposed by Brust7 and others.12,

13, 14

Another theory has developed in recent

years which views the nanoparticle formation as more of an etching or “reconstruction”
process.15 A series of mass spectrometry data of nanoparticle reaction mixtures taken at
different times indicated that a mixture of various sizes evolved into a monodisperse sample
of a 1.1 nm diameter nanoparticle, requiring both the reduction and increase in core size.
While the exact mechanisms are not known, this does suggest that complex changes occur
during this nanoparticle synthesis and indicates the need for further investigations.
During the nanoparticle synthesis, certain kinds of ligands are used that support easy
size segregation and purification.

Further modification of these as-prepared species to

attribute certain functionalities can be achieved by varying the ligand layer via ligand placeexchange reactions.16-23 This method relies on simply stirring an excess of a selected thiol in
a solution of nanoparticles, resulting in replacement of the original thiolate ligand as seen in
following expression:
Aux(L)y + mL’ → Aux(L)y-n(L’)n + (m-n)L’
This reaction normally follows 1:1 stoichiometry, with the incoming ligand replacing a single
original ligand, and second-order kinetics.

1.2

Nanoparticle Electrochemical and Optical Properties
Another advantage of nanoparticles is that their properties can be manipulated not

only by altering the protecting ligand shell, but by varying the metal core size.

The

electrochemical and optical characteristics are size dependent for nanoparticles below 10 nm
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in diameter.24 In voltammetry, a series of equally-spaced peaks representing single electron
transfers are seen for nanoparticles 1.6 nm in diamter10, or Au144L60. Going smaller in
diameter17,

20, 8, 25

we begin to see features that represent energy levels. An example is seen

in Figure 1.1 by a cyclic voltammogram of a 1.1 nm diameter nanoparticle,8,25 later referred
to as Au25(SC2H4Ph)18 or Au25L18. The labeled gap is the spacing between the first oxidation
and first reduction, and is equivalent to 1.6 V.
Optical properties, such as UV-vis and luminescence, also reflect size and ligand
composition dependence. Au MPCs with a core size greater than 2 nm show UV-vis spectra
with a peak ca. 520 nm representing surface plasmon resonance,26 which is a result of the
interaction of incident light with the metal causing a wave-like oscillation of the conduction
electrons.27 This phenomenon becomes absent as the core size decreases, say for the 1.6 nm
diameter nanoparticle (Au144L60), which displays only a featureless, exponential decay in it’s
UV-vis spectrum.26 Step-like features are observed as the core diameter decreases further,28
say for the 1.1 nm diameter species25 (later called Au25L18) shown in Figure 1.2, with peaks
around 680 nm and 400 nm. The absorbance edge indicating the optical HOMO-LUMO gap
is ca. 1.33 eV, indicating a charging energy correction for the electrochemical HOMOLUMO gap of ca. 0.29 eV.29

1.3

Crystal Structure of [Au25(SC2H4C6H5)18-][CH3(CH2)7]4N+]
The previously mentioned 1.1 nm in diameter Au nanoparticle was originally

assigned in composition as Au38L24, based on various analytical techniques.25

These

included thermogravimetric analysis (TGA), transmission electron microscopy (TEM), and

4

Figure 1.1

Cyclic voltammogram (CV) of 0.1 mM 1.1 nm diameter nanoparticle

(Au25(SC2H4Ph)18, or Au25L18) in methylene chloride with 0.1 M tetrabutylammonium
perchlorate.
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Figure 1.2 UV-vis spectrum of 1.1 nm diameter nanoparticle, Au25(SC2H4Ph)18 or Au25L18
in methylene chloride.
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Nuclear Magnetic Resonance (NMR), which are all methods that produce only average data
sets. Interpretation of analytical data for the ca. 1.1 nm diameter nanoparticle also relied on
theoretical calculations that assigned the shape of the nanoparticle as having a face-centered
cubic, truncated octahedron.30
When a crystal structure31 of the 1.1 nm diameter nanoparticle was obtained, the
molecular formula was found to be Au25L18 (confirming previous mass spectrometric
measurements9) with a structure as shown in Figure 1.3. Around the same time, a separate
theoretical determination affirmed the experimental assignment of the Au25L18 structure, and
also noted its enhanced stability.32 The crystal structure reveals a 13 Au atom icosahedron
core surrounded by six “staples,” or semi-rings, of Au2L3., which appear to function as
stabilizing conformations. The coordination of a tetraoctylammonium ([CH3(CH2)7]4N+], or
TOA) cation also indicates an innate 1- core charge of the metal nanoparticle.
The exact experimental determination of the composition of the 1.1 nm diameter
nanoparticle, Au25L18, proclaimed the need for more accurate analytical techniques with
atomic resolution for nanoparticle identification. MPCs, as with all nanomaterials, can only
be properly developed and understood if they can be accurately identified and detailed
chemical information obtained. Just as a molecule or protein would be characterized, so
should a nanoparticle be studied in order to understand all of its properties.

1.4

Mass Spectrometry of Nanoparticles
Mass spectrometry is a powerful analytical tool in the investigation of various

species, including small molecules, proteins and polymers. Diverse applications include
identification of mass, elucidation of structure and chemical properties, and quantification.33

9

Figure 1.3

Crystal structure of Au25(SCH2CH2Ph)18, where smaller orange balls are Au

atoms, and larger yellow balls are sulfur atoms (the rest of the ligand, -CH2CH2Ph, is not
pictured).

10

11

With unequaled sensitivity, analytes can be detected at low concentrations and in fairly
complex matrices.34

This technique relies on the formation of charged ions isolated

electronically or magnetically based on mass-to-charge (m/z) ratios, with the instrumental
components varying based on the application.35
Mass spectrometry has been used in the past as a means of gaining a rough estimate
of a nanoparticle’s molecular weight.36 One of the most useful aspects of this analytical
technique is that it typically presents a complete population distribution of a sample versus
simply a single average value of mass. Ideally, mass spectrometry should be developed into
a tool that can both “weigh” nanomaterials as well as specifically identify population
dispersity. One challenge to studying nanoparticles with mass spectrometry is the heaviness
of metal nanomaterials along with very little or a complete lack of intrinsic charge, plus an
inherent non-volatility. With most standard commercial mass spectrometers having a
maximum mass-over-charge (m/z) value of 2000-4000, most nanoparticles (>1 nm) are
difficult to detect as-prepared. Another challenge is fragmentation. Past techniques have
utilized “hard ionization” sources, such as Laser Desorption Ionization (LDI),16 which
introduce a large excess of energy to the sample species, resulting in an increased probability
for fragmentation and a complex mass spectrum.
Recent method developments have advanced studies of nanoparticles using mass
spectrometry, allowing for the determination of molecular formulas of various nanoparticles9,
37, 38, 39

and more40,41. “Soft ionization” sources, which transmit minimal internal energy to

analytes during ionization,35 have become more commonly used to reduce fragmentation,
including Electrospray ionization (ESI) and Matrix-assisted Laser Desorption ionization
(MALDI). Analyzers also play a role on detection limits, many having low mass restrictions.

12

The time-of-flight (TOF) analyzer in theory should have an unlimited mass range, but in
practice most heavy nanoparticles are beyond the scope of the instrument’s detection range.
Some research has focused on instrumentation development, specifically the spectrometer
analyzer, to increase the standard mass range of detection beyond that of conventional
instruments, in order to detect even singly-charged heavy nanoparticles.38
Another technique is conferring multiple charges on nanoparticles via a charge tag,
such as methoxy penta(ethylene glycol) thiolate which coordinates alkali metal cations; or
carboxylic acid terminated thiolate; or and excess metal cations.37

By modifying the

nanoparticle with multiple charge agents, conventional instruments can be utilized and
standard calibrants can be employed for better mass accuracy. Exploiting the low m/z
region, where small molecules and proteins are detected, can also produce higher resolution
spectra. Working within the parameters of traditional mass spectrometry has its challenges
for nanotechnology but this field will reap many desirable benefits.
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CHAPTER 2
MASS SPECTROMETRY OF Au25L18 AND OTHER NANOPARTICLES:
MODIFYING THE CHARGE AGENTS

2.1

Introduction
Au25L18 has played a key role in the development of mass spectrometric analysis of

nanoparticles. The determination of the molecular formula of this ca. 1.1 nm diameter
nanoparticle by mass spectrometry,1,2 matching later crystal structure measurements,3 has
challenged the field of nanomaterials to strive for more accurate measurements. Much of the
general literature describes nanotechnology in terms of average parameters, which is
unacceptable considering the advances of modern analytical chemistry.
The field of mass spectrometric study of nanoparticles has developed from low
resolution, ambiguous experiments to richly informative and explicit data. In this chapter,
some history of mass spectrometry and Au thiolate-protected nanoparticles is discussed,
along with recent experiments on further modifications to Au25L18 utilizing permanent charge
tags.
2.1.1

Detection of Singly Charged Nanoparticles: LDI, PD, MALDI
In the past, mass spectrometric techniques predominantly used for nanoparticle

analysis were “hard ionization” MS, such as laser desorption ionization (LDI) and plasma
desorption (PD). These techniques were previously used on large proteins which were not

readily volatile, as is the case with nanoparticles. LDI relies on laser pulses ablating material
on a surface and creating a cloud of ions and neutrals; though an efficient ionization method,
it is known to cause extensive fragmentation.4

When LDI was used to detect Au

nanoparticles, the resulting peaks in the spectra were poorly resolved because they were
several thousand Daltons (Da) wide at the base.5,6,7,8 Some broad peaks5,7 also displayed fine
structure peaks with a spacing of 200 Da, suggesting an excess energy large enough for either
a C-S bond break or loss of Au atoms from the core.

Such fragmentation degrades

confidence in which peak is the intact molecular ion. In another experiment,9 ambiguous
LDI spectra reveal several peaks, which could indicate fragments or size-polydispersity of
the as-prepared sample.
With PD, the sample is deposited on aluminized nylon foil, which is then bombarded
by fission fragments of

252

Cf.4 PD10 has also been shown to produce complicated spectra of

nanoparticles and nanoparticle fragments, including several broad peaks that overlap which
the authors acknowledge could be either as-prepared species or fragments.
In the general field of mass spectrometry, both LDI and PD are less commonly used
today than Matrix-assisted Laser Desorption Ionization (MALDI), a “soft ionization”
ionization technique, which has shown better success with heavy, non-volatile species, such
as proteins that are also temperature sensitive. With the incorporation of a matrix of small
organic molecules, which have a strong absorption at the laser wavelength, damage and
fragmentation of the sample is minimized.4 With proper choice of matrix material, MALDI
has also been shown to be a viable method for nanoparticle detection.11 Though some
fragmentation can occur, the magnitude can be controlled. Also, MALDI spectra can show a
clearly resolved distribution of ligand exchange products.12
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Relatively high resolution can be achieved in the MALDI Time-of-Flight (TOF)
reflectron mode up to a certain mass, but resolution and signal drop off as nanoparticle mass
increases beyond about 10,000 Da in practice.

Despite more efficient ionization and

detection of the nanoparticle molecular ion, this method produces predominantly singly
charged species, so higher mass species, not profiting from lowered m/z, will have poorer
resolution, potentially hiding overlapping species and decreasing mass accuracy.
2.1.2

Electrospray Ionization (ESI) and Multiply-Charged Nanoparticles
Electrospray ionization (ESI) is another “soft ionization” mass spectrometry source

and another great technique for analysis of thermally-labile, non-volatile species, such as
nanoparticles. The electrospray is produced by passing a liquid through a capillary under an
electric field, resulting in a “Taylor cone” spray of desolvated ions.4 This technique is
applied regularly to protein and polymer analysis today, as it produces multiply-charged ions
and thus lower m/z values.
Some nanoparticles have been shown to have an innate core charge,3, 13 allowing for
the detection of singly-charged species with ESI-MS.13 Additional charge, however, can be
added to nanoparticles to decrease the m/z ratio and thus improve available resolution and
detector sensitivity of the instrument.4 Methoxy penta(ethylene glycol) thiolate ligands (–S(C2H4O)5-CH3, –S-PEG) were incorporated into benzeneethanethiolate (–SC2H4Ph, –SC2Ph)
protected Au nanoparticles, which TEM previously had measured as 1.1 nm in diameter.1
PEG is a readily ionizable tag due to its coordination to protons or alkali metal ions.14 Using
this charge agent and various alkali metal acetate salts allowed the first high-resolution ESIMS measurements and exact compositional assignment of molecular formulas of multiplycharged nanoparticles, as shown in Figure 2.1 (reprinted from ref. 1). A nanoparticle
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Figure 2.1 (a) Full scan of m/z, acquired using 0.44 mg of NaOAc per mg of NPs. The peak
for TOA+ is truncated. (b) Set of 3+ peaks acquired using 1.78 mg of NaOAc or 4.16 mg of
CsOAc per mg of NPs. Insets show greater detail in selected regions. (c) High-resolution
analysis of several prominent 3+ ions acquired using from 0.44 to 1.78 mg of NaOAc per mg
of NPs (in color). Simulations (black): x3+ = Na4Au25(SC2Ph)18-x(SPEG)x3+. Reprinted with
permission from ref 1. Copyright 2007 American Chemical Society.
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that had been previously estimated by TEM, TGA and XPS to be Au38L24 was thereby shown
to in fact be Au25L18, where L is a thiolate ligand.
Note in Figure 2.1b a characteristic signature of ligand exchange on nanoparticles―a
binomial population distribution. Each peak represents a different extent of exchange on
individual nanoparticles. The spectrum also displays different sets of Gaussian distributions,
representing different overall charge states of the nanoparticle. In this particular example,
the core charge of the nanoparticle is 1-, while the overall nanoparticle charge varies based
on the total number alkali metal cations coordinated to the nanoparticle.
Due to the amazing stability of Au25L18,15-17 this nanoparticle can be successfully
modified with various other charge agents. Au25L18 is one of the major players in the forum
of mass spectrometric analysis of nanoparticles, and has built a strong overlap between the
fields of mass spectrometry and nanotechnology. A previous work from the Murray group
presented a variety of modifications of Au25L18, including ligand exchanges of thiophenolate
(–SPh), hexanethiolate (–SC6), biotinylated (–S-PEG-biotin), and 4-carboxythiophenolate (–
SPhCOOH).2 In all cases, the total 18 ligand shell and the core was conserved. Alkali metal
acetate salts were also added to ESI spray solutions of unmodified Au25(SC2Ph)18
nanoparticles, and the resulting spectra2 indicated some coordination or adduction of the
alkali metal ions to the nanoparticle, possibly a pi-cation interaction.18 A major confirmation
of the Au25L18 assignment was given by Fourier Transform ion cyclotron resonance (FTICR), which gave isotopic resolution of an unmodified [Au25(SC2Ph)18]1-.2
2.1.3

Strongly Attached Charge Agents and Effects of Added Salts
Methods of charge tagging that rely on adding salt,2 such as alkali metal acetates, for

the purposes of ion coordination complicate the detection of nanoparticles because the added
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ions can compete for competition during the electrospray process.

In addition, the

effectiveness of monovalent salts as charge tags may be greatly inhibited by charge density
limits. Ideally, charge should be more permanently anchored to the nanoparticle.
In this chapter, several types of intrinsically charged ligands are incorporated into the
ligand shell of Au25L18. Thiols functionalized with carboxylic acids, where charge depended
on simple deprotonation, were exchanged onto Au25(SC2Ph)18 via ligand placement
exchange. The overall charge of the nanoparticle was manipulated by adding base in order to
increase the extent of deprotonation of the acid groups in the monolayer. The resulting
spectra reveal higher charge states than previously achieved.2 Ammonium-functionalized
thiols were also explored, which did not require proton loss for charge.
Though the coordination of only monovalent cations yields only low charge states (z)
on nanoparticles; multivalent cations could confer high charge with fewer interactions,
avoiding charge density issues and requiring lower ratios of salt to nanoparticle to reduce
charge competition. In several tests, multiply-charged metals salts were added to Au25L18
samples, where the result was core oxidation and ligand loss.

2.2

Experimental Section

2.2.1

Chemicals
16-Mercaptohexadecanoic

(HS(CH2)15CO2H,

(HS(CH2)10CO2H,

Mercaptoundecanoic

acid

(HSCH2CH2Ph,

HSC2Ph,

or

acid

98%),

or

MUA,

hexanethiolate

or

MHA,

95%),

(HSC6H13,

90%),

11-

phenylethylenethiol
HSC6),

tetra-n-

octylammonium bromide (Oct4NBr, 98%), sodium borohydride (NaBH4, 99%), sodium
hydroxide (NaOH, reagent grade, ≥98%, pellets, anhydrous), potassium hydroxide (ACS
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reagent, ≥85%, pellets), tetraethylammonium hydroxide solution (TEAOH, purum, ~25% in
methanol, ~1.5 M), europium (III) acetate hydrate (Eu(CH3CO2)3·xH2O, 99.999%), lead (II)
acetate trihydrate (Pb(CH3CO2)2·3H2O, 99.999%), lanthanum (III) acetate hydrate
(La(CH3CO2)3·xH2O, 99.99%) obtained from Sigma-Aldrich. Certified ACS toluene, optima
methylene chloride, optima methanol, optima acetonitrile, and absolute ethanol (Fischer)
were used as received. Water was purified with a Barnstead NANOpure system (18 MΩ).
Hydrogen tetrachloroaurate trihydrate (from 99.999% pure gold) was prepared by a literature
procedure19 and stored in a freezer at -20 °C.

N,N,N-trimethyl (11-mercaptoundecyl)-

ammonium hexafluorophosphate ([HSC11H22N+(CH3)3][PF6-], (HS-TMA), [HS-TMA+][PF6]), and was synthesized as previously described.20 Briefly, trimethylamine was added to 11bromo-1-undecene in methanol at a 3:1 molar ratio and stirred for 2 days at room
temperature, resulting in 1-undecene terminated with a quaternary ammonium bromide. The
solution was dried with a rotary evaporator, resulting in a viscous yellow liquid. This was
precipitated several times with large volumes of hexanes and then dissolved in
dichloromethane. Thioacetic acid was added to the solution in a 3:1 molar ratio and stirred at
room temperature while being irradiated with an SP-200 mercury light source.

The

photolysis resulted in the thioester terminated alkylammonium salt. The reaction mixture was
dried and washed several times with diethyl ether. To convert the thioester into the thiol, the
alkylammonium salt was dissolved in 10% HCl and refluxed at 90-100 °C for 1 h. The water
was removed in vacuo, resulting in a solid white product [HSC11H22N+(CH3)3][Cl-], or [HSTMA+][Cl-]). The chloride anion was exchanged with hexafluorophosphate ([PF6-]), by
dissolving the product in methanol with three times the molar equivalent of potassium
hexafluorophosphate and stirring for 24 h. After evaporation of the methanol, the product
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was dissolved in dichloromethane, leaving excess potassium salts behind. The resulting
solution was vacuum filtered, and the collected sample was dried. This process was repeated
to ensure complete replacement of the chloride ions, ([HS-TMA+][PF6-]), as confirmed with
1

H NMR in D2O (data not shown).

2.2.2

Synthesis of Nanoparticles: [Oct4N+][Au25(SCH2CH2Ph)18-]
[Oct4N+][Au25(SCH2CH2Ph)18-] (or Au25(SC2Ph)18, Au25L18) nanoparticles were

synthesized as previously reported,21 though inaccurately assigned in that paper as being
Au38(SCH2CH2Ph)24. AuCl4- (as 1.9 g of HAuCl4) was transferred from water to a solution of
45 mM Oct4NBr in toluene (126 mL). 2.17 mL of phenylethanethiol (HSC2Ph) is added and
the solution is stirred overnight, where the mole ratio of thiol to metal was 3.2:1. The
resulting colorless solution of metal thiolates was cooled to 0 °C in an ice water bath, 2.4 g of
NaBH4 in 38 mL ice cold Nanopure water was added, and the solution stirred vigorously for
24 h. Discarding the aqueous layer, the organic layer was washed three times with Nanopure
water and rotary evaporated to a viscous sludge. The sludge was extracted with ethanol for
about 2 h (without stirring) to remove excess ligand and larger nanoparticles. The ethanolinsoluble portion, containing the small-sized nanoparticles, was further filtered and purified
with repeated solvent fractionation, using acetonitrile to dissolve the nanoparticle sample and
precipitation of nanoparticles by methanol addition, removing excess ligand, and gradually
purifying the small nanoparticle content.
2.2.3

Synthesis of Nanoparticles: Au144(SC6H13)60
The synthesis of this 1.6 nm dia. nanoparticle, previously termed “Au140”, has been

described22 but will be reviewed here. A 3.1 g portion of HAuCl4 was added to water and
transferred from aqueous phase to a 45 mM Oct4NBr in toluene. Next, 3.33 mL of
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hexanethiol (HSC6H13), or a 3:1 thiol/metal mole ratio, was added to the solution, which was
stirred until clear. The solution was cooled to 0 °C, and then 3.8 g of NaBH4 in 20 mL of icecold Nanopure water was added.

The solution was stirred vigorously for 1 h.

After

discarding the aqueous layer, the organic layer was washed three times with Nanopure water
and was rotary evaporated to a viscous sludge. The ethanol-soluble portion was extracted
overnight, collected and filtered to remove larger nanoparticles, dried, and treated with
acetonitrile to remove smaller nanoparticles, excess ligands, and salts.
2.2.4

Ligand Exchanges
16-mercaptohexadecanoic acid (MHA) and 11-mercaptoundecanoic acid (MUA)

were exchanged onto Au25(SC2Ph)18. Briefly, ca. 0.26 mg (ca. 0.9 µmol) of the acid thiol
was added to about 1 mg (ca. 0.14 µmol) of nanoparticle sample dissolved in about 120 µL
methylene chloride and 47 µL ethanol (for solubility of both components); this is a ratio of 9
thiols per nanoparticle. This was stirred for 24 h and run on ESI-MS as is without drying.
Methanol was added to create a 70:30 methanol:methylene chloride/ethanol solution. Drying
was avoided to prevent formation of insoluble material due to H-bonding.
For exchanging –SC11H22N(CH3)3+, or (–S-TMA+), onto Au25(SC2Ph)18 (or Au25L18),
2.3 µmol of N,N,N-trimethyl(11-mercaptoundecyl) ammonium hexafluorophosphate ([HSTMA+][PF6-]) was added to 0.14 µmol of Au25L18 in 200 µL of a 70:30 methylene
chloride:acetonitrile for 24 h. The sample was dried and cleaned to remove excess ligands
with heptane.
2.2.5

ESI-TOF-MS
ESI-MS spectra were acquired on a Bruker BioTOF II instrument (Billerica, MA), a

reflectron time-of-flight mass spectrometer equipped with an Apollo Electrospray ionization
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source. Negative mode spectra were obtained of the 50 µM acid thiol-exchanged Au25L18
nanoparticle solutions in 75% optima methanol/25% dichloromethane/ethanol (for solubility
plus ESI compatibility), where cationization relied on deprotonation of the carboxylic acid
terminated thiol.

Sodium hydroxide (NaOH), potassium hydroxide (KOH), and

tetraethylammonium hydroxide (TEAOH) were added at a ratio of 7:1 salt:nanoparticle.
In positive ESI mode, a 70:30 methanol/methylene chloride 50 µM ammoniumthiolated Au25L18 nanoparticle solution was sprayed.
Eu, Pb, and La salts were added to 50 µM solutions of Au25(SC2Ph)18 in 70:30
methanol:methylene chloride at a ratio of 10:1, 50:1 and 100:1 salt to nanoparticle (only
results for 50:1 shown). Positive mode spectra were obtained.
The ESI source was operated with flow rates of 60-90 µL/h, the ion transfer time was
set at 120 µs, and 50,000 scans were averaged in the data presented. Calibration was
determined externally by observing clusters (Cs(CsOAc)n+) of cesium acetate, as well as
internally, using Au25(SC2Ph)18 as a standard since its structure and mass are known.
The data were smoothed using the Savitsky-Golay (17-point quadratic) method.23 For
high resolution assignments of molecular formulas, the publicly available software Molecular
Weight Calculator24 was used to produce simulated mass spectra for comparison to
experiment.

2.3

Results and Discussion

2.3.1

MUA and MHA
To enhance the amount of charge on Au25L18, ligands were explored with ionization

requirements besides those requiring poly(ethylene oxide) coordination of a cation for
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charging. Proteins run in negative mode ESI-MS produce spectra of multiply-charged anions
due to deprotonation,4 so a similar method was applied to nanoparticles. Carboxylic acid
terminated thiols were exchanged onto Au25L18, and run in negative mode ESI-MS. In
Figure 2.2, a negative mode mass spectrum of Au25L18 exchanged with 11mercaptoundecanoic acid (MUA) is shown.

Each set of peaks represents a statistical

distribution of exchange such as has been seen in previous experiments.1,2 The spacing
between each peak in a set is related to the difference in mass of the two ligands in the
monolayer. In order to achieve this mass difference, the x-axis must be multiplied by the
correct charge state, z, as seen in Figure 2.3a and 2.3b. This method has been shown to be
reasonable in past experiments1,2,13 where the composition of Au25L18 has been proven by
crystal structure determinations3 and FT-ICR.2
Figure 2.3a and 2.3b show mass scale spectra, and the two charge states (2- and 3-)
achieved in ESI-MS. The molecular formulas assigned reflect a mixed monolayer of three
different ligands: benzeneethanethiol (SC2Ph), protonated thiol (MUA-H), and deprotonated
thiol (MUA-). MUA- contributes to the overall charge state of the nanoparticle; however
Au25L18 also carries an innate negatively-charged metal core, which has been seen
previously.1, 2, 3, 25
The lower intensity set of peaks in Figure 2.3a and 2.3b labeled “+TOA+” are also
MUA-exchanged Au25L18 nanoparticles, but which are also ion-pair adducts with
tetraoctylammonium (TOA)―a reagent in the nanoparticle synthesis that is never fully
removed.3 Tetraethylammonium (TEA) and tetrabutylammonium (TBA) were also shown to
coordinate to the nanoparticle after a cation exchange (data not shown).
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Figure 2.2

Negative mode ESI-MS m/z mass spectrum of 50 µM Au25L18 exchanged

with 11-mercaptoundecanoic acid (MUA) in 70:30 methanol: (methylene chloride/ethanol)
mixture. Charge states 3- and 2- were produced.
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Figure 2.3

Close-up views of Figure 2.2 mass spectrum of charge states, 2- (a) and 3- (b),

on a mass scale. Notation indicates the exchange of 11-mercaptoundecanoic acid (MUA)
onto Au25(SC2Ph)18, where SC2Ph is –SC2H4Ph. The molecular formula designated in the
figure is Au25(SC2Ph)x(MUA-H)y(MUA-)z where MUA-H is protonated MUA and MUA- is
deprotonated MUA. Peaks labeled “+TOA+” are MUA exchanged Au25L18 nanoparticles,
but coordinated to tetraoctylammonium (TOA), which is a reagent in the nanoparticle
synthesis.
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Figure 2.4 shows expanded views of mass peaks matched with simulations. Figure
2.4a shows a mixture of protonated and deprotonated MUA in the monolayer, where clearly
the variation of a proton would disrupt the perfect overlapping of the simulation (red) and the
data (black). Figure 2.4b shows the ion-pair interaction of the nanoparticle with TOA+.
16-mercaptohexadecanoic acid (MHA) was also exchanged onto Au25L18, with results
similar to MUA spectra, though a higher charge state (4-) is achieved as shown in Figure 2.5.
With this system, base was added in order to increase the extent of deprotonation and thus
further manipulate the nanoparticle charge, with the intent of probing how much charge
could be placed on Au25L18.

Figure 2.6 shows the results of adding sodium hydroxide

(NaOH). The most promising result is the realization of a higher charge state (5-). The
achievement of this high charge state pushes the presence of nanoparticle peaks far below the
2000 m/z range, which is often the mass limit for many commercial instruments.
There are, however, some undesirable effects of adding NaOH to the sample mixture.
First, the peak intensities of most of the charge states decrease, and the typical binomial
distribution of peaks is distorted, where within each charge state the species having the
greater extent of exchange have the lower signal intensities. This distortion is partially due to
coordination with Na+, the cation of the added base. Species from the 4- charge state, for
example, appear in the 3- charge state due to Na+ coordinating to a carboxylate group. This
asserts the need for a careful balance of deprotonation and charge neutralization, which
possibly hinders higher charge state detection.
Other bases were tested that show less coordination of the cation with the acid
functional group (data not shown). The mass spectra signal intensity was improved by using
bases potassium hydroxide (KOH) and tetraethylammonium hydroxide (TEAOH); however,
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Figure 2.4

Expanded mass views of two data peaks (black) matched with simulations

(red) in the 3- charge state.

a) Shows data matched with simulations, [Au251-

(SC2Ph)13(MUA-H)3(MUA-)2]3- with a mix of protonated MUA (MUA-H) and deprotonated
MUA (MUA-). b) Shows data matched with simulation, [Au251-(SC2Ph)15(MUA-H)2(MUA)3(TOA+)]3-
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Figure 2.5

ESI-MS mass spectrum of 16-mercaptohexadecanoic acid (MHA) exchanged

onto Au25L18, with results similar to MUA spectra, though MHA creates charges 2-, 3- and 4. Inset is close-up of 3- charge state on a mass scale. No salt was added. The molecular
formula designated in the figure is Au25(SC2Ph)x(MHA-H)y(MHA-)z where MHA-H is
protonated MHA and MHA- is deprotonated MHA. Peaks labeled “+TOA+” are MHA
exchanged Au25L18 nanoparticles, but coordinated to tetraoctylammonium (TOA), which is a
reagent in the nanoparticle synthesis. Peaks labeled with “?” mark are unassigned peaks.
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Figure 2.6

ESI-MS spectrum of 50 µM Au25L18 exchanged with 6-mercaptohexadecanoic

acid (MHA), with sodium hydroxide added at a ratio of 7:1 salt:nanoparticle. Black line
indicates data points, and red line indicates simulation of Au25(SC2H4Ph)14(MHA-)4, where
MHA- is deprotonated MHA.
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the overall distribution distortion remains and the highest charge state is still 5-. Residual
Na+ ions exist in all subsequent samples from the first run.

2.3.2

TMA
The use of MUA and MHA is still a method that relies on impermanently attached

charges, essentially the loss of a proton. Another approach to charging nanoparticles is to
employ permanently charged thiols, such as a trimethylammonium-functionalized thiol.
Figure 2.7 shows a positive mode ESI-MS spectrum of Au25L18 exchanged with N,N,N+

trimethyl (11-mercaptoundecyl)-ammonium (HSC11H22N+(CH3)3, TMA ). The intensity of
this spectrum is much higher than what was typically seen of pegylated Au25L18 species in
ESI-MS. Also the highest charge state achieved is 4+, placing the nanoparticle peaks slightly
below the 2000 m/z mark. Again, 2000 m/z is a parameter maximum for many commercial
instruments.

Utilizing pegylated thiol1 for charging (as seen above in Figure 2.1 and

previous experiments1) is insufficient to reach this lower m/z region.
Another interesting point in this data is the observance of core charges other than 1-,
as shown in the inset of Figure 2.7. Predominantly, the core has a charge of either 1+ or 0 in
this spectrum, which provides evidence for the general rule in mass spectrometry4 that the
charge in the spectrum does not necessarily reflect that of the as-prepared sample. How the
electrospray process, which may include electrochemical processes,26,27 affects Au25L18
specifically is not entirely understood, but in general for this species there exists a variation
in core charges from 1- to 2+ depending on the charge agent.

2.3.3

Multi-Valent Metal Ions
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Figure 2.7

ESI spectrum of Au25(SC2H4Ph)18 (or Au25(SC2Ph)18) exchanged with N,N,N-

trimethyl (11-mercaptoundecyl)-ammonium (HSC11H22N+(CH3)3, TMA+).

Charge states

include 2+, 3+, and 4+. Core charges include 1- (not shown), 0 (in green), and 1+ (in red).
Simulations of [Au251+(SC2Ph)15(TMA+)3]4+ and [Au250(SC2Ph)14(TMA+)4]4+ shown in red
and green, respectively.
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The coordination of cations, such as alkali metal cations, to Au25L18 is ubiquitous in
most nanoparticle experiments, but as shown above this coordination does not result in
charge states much higher than 3+.1,2 Past work shows only ca. 1-5 monovalent cations
coordinating to nanoparticles, resulting in charge states of only 2+ to 4+. This may be due to
a charge density or population limit.
To address this issue, multivalent cations were tested.

Europium (III) acetate,

lanthanum (III) acetate and lead (II) acetate were all added to Au25L18 solutions. Figure 2.8
shows the resulting ESI-MS spectrum from adding Europium (III) acetate (EuOAc) to
Au25L18, which presents oxidized Au25L18 with a 2+ core charge. The addition of europium
(Eu3+) also causes ligand loss, up to three thiols plucked from the monolayer while the core
retains a 2+ core charge. This effect was also seen for lithium acetate.2 Oxidation has also
been seen with the addition of silver nitrate.28 Similar effects of ligand loss are also seen for
lanthanum acetate and lead acetate (data not shown), with lead giving the lowest signal
intensity.
Though this method does result in charging of the nanoparticle, the mechanism of
charging is unclear. This is very similar to results seen by adding cesium acetate.2 Most of
the species produced by addition of cesium acetate (CsOAc) to Au25L18 rely mostly on direct
Cs+ coordination for charge, but occasionally [Au25L18]2+ with an oxidized core and without
Cs is detected in low intensity. Europium, lanthanum and lead produce this oxidized species
as the most predominant peak in the spectrum.

2.4

Conclusion
There are various advantages to incorporating multiple charges into nanoparticles,
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Figure 2.8

ESI-MS spectrum of Au25(SC2H4Ph)18 (or Au25(SC2Ph)18) after adding a 50:1

ratio of Europium (III) acetate (EuOAc, or Eu3+) to nanoparticle, which results in oxidized
Au25L18 with a 2+ core charge, as well as some species showing ligand loss. The variable x
represents the number of ligands lost, with up to 3 ligands lost. For each peak the core
charge is 2+.
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and there are multiple ways of adding charge as described above. In this chapter, the number
of charges was elevated to levels higher than previously achieved by relying less on multiple
monovalent cation coordination. Permanently charged and multivalent charge agents are
potential routes to placing more charge on nanoparticles, such as Au25L18, and to clear the
path for detection of higher mass nanoparticles at better resolution.
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CHAPTER 3
MASS SPECTROMETRY OF SMALL BIMETAL MONOLAYER-PROTECTED
CLUSTERS
3.1

Introduction
Thiolate monolayer-protected clusters (MPC) have been envisioned to have a core of

metallic atoms surrounded by a monolayer of ligands that stabilize the nanoparticle and
accommodate subsequent monolayer modification.

MPCs can be dissolved, dried, and

redissolved without suffering from degradation,1 properties conducive to synthetic altering
of composition for various applications.2-6 Recent crystallographic structure determinations 79

have shown that the thiolate ligand-based monolayers on Au MPCs are more complex than

originally thought, consisting, perhaps generally, of semirings of composition SRAuSRAuSR- and/or -SRAuSR- and thiolate ligands in bridging coordination.
Assigning formulas to nanoparticles is far more informative than simply assigning a
diameter dimension. Short of obtaining a crystal structure, the most challenging analytical
step in characterizing nanoparticles is determining its formula, the number of atoms/elements
in the nanoparticle core. Some rough information can be gleaned from electron microscopy
(TEM)10,11 and its sophisticated variants,12 but for nanoparticles that are very small and lie
within or below the fundamentally interesting metal-to-molecule transition (for metals, ca. 12nm), TEM microscopy information generally lacks13-15 the resolution needed to accurately
assess core atom count. Synthesized nanoparticle samples are also generally polydisperse to
various degrees, complicating their analysis. These problems reduce size characterizations

based on TEM images to reporting of average nanoparticle dimensions. It would obviously
be preferable to weigh the nanoparticles, as in mass spectrometry, at a resolution that allows
determination of core masses on an accurate level of atom counts.
Scrutiny of MPCs by mass spectrometry15 has been profitable, particularly recently.1618

We have had success18,19 with Electrospray ionization mass spectrometry (ESI-MS), a soft

ionization technique that minimizes fragmentation and, when performed at adequate
resolution, allows exact compositional assignment of MPC molecular formulas.

A key

strategy, reflecting the mass/charge (m/z) nature of mass spectral analysis, and considering
the very high masses of multimetal entities and often limited m/z range of mass
spectrometers, is to achieve a large nanoparticle charge (z), such as by providing sites in the
nanoparticle ligand shell that are either intrinsically charged or can become charged by
simple reactions like proton dissociation19 or alkali metal coordination with poly(ethylene
glycol) chains18 introduced into the MPC monolayer via ligand exchange.20 The thiolated,
monodisperse oligomeric ligand -S(CH2CH2O)5CH3 has been useful in the latter regard. We
term herein introduction of this –SPEG ligand into nanoparticle shells as “PEGylation”. It
must be noted that while we have been consistently successful in detecting Au25L18, we
remain unable to reliably detect larger sizes. Thus, ESI-MS data reported are limited to
masses in the Au25L18 range.
Compositional definition of bimetallic nanoparticles would be particularly aided by
application of mass spectrometry. Interest in bimetals has been particularly strong since their
properties can be distinct from their monometallic counterparts in important applications like
catalysis.21,22 Most methods for creating bimetallic nanoparticles rely on simple alterations
to procedures that produce monometallic nanoparticles. Crooks et al., for example, have

50

used dendrimers as templates to create palladium-platinum nanoparticles for catalytic
study.23 Our laboratory has employed galvanic exchange to prepare Au-Ag, Pd-Ag,Au-Pd,
and Cu-Au24 core-shell nanoparticles.

Au-Ag and Au-Cu bimetal MPCs have been

synthesized by a two-phase modified-Brust synthesis.25 The X-ray photoelectron (XPS)
characterization of the latter examples gave only average compositions, rough data in
comparison to information potentially available from mass spectrometry. None of the above
bimetal experiments targeted Au25-xMxL18 nanoparticles.
Au25L18 nanoparticles are today well-characterized by high resolution mass
spectrometry and X-ray crystallography. The Au25L18 composition is known well enough to
be a mass calibrant.8,18,19,26 As far as we know, there are no reported examples of this
apparently very stable27 thiolated Au nanoparticle containing mixtures of Au and another
metal. With both fundamental and catalysis issues in mind, this paper describes the synthesis
of bimetal Au MPCs containing low molar percentages of palladium.

The Brust-like

synthesis1,14 used is like that producing Au25L18 but instead uses Au:Pd mixtures to produce
Au25-xMxL18 nanoparticles, where L=phenylethanethiolate. In accordance with the standard
Au25L18 procedure, only small sizes are isolated; larger nanoparticles that could contain Pd
are not analyzed. We report here mass spectrometric identification of a thusly prepared
Au24PdL18 bimetal nanoparticle. Larger amounts of the second metal were not observed in
the M25L18 isolation, even though the synthetic stoichiometry would have allowed it. The
results are striking in that (a) substitution of Au in Au25L18 by another metal (Pd) is evidently
not very favorable and (b) the substitution of a single atom (of Pd) results in concurrent,
substantive changes in nanoparticle properties (electrochemical and optical), relative to the
monometal Au25L18 counterpart.
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Obtaining ESI mass spectra of the Au25-xMxL18 nanoparticle relied on introducingSPEG ligands into the nanoparticle ligand shell19 and, for MALDI-TOF ionization, use of the
purportedly electron transfer-inducing28 matrix trans-2-[3-(4-tert-butylphenyl)-2-methyl-2propenylidene]malononitrile (DCTB) and minimized laser fluence, as reported before26 for
the Au25L18 nanoparticle.

Note that ESI-MS conditions for detecting larger sized

nanoparticles (monometallic or bimetallic) are not realized in this paper; our isolation is of
small nanoparticles that vary only minimally from solubility properties of Au25L18.

3.2

Experimental Section

3.2.1

Chemicals
Phenylethylenethiol

(HSCH2CH2Ph

=

HSC2Ph,

98%),

tetrabutylammonium

perchlorate (Bu4NClO4, >99%), tetra-n-octylammonium bromide (Oct4NBr, 98%), potassium
tetrachloropalladate(II) (K2PdCl4, 99.99%), sodiumborohydride (NaBH4, 99%), sodium
acetate (NaOAc,>99.0%), and cesium acetate (CsOAc, 99.9%) were obtained from SigmaAldrich. Certified ACS toluene, Optima methylene chloride, Optima methanol, Optima
acetonitrile, and absolute ethanol (Fischer) were used as received. trans-2-[3-(4-tertButylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB, >99.0%) was obtained from
Fluka. Hydrogen tetrachloroaurate trihydrate (from 99.999% pure gold) was prepared by a
literature procedure29a and stored in a freezer at -20 ºC.

The PEGylated thiol,

HSPEG=HS(CH2CH2O)5CH3, was prepared according to a literature method.29b Water was
purified with a Barnstead NANOpure system (18 MΩ).
3.2.2

Synthesis of Au/Pd MPCs
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Bimetal MPCs were synthesized by a Brust synthesis1 similar to that used for
Au25L18 nanoparticles.14 Everything in the modified procedure, including purification steps,
parallels synthesis of Au25L18, except for the starting materials. In a 9:1 Au:Pd feed mole
ratio alloy, mixtures of AuCl4- (as 1.77 g of HAuCl4) and PdCl42- (as 0.16 g of K2-PdCl4)
were transferred from an aqueous phase to a 45 mM Oct4NBr in toluene (126 mL) and, after
adding 2.17 mL of phenylethanethiol (HSCH2CH2Ph), stirred in toluene for 24 h. In this
reaction, the mole ratio of thiol to (total) metal was 3.2:1, and that of Au to Pd was 9:1. The
colorless solution of mixed metal thiolates was cooled to 0 ºC in an ice water bath, 2.4 g of
NaBH4 in 38 mL of ice cold Nanopure water was added, and the solution was stirred
vigorously for 24 h. Discarding the aqueous layer, the organic layer was washed three times
with Nanopure water and rotovapped to a viscous sludge. The sludge was extracted with
ethanol for about 2 h to remove excess ligand and larger nanoparticles. The ethanol-insoluble
portion, containing the small-sized nanoparticles, was further purified using repeated solvent
fractionation, using acetonitrile to dissolve the nanoparticle sample, and precipitating
nanoparticles by methanol addition, removing excess ligand and gradually fractionating the
small nanoparticle content.

The acetonitrile/methanol treatments were performed

approximately five times, a level of purification typically sufficient to obtain clean
voltammetry and optical data of Au25L18 that is referred to as “standard” purification.
“Extensive” purification involved up to five further acetonitrile/methanol treatments and
decreasing

nanoparticle

yields.

The

resulting

brown

powder

was

characterized

electrochemically, optically, and mass spectrometrically.
An analogous Au/Pd synthesis was conducted using a Au:Pd mole ratio of 1:0.9
(weight ratio of salts 13:12) and another using a 3:2 Au:Pd mole ratio and a lower (1:1) mole
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ratio of thiol to metal, similar to an earlier report on Pd nanoparticles.11 After preparation, all
samples are stored in a freezer in vials under argon.
3.2.3

Ligand Exchanges
For

exchanging

phenylethanethiolate

ligands

(HSCH2CH2Ph)

with

methoxypenta(ethylene glycol) thiolate ligands (HSPEG=HS(CH2CH2O)5CH3, exact mass
268.13 Da), 2 µL (or 0.72 mmol) of the PEGylated thiol was added to about 1mg (0.14 µmol)
of MPC sample. The added thiol is 62 ligands per MPC nanoparticle. The mixture was
dissolved in 200 µL of methylene chloride and stirred for 24 h. The product was dried on a
rotovap and excess ligand removed by washing several times with heptane. The HSPEG
ligand is monodisperse (see Appendix A Figure 3S-7), so observed ESI-MS distributions of
peaks are not due to differing PEG chain lengths but rather to different numbers of -SPEG
chains per nanoparticle.
3.2.4

Electrospray Mass Spectrometry
Positive-mode ESI-MS spectra were acquired on a Bruker BioTOF II instrument

(Billerica, MA), a reflectron time-of-flight mass spectrometer having an Apollo electrospray
ionization source. The 50 µM nanoparticle solutions (75%methanol/25%dichloromethane,
for solubility plus ESI compatibility) contained sodium acetate (NaOAc) at a mole ratio of
75:1 sodium:MPC, aiming at PEG chain coordination of Na+ to cationize the MPC. ESI-MS
spectra (Figure 3S-7 in Appendix A) of the HSPEG ligand alone were obtained to confirm
uniqueness of the signal of the MPC sample. The ESI source was run at flow rates of 60-90
µL/h, the ion transfer time was set at 120 µs, and 50 000 scans were averaged in the data
presented.

Specific instrument parameters are included in beginning of Appendix A.

Calibration was determined externally by clusters (Cs(CsOAc)n+) of cesium acetate as well as
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internally using Au25L18 as a standard since its structure and mass are accurately known.8,19,26
The data were smoothed using the Savitsky-Golay (17-point quadratic) method,30 without
loss of peak definition of the raw data. The Molecular Weight Calculator31 generated peak
simulations for comparison to experiment.
3.2.5

ESI-FTICR-MS
Positive-mode nanoESI spectra of a 50 µM PEGylated Au25 sample in Optima

methanol (containing sodium acetate (NaOAc) at a mole ratio of 50:1 sodium: nanoparticle)
were obtained by direct infusion through a 75 µm i.d. fused silica capillary (Polymicro
Technologies, Phoenix, AZ) connected using a stainless steel union (VICI, Houston, TX) to a
30 µm tapered fused silica Picotip (New Objective Inc., Woburn, MA) at a flow rate of 1.52.8 µL/min.

High voltage (2.6-2.8 kV) was applied at the union to produce stable

electrospray which was detected using a hybrid LTQ-FT-ICR mass spectrometer (Thermo
Electron Inc., San Jose, CA). The LTQ-FT-ICR was equipped with a 7 T actively shielded
superconducting magnet, the resolving power was set to 100,000 at 400 m/z. The maximum
ionization time was set to 2000 ms for MS data.
3.2.6

MALDI Mass Spectrometry
Matrix-assisted laser desorption/ionization mass spectra were collected on a Voyager

DE Biospectrometry Workstation (Perspective Biosystems, Inc., Framingham, MA) in the
linear mode using a nitrogen laser (337 nm). trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2propenylidene]-malononitrile (DCTB) was used as the MALDI matrix. Spectra were
obtained in negative ion mode using an acceleration voltage of 25 kV and a delay time of 350
ns and at serially reduced laser pulse intensities (laser fluence) to search for minimal
nanoparticle fragmentation at slightly above threshold observation, as done before.26
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3.2.7

Electrochemistry
Voltammetry was performed with a Bioanalytical Systems instrument (BAS-100B)

on solutions containing 0.2 mM MPC (both monometallic and bimetallic synthesis products
prepared to have same mass-per-volume) and 0.1 M tetrabutylammonium perchlorate.
Osteryoung square-wave Voltammetry (OSWV)32 was performed in a single compartment
cell containing 0.15 cm diameter Pt disk working, Pt wire counter, and Ag/AgCl (aq)
reference electrodes, under Ar. The working electrode was polished with 0.05 µm alumina or
1/4 µm diamond paste and cleaned electrochemically by cycling in 0.1M H2SO4 between
potential limits of 1200 and -610 mV.32
3.2.8

Atomic Absorption Spectroscopy
A Perkin-Elmer atomic absorption spectrophotometer with a Pd lamp was used for

elemental analysis of MPC products purified under standard purification procedure
previously mentioned. MPCs were dissolved in aqua regia, which was then evaporated, and
the sample was dissolved into 10% HCl to match the standard matrix. Pd solution used for
standard was 1000 mg/mL Pd (Perkin-Elmer) in a 10% HCl matrix.

3.3

Results and Discussion

3.3.1

Au/Pd MPCs
While several approaches to ESI cationization were tested, we chose the technically

reliable approach18 of exchanging the original phenylethanethiolate ligands with PEGylated
thiolates. Inclusion of excess NaOAc in the sprayed solution of isolated ligand exchange
products from extensively purified samples prepared with 9:1 Au:Pd mole ratios yields
spectra (Figure 3.1a) with two distributions of mixed ligand MPC4+ and MPC3+ ions. The
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Figure 3.1

ESI mass spectra of extensively purified nanoparticles made in a Brust-like

reaction with a 9:1 Au:Pd mole ratio, and pegylated via ligand exchange. Exchange product
is result of stirring 0.7 mM MPC for 24 h in a solution of 3.6 M HS(CH2CH2O)5CH3) at a
mole ratio of 62:1 thiol to MPC. Sample run in a solution of 30% CH2Cl2/ 70% CH3OH and
75:1 NaOAc:MPC. a) Spectrum of the MPC4+ and MPC3+ charge states. b) Expanded scale
ESI mass spectrum of MPC3+ charge state species of the bimetal MPC (which shows a
greater extent of ligand exchange than do analogous data for the MPC4+ species). The (x,y)
peak designation code is x=number of Pd and y=number of –SPEG. c) Close-up of spectra
(black curves) of two species within the MPC3+ charge state and having the same mixed
ligand count. The first peak is well-fitted by a simulation of [Na3Au24Pd(SC2Ph)9(SPEG) 9]3+
(red curve) and the second (green curve) by the formula Na3Au25(SC2Ph)9(SPEG)9]3+.
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general appearance is analogous to results18,19 with ligand-exchanged monometal Au25L18
nanoparticles, where distributions of peaks, increasing in exactly identical increments of
mass, appear corresponding to different numbers of the heavier –SPEG exchanged ligands.
The multiple peaks in the two charge distributions represent a statistical distribution of the
number of exchanged ligands as qualitatively expected33 for an exchange of ligands on
multiple, noninteracting sites.

As done previously,18 the charge states are initially

determined by the value of z necessary to make the spacing in each distribution uniformly
equal to the ~130 Da mass difference between –SPEG and –SC2Ph ligands and subsequently
demanding agreement between experimental and simulated peaks throughout the peak
distribution.

This process is supported by previous work, where assignments were

established using various charging agents and methods,18,19,26 and unequivocally confirmed
by knowing the mass of the Au25L18 nanoparticle from single crystal structure
determination.8

CID fragmentation data further support our assignment of a multiply

charged MPC, as will be reported in a future publication.34 (CID experiments on thiolateprotected gold nanoparticles have to our knowledge not been reported in the literature; this
methodology requires separate attention and development.)
FT-ICR-MS has been used in the past to validate our method of charge assignment
for nanoparticles, specifically Au25-(SC2Ph)18,19 and is also used here. Appendix A (Figure
3S-1a) provides an expanded scale view of an FT-ICR spectrum of one of the peaks of the
spectrum shown in Figure 3.1a (labeled (0,10) in Figure 1b). The 0.33 Da spacing between
the isotopic peaks demonstrates that the species is multiply (3+) charged, so the x-axis is
multiplied by 3 to obtain Figure 3S-1b.

The composition of this species is

[Na4Au25(SC2Ph)8(SPEG)10]3+. As is discussed in the next paragraph, the distribution of
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mass spectral peaks in Figure 3.1a,b represents overlapping distributions of peaks for
monometallic and bimetallic nanoparticles; the distributions are evenly spaced (mass
difference between Au and Pd) and thus linked. FT-ICR of any of the species in the spectral
distributions shows them to be equally multiply charged.
Figure 3.1b shows the above-mentioned (in Figure 3.1a) two distributions of MPC3+
peaks on an expanded mass scale. This figure shows the two, overlapping, ligand-exchangebased distributions. The distribution globally differ in mass by ~90 Da as expected for
having replaced one Au site by Pd, i.e., the series Au25(SC2Ph)18-y(SPEG)y vs.
Au24Pd(SC2Ph)18-y(SPEG)y. Looking at the pair of peaks at the left labeled as (1,7) and (0,7)
and proceeding to the right to the pair labeled (1,11) and (0,11): these pairs of peaks
represent nanoparticles having identical mixed monolayer ligand compositions, but Au and
Pd metal counts of 24/1 and 25/0, respectively. In this designation, y is the number of SPEG
ligands exchanged into the monolayer. Figure 3.1c shows example expanded scale spectra
illustrating the ~90 Da Au/Pd spacing and comparing experiment to calculated spectra. (A
listing of all experimental and calculated masses for compositional assignments of species in
Figure 3.1b is found in Appendix A, Table 3S-1.) Note that the number of ligands always
totals to 18 and that no significant peaks are observed for incorporation of more than a single
Pd in the nanoparticle. This is a key finding of this study.
It is notable that in the mixed monolayer envelope in Figure 3.1a, b the most intense
peak for the mixed monolayer Au24PdL18 nanoparticle (composition 1,10) lies at higher mass
than that for the Au25L18 (composition 0,8). This means that in the same time for ligand
exchange, the Au24PdL18 nanoparticle underwent more exchanges, incorporating the heavier SPEG ligand. This difference in mass of the most intense peak is also seen in the comparable
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distributions of peaks in the MPC4+ spectrum (Figure 3.1a). Since the reaction time of ligand
exchange is the same in the sprayed samples giving MPC4+ and MPC3+ peaks, the above peak
mass difference implies that the Au24PdL18 nanoparticle experiences a more rapid ligand
exchange (of –SPEG for –SC2Ph) than does the monometal Au25. Concluding that ligand
exchange is faster for the Au24PdL18 nanoparticle involves assuming that the ionization
efficiencies of Au25L18 and Au24-PdL18 have the same dependency on the relative numbers of
the two ligands. Since the relative intensities of all peaks (that correspond to the same mixed
nanoparticle ligand shells) in the distributions of peaks for Au24PdL18 and Au25L18 are all the
same, we believe this assumption is reasonable.
The Au24PdL183+ andAu25L183+ nanoparticles for the labeled ions in Figure 3.1b are
both charged solely by the presence of three PEG-bound Na+ ions. In contrast, Au25 MPCs
observed alone and under similar conditions have a native 1- state charge, as seen both by the
Murray Group18,19 and the Tsukuda group.27 While a lowered charge is expected for the
Au24Pd nanoparticle, given the Pd valence electron count as compared to Au, it is curious
that the Au25 monometal MPCs, in a mixture of the two, now exhibits a zero charge.
Figure 3.1b includes a series of minor peaks (labeled *) that lie between the assigned
ones. These peaks (Table 3S-1) correspond to (oxidized) 1+ and 2+ Au25 cores that have
fewer associated Na+ ions.
It is important to note that the larger Au25L18 peak intensities, relative to those for
Au24PdL18 nanoparticles in Figure 3.1, do not mean that the Au25 population in the
electrosprayed solutions is larger, but rather that the Au25 nanoparticles are much more
readily cationized. Electrochemical evidence (vide infra) shows that the Au25L18 content is,
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in fact, relatively small.

The reason for the difference in cationization efficiencies is

unknown but may be associated with the different metal electron counts noted above.
Voltammetry of the above extensively purified sample (but without ligand exchange)
is shown in Figure 3.2, which compares voltammograms of Au25L18 and of the extensively
purified product of the Au:Pd 9:1 mole ratio synthesis. It is immediately clear that the
voltammetry of the bimetal Au24Pd(SC2Ph)18 nanoparticle (red curve) is very different from
that of Au25L18 (black curve). The distinctive oxidation doublet at ~0.25 and 0.5 V known35
for Au25L18 (black curve), corresponding to serial loss of HOMO electrons, is absent in the
red curve, which shows a new, less distinctive voltammetric reaction pattern.

The

voltammogram of the putative Au24PdL18 nanoparticle (Figure 3.2, red curve) displays a
HOMO oxidation doublet that we assign as peaks C and D and a LUMO reduction peak E.
The inferred electrochemical gap spacing is ~0.8 V. Estimating the charging energy as ~0.3
V from the doublet spacing, the optical HOMO-LUMO gap for Au24PdL18 is predicted as
~0.5 eV. While this energy gap value is obviously approximate, it is clearly substantially
lower than that25 of Au25L18 (1.3 eV). It seems certain that the incorporation of a single Pd
atom into this nanoparticle has evoked very substantial changes in its electronic energy levels
and its consequent electrochemical reactivity, results that are consistent with recent
theoretical studies examination.36
The Figure 3.2 result (red curve) showing that the Au25L18 nanoparticle content is
almost negligible confirms that its prominence in the ESI spectrum (Figure 3.1) reflects a
higher cationization efficiency, rather than a higher actual population. A less rigorous
(“standard”, see Experimental Section) purification of a sample of nanoparticles from a
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Figure 3.2

Voltammograms of monometal Au25(SC2Ph)18 (red curve) and of an

extensively purified nanoparticle sample prepared with a 9:1 Au:Pd mole ratio (black curve).
The purification resulted in eliminating the (initially present) Au25L18 pattern of peaks,
resulting in the different, unique voltammetric pattern shown.

63

Current (µA)

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
-0.2
-0.4
-0.6
-0.8
-1.0
-1.2
-1.4
-1.6
-1.8
1500

9:1 Au:Pd mole
ratio sample
Au25L18

B
C

A
1000

500

0

E

D

-500

-1000

Potential (mV vs Ag/AgCl (aq))

64

-1500

Au:Pd 9:1 mole ratio synthesis (see Appendix A, Figure 3S-2) gives voltammetry showing
the known Au25L18 oxidation doublet. Lower intensity peaks appear at ~ -0.2 and ~0.6 V that
parallel the peaks seen in the red curve of Figure 3.2. Figure 3S-2 thus presents an apparent
overlap of the electrochemical properties of the monometallic Au25L18 and the bimetallic
Au24PdL18 nanoparticles. The fact that the only difference between the data in Figure 3.2
(and Figure 3.1) and Figure 3S-2 is a more prolonged solvent fractionation suggests that this
purification serves to isolate the Au24PdL18 bimetal species at the expense of Au25L18. We
lack a complete understanding of exactly what solubility characteristics serve this remarkable
fractionation of two nominally similar nanoparticles.
Consistent with the Figure 3.2 data, a UV-vis spectrum (Figure 3S-3, Appendix A) of
a solution of extensively purified Au24Pd(SC2Ph)18 nanoparticles (same as samples used in
Figures 3.1 and 3.2) shows a substantial loss of the spectral fine structure characteristic
ofAu25(SC2Ph)18 nanoparticles, although the ca. 700 nm band persists. The above-suggested
0.5 V gap energy is much too low to be detectable on the spectral scale of Figure 3S-3.
Flame atomic absorption (FAA) spectroscopy was used to assess the Pd content of a
“standard” purification MPC product from a 9:1 Au:Pdmole ratio synthesis. The result, cast
in terms of a M25L18 nanoparticle composition, should yield an (average) metal content of 2-3
Pd atoms per nanoparticle. This Pd content is larger than the mass spectral result of Figure
3.1 (only a single incorporated Pd atom). Weighing this difference vs. the Figure 3.1 and 3.2
results indicates that much of the Pd nanoparticle content formed during the synthesis went
into larger Pd-containing nanoparticles that were separated by extensive purification from the
nanoparticle samples and/or if residually present were not detected by ESI-TOF. (Some
larger nanoparticles were detected by MALDI-TOF, as discussed later.)
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In an attempt to incorporate more Pd sites into the nanoparticle, a much larger
proportion of Pd was employed as starting material in a nanoparticle synthesis (Au:Pd mole
ratio of 1:0.9). The product of this synthesis was extensively purified in order to isolate only
small nanoparticles around M25L18 and PEGylated by ligand exchange for obtaining an ESIMS spectrum (Figure 3.3) under identical conditions to Figure 3.1 (including added NaOAc).
While a larger population of Au24PdL18 is evident than in Figure 3.1b (the average ratio of
Au25L18 and Au24PdL18 peak intensities has decreased from 2.1:1 to 1.3:1), there is no
evidence for nanoparticles containing a higher proportion of Pd. An expanded scale mass
spectrum comparing experiment and calculated spectra accounting for isotopes (Figure 3S-4)
is shown in Appendix A.
The MALDI-TOF mass spectrum of the 1:0.9 Au:Pd mole ratio product after
extensive purification but without PEGylation is shown in Figure 3.4. Being less susceptible
to matrix effects and electrolyte concentration than ESI,37 MALDI might reveal what ESI
does not. It was established previously26 that the DCTB matrix can produce spectra with
minimal nanoparticle fragmentation, especially if laser fluence ~10% above threshold is
employed. In Figure 3.4, the black spectrum is identical to a previous report26 with a
Au25(SC2Ph)18 sample showing a prominent peak for Au25(SC2Ph)18 (at ~7391 Da) as well
as peaks for progressive loss of Au(SC2Ph) entities, and a favored net loss of a Au4(SC2Ph)4
moiety seems favored, producing a Au21(SC2Ph)14 fragment at 6055 Da. The red curve
shows similar species but in addition a peak for Au24Pd(SC2Ph)18 at ~7303 Da (see asterisk),
consistent with the mixture seen in Figure 3.1.
Figure 3.4 additionally shows a peak at higher mass that corresponds to the formula
Au25Pd3(SC2Ph)18, i.e., three additional Pd atoms are present without change in the number
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Figure 3.3

ESI mass spectrum of the MPC3+ charge state of the pegylated, extensively

purified sample prepared using a 1:0.9 Au:Pd mole ratio. Pegylation was done by adding
0.72 mmols of the pegylated thiol to about 0.14 µmols of MPC sample (e.g., 62 ligands per
MPC), in 200 µL methylene chloride and stirred for 24 h. Excess ligands were removed via
heptane washings. The sample was electrosprayed as a solution of 30% CH2Cl2 and 70%
CH3OH and 75:1 NaOAc:MPC. Assignments reveal similar species to the 9:1 Au:Pd mole
ratio sample, though there is now a higher relative intensity of the Au24PdL18 bimetal species.
Asterisks indicate species of oxidized Au25L18 with fewer Na atoms coordinated to the PEG
chain, similar to results in Table 3S-1, Appendix A.
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Figure 3.4.

MALDI-TOF mass spectra of 1:0.9 Au:Pd mole ratio sample, extensively

purified but without pegylation or any other charging modification. The matrix is DCTB.
Spectra obtained in negative ion mode using an acceleration voltage of 25 kV and a delay
time of 350 ns.

Comparison of the bimetal (red curve) with monometal Au25L18 (black

curve), revealing peaks for Au25-(SC2Ph)18, Au24Pd(SC2Ph)18 (indicated by the asterisk in
both figures), their fragments, and a species corresponding to Au25Pd3(SC2Ph)18. Asterisk
indicates Au24Pd(SC2Ph)18; to its right lie peaks for Au25-(SC2Ph)18 and Au25Pd3(SC2Ph)18.
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of ligands. The lack of ligand number change suggests that the additional Pd atoms have not
been incorporated into the nanoparticle core but may instead be adducts of some kind. This
was not further explored.
A further MPC synthesis was performed in which the Au:Pd mole ratio was 3:2, and
the thiol:metal ratio was changed from 3:1 (the mole ratio for making monometal Au25) to
1:1 (used in a previous Pd MPC study for preparing larger MPCs11). The product of this
synthesis (with standard purification procedure, and without PEGylation, but greatly reduced
yield) gave the MALDI-TOF mass spectrum shown in Figure 3.5. The (red curve) spectrum
shows a dominant species at ~7303 Da, the relevant mass of Au24Pd(SC2Ph)18, with no
obvious peak for Au25. At the threshold (lowest producing useful spectrum) laser fluence
(lower, black curve), a peak for only the Au24Pd(SC2Ph)18 appears. This particular synthesis
seems to result in a much higher proportion of bimetal MPC relative to monometal MPC
Au25 without extensive purification, but poor yield.

Other, undetected, larger bimetal

products may well be present in low amounts, residues from purification and removal of
nonacetonitrile soluble nanoparticles.
The sample from the above synthesis (not PEGylated) gave the voltammetry and UVvis spectra shown in Appendix A (Figures 3S-5 and 3S-6). Neither the voltammetry nor the
UV-vis spectrum shows any distinct features, including none that are Au25-like. These
observations, although partially negative, do reinforce those above in that incorporation of
another metal, by either substitution or adduction, drastically changes the nanoparticle
properties from those of the monometal Au25-(SCH2CH2Ph)18 MPC.
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Figure 3.5

MALDI-TOF spectrum of a nanoparticle sample (not PEGylated) prepared

with 3:2 Au:Pd metal mole ratio (1:1 thiol:metal mole ratio) at two laser

intensities

(fluence), where the red curve is slightly higher in intensity than the black curve. The matrix
was DCTB and spectra were obtained in negative ion mode using an acceleration voltage of
25 kV and a delay time of 350 ns. Asterisks indicate fragments from Au24Pd(SC2Ph)18;
fragmentation is reduced or eliminated in the bottom curve, where laser fluence is lowered.
Despite low signal-to-noise, the assigned peaks are reproducible.
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3.4

Conclusions
There have been, as mentioned in the Introduction, a variety of prior reports on

bimetal, or metal alloy, thiolate-protected clusters.

They have described a range of

proportions of the different metals, unlike the results given here for Au/Pd. We should
emphasize that our results do not necessarily contradict the previous publications because our
analysis of the MPC products was focused narrowly on changes in the 25-atom nanoparticle.
The basic synthesis and sample work-up employed is that used previously to produce
Au25(SC2Ph)18 nanoparticles and was altered only by admixture of the second metal. The
characterization focused on obtaining small nanoparticles and their definitive compositions
by mass spectrometry. Bimetal nanoparticles with larger dimensions or differing solubility
properties would thus not have been detected.
What can be said about the making of bimetal nanoparticles is that Au and Pd are
reluctant to admixture in metal25ligand18 nanoparticles; the resistance of Pd and Au to form a
small bimetal core is inconsistent with the miscibility of the two metals in larger sized
cores.38 Size apparently is the dominant factor in this system, but other reasons can include
the differing valence electron counts and cohesive energies of the different metals. Pd has
higher cohesive energies than Au, though the cohesive energy of Pd is very close to that of
Au.39 Differing thiolate coordination numbers and/or geometries during the formation of the
nanoparticle may play a role.
What also can be said is that the electrochemical and optical absorbance properties
(i.e., the electronic structure) of the Au25(SC2Ph)18 nanoparticle are exceptionally sensitive to
inclusion of Pd. This behavior would argue that the incorporated metal is more likely to
reside in the nanoparticle core than in the six semirings of metal-thiolate chains surrounding
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the core. On the other hand, in the case of the Au/Pd bimetal, we noticed a more rapid ligand
exchange during PEGylation, which would argue for an effect based on semiring chemistry.
Overall, the loss of distinctive properties makes investigation of these bimetals, in the
definitive manner of mass spectral formula assignment, a challenging subject.

Future

experiments include studying how the variation in admixture of Pd varies with size as well as
synthesizing other Au25-xMxL18 nanoparticles with other metals. Most welcome would be
other theoretical efforts that could help guide further experiments.
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CHAPTER 4
REACTIVITY OF [Au25(SCH2CH2Ph)18]1- NANOPARTICLES WITH METAL IONS

4.1

Introduction
For over a decade, metal nanoparticles capped by thiolates ligands (or monolayer-

protected clusters, MPCs) have been of interest, having possible application to catalysis,1
chemical and biological sensors,2 optoelectronics,3 and surface-enhanced Raman scattering
(SERS),4 among others. Because physicochemical properties of very small metal MPCs can
vary with their size, protecting ligands, and core-metal compositions, one can envision
controlling nanoparticle properties by adopting specific reaction routes that select for desired
sizes, protecting ligands, or core-metal compositions. For example, the original thiolate
ligands of monolayer-protected gold nanoparticles can be exchanged with different target
thiolate ligands without changing the nanoparticle core size.5

It is possible to prepare

apparently alloyed bimetallic nanoparticles from monometallic ones composed of less noble
metals (e.g., Ag, Cu, and Pd clusters) by galvanic exchange reactions6 with salts of more
noble metal thiolate complexes (such as Au(I)-SR). To realize the full scope of possible
transformations and uses, it is important to further understand and elucidate the reactivities of
metal MPCs.
In the present work, we report that solutions containing metal ions less noble than
gold, react with gold MPCs―specifically in CH2Cl2 solutions of the MPC nanoparticle

[Au25(SC2Ph)18]1- (abbr. Au25L181-, SC2Ph = phenylethanethiolate = L). The composition
and detailed structure of this nanoparticle, an anion in its native state, are known from mass
spectrometry7,8 crystallographic9 measurements and are supported by theory.10 (The Au25L18
1-

structure is shown in Appendix B, Figure 4S-1.) Here, we report that incremental additions

of Ag+ to CH2Cl2 solutions of Au25L181- MPCs induce, over 1:1 and 1:2 stoichiometric
Ag+/nanoparticle ratios, changes in optical absorbance spectra. Isosbestic points are seen
during the spectral changes; these imply quantitative conversions of the initial Au25L181- to
other species after one and then two equivalents of Ag+ have been added. Similar effects are
seen when adding Cu2+ or Pb2+ ions. Addition of larger proportions of Ag+ or Cu2+ (but not
Pb2+) ions causes less controlled changes and ultimately evokes changes in nanoparticle size.
We have examined this unanticipated chemistry by a range of measurements including
photoluminescence (PL), electrochemistry, and electrospray ionization mass spectrometry
(ESI-MS).
Theoretical approaches to structures of small thiolate-protected Au nanoparticles have
enjoyed recent successes, anticipating11 novel aspects of their thiolate ligand shells,
supporting detailed crystallographic structures of Au102 and Au25 nanoparticles,9,11b,12 and
predicting ligand shell structure for Au144.13 The above metal ion/Au25L181- reactivities are
particularly interesting in light of recent detection of Au24PdL18 nanoparticles14 and ensuing
theoretical studies on a variety of analogous bimetals.15 The replacement of a single Au site
with another metal is capable of evoking significant electronic changes that additionally
differ according to whether the replacement occurs at different Au sites (center, core surface,
and semiring).
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4.2

Experimental Section

4.2.1

Chemicals
Hydrogen tetrachloroaurate(III) trihydrate (HAuCl4 ·3H2O) was prepared by a

literature method.16 Phenylethanethiol (PhCH2CH2SH, 98%), sodium borohydride
(NaBH4, 99%), tetra-n-octylammonium bromide (Oct4NBr, 98%), tetra-n-butylammonium
perchlorate (Bu4NClO4, ≥ 99.0%), cerium(IV) sulfate (Ce(SO4)2), silver nitrate (AgNO3, ≥
99.0%), cupric chloride (CuCl2, 97%), and lead(II) perchlorate trihydrate (Pb(ClO4)2 ·3H2O,
98%) were obtained from Aldrich or Fluka (Milwaukee, WI).

Toluene (ACS-certified

grade), tetrahydrofuran (THF, HPLC grade), methanol (optima grade), acetonitrile
(CH3CN, optima grade), and dichloromethane (methylene chloride, CH2Cl2, optima grade)
were purchased from Fisher Scientific (Suwanee, GA). Ethanol (absolute - 200 proof) was
from Aaper Alcohol and Chemical Company (Shelbyville, KY). All chemicals were used
without further purification. Deionized water (> 18MΩ) was prepared with a Millipore
Nanopure water purification system.
4.2.2

Synthesis of Au25L181- MPCs
Au25L181- MPCs were synthesized by the previously reported method, in a paper17

misidentifying them as Au38. Briefly, AuCl4- was reacted with 3-fold excess PhC2SH in
toluene to form polymer-like Au(I)-phenylethanethiolates, which were then reduced by 10fold excess (against AuCl4-) aqueous BH4- at 0 °C for 24 h.

After completion of the

reduction reaction, the toluene phase was separated, and the toluene removed under reduced
pressure at room temperature. The nanoparticle product was extracted with CH3CN (which
preferentially dissolves Au25L181-; Au25L180 is insoluble), the nanoparticles then being
precipitated by adding CH3OH or CH3CH2OH and re-extracting and reprecipitating with

81

CH3CN and CH3OH, respectively, until desired purity of Au25L18- was obtained. The final
product was inspected by TEM, NMR, UV-vis absorption, and voltammetry. We will term
the as-prepared Au25L18- anion, the “native state”.
4.2.3

Procedures for Metal Ion Titrations
Using a Shimadzu UV-1601 spectrophotometer (Shimadzu, Columbia, MD) to collect

UV-vis spectra, µL volumes (10-µL microsyringe; Hamilton, Reno, NV) of 10 mM of metal
ion (Ag+, Cu2+, and Pb2+) solutions in CH3CN (AgNO3, CuCl2, and Pb(ClO4)2 ·3H2O are not
soluble in CH2Cl2) were incrementally added to 3 mL of Au25L181- MPC solution in CH2Cl2
in the quartz cuvette. The same titration procedures were employed for photoluminescence
measurements, taken with a modified ISA Fluorolog FL321 spectrometer (HORIBA Jovin
Yvon Inc., Edison, NJ) equipped with a 450 W xenon source and Hamamatsu R928 PMT
(visible wavelengths) and InGaAs (near IR wavelengths, connected via a T channel)
detectors. No optical polarization was used or measured. NIR photoluminescence spectra
were taken using a long-pass filter (cutoff wavelength of 650 nm) placed between the cuvette
and the NIR detector to avoid the detection of higher order excitation peaks (secondary
harmonic peaks caused by a grating monochromator).

Measurements were taken

immediately after titration. (Titrations performed in CH3CN alone caused precipitation,
hence the use of CH2Cl2 solvent.)
4.2.4

Voltammetry
A CHI-660C electrochemical analyzer/workstation (CH instruments, Inc., Austin,

TX) was used to measure cyclic voltammetry, in a three-electrode cell containing Pt disk
working (3 mm dia.), Pt mesh (1 cm × 1 cm) auxiliary, and Ag/AgCl reference (10 mM
AgNO3 in CH3CN) electrodes.
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4.2.5

Electrospray Ionization Mass Spectrometry
Products of mixing Au25L181- MPCs with Ag+ were studied by Electrospray mass

spectrometry (ESI-MS). A total of 150 µg of [TOA+][Au25L18-] dissolved in ~400 µL of
CH2Cl2 and µL volumes of a AgNO3 solution in acetonitrile were added to attain 1:1, 1.5:1,
and 2:1 mol ratio Ag+/Au25L181-.

After sonicating this mixture for a few seconds (the

reactions are rapid, according to UV-vis observations), drying quickly under vacuum
(approximately 1 min), the product was examined by ESI-MS within the hour by taking the
sample up into a suitable ESI solvents either 70:30 methanol:toluene or 70:30
methanol:CH2Cl2 containing 2.6 mg of cesium acetate per mg of nanoparticle.

The

experimental plan assumed that the product of interaction of Au25L181- and Ag+ in methylene
chloride might have limited stability. In some cases, the dried sample was first washed with
methanol to remove any free AgNO3 present.

The time period of exchange for mass

spectrometry experiments is longer than that for spectral experiments.
The overall behavior suggested that the bimetal species are fragile, and little effort
was expended on isolating Au24AgL18 nanoparticles.

(This has been successfully

accomplished for Au24PdL18 MPCs14a but the isolation was quite difficult.) Also, due to
general similarities in properties, mass spectra of samples titrated with Cu2+ and Pb2+ were
not sought.
The instruments were Bruker BioTOF II and Micromass Quattro II mass
spectrometers, with spectra were taken in positive mode.

For reference, as previously

established,7a,b a comparison ESI-TOF-MS spectrum of Au25L181- to which no Ag+ has been
added, was electrosprayed in 70:30 CH3OH:CH2Cl2 solution, giving 2+ peaks assignable to
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CsxAu25(SC2Ph)182+ where x = 1, 2, and 3 with relative intensities x = 1 > 2 > 3. (see
Appendix B Figure 4S-7). The peak for x = 0 was very small.
4.2.6

MALDI Mass Spectrometry
Matrix-assisted laser desorption/ionization mass spectra of Ag+ titrated Au25L181-

were collected on a Voyager DE Biospectrometry Workstation (Perspective Biosystems, Inc.,
Framingham, MA) in the linear mode using a nitrogen laser (337 nm).

trans-2-[3-(4-

Tertbutylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) was used as the MALDI
matrix.7c Spectra were obtained both in negative and positive ion mode using an acceleration
voltage of 25 kV and a delay time of 350 ns, and at serially reduced laser pulse intensities
(laser fluence) to search for minimal nanoparticle fragmentation at 10% above threshold
observation.
While the data shown are in negative mode, positive mode spectra are (at low laser
pulse intensity) substantially the same as reported previously.7c

4.3

Results

4.3.1

Absorbance Spectra Changes Caused by Added Ag+
UV-vis spectra of Au25L181- are substantially unaffected by the choice of solvent or

alkali metal or tetra-alkylammonium electrolyte cosolutes. In contrast, incremental additions
of up to 2:1 mol ratio of Ag+/Au25L181- (Ag+ as AgNO3) to 15.3 µM solutions of Au25L181- in
CH2Cl2 causes rapid spectral changes from the initial12,14,15,17 spectral fine structure
(Appendix B, Figure 4S-2 shows a wider wavelength range). Figure 4.1a shows that the
addition of up to 1:1 mol ratio of Ag+/Au25L181- (a) suppresses the shoulder at ca. 790 nm, (b)
shifts the 682 nm band to lower wavelength, (c) “fills in” the spectral valley at 605
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Figure 4.1

UV-Vis absorption spectra of 0 to 2:1 mole ratio of Ag+/Au25 . 46 nmol of

Au25− (15.3 µM in CH2Cl2) with Ag+ added as 10 mM AgNO3 in CH3CN: Panel a: Curves 1
to 9; 0, 6, 12, 18, 24, 30, 36, 42, 48 nmole; Panel b: Curves i to vi are higher extents of
titration; 54, 60, 72, 84, 96, 102 nmole. Dotted line is no added Ag+. Inset Panel a,
absorbance at 605, 682, and 790 nm vs. mole added Ag+; Panel b: absorbance at 605 nm vs.
mole ratio Ag+:Au25. Isosbestic points (*) are at 438, 670, and 865 nm.
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nm, and (d) causes roughly linear changes in absorbance (Figure 4.1a, inset). The spectral
changes in Figures 4.1a are accompanied by appearance of isosbestic (see *, a common
crossing) points at 438, 670, and 865 nm.

Continued addition of Ag+, up to 2:1

Ag+/Au25L181- mol ratio (Figure 4.1b), produces further changes in spectral shape and evokes
a new isosbestic point at 628 nm.
Further additions of Ag+ do not produce more isosbestic features. The spectrum has
lost most of its original17-19 fine structure and remains more or less featureless.

TEM

measurements on products isolated from the solution after addition of 10:1 mol ratios of
Ag+/Au25L181- reveal a general increase in nanoparticle core size, to ca. 1.3 ( 0.8 nm.
Consistent with an increase in size,20 the organic fraction as measured by thermogravimetric
analysis (36.3%; ideal is 37.4% for the (Oct4)N+ salt of Au25L181-) had decreased to 27.7%
(Figure 4S-3). XPS of isolated (unfractionated) material revealed a Ag 3d peak as well as Au
4f (Figure 4S-4). These products were not further characterized as it seemed evident that
reaction with >2:1 mol ratio Ag+/Au25L181- leads to instability and loss of identity as an
Au25L181- nanoparticle. Further work focused on the lower mole ratio range of Ag+ additions.
While the isosbestic crossings were not always as tightly bunched as seen in Figure
4.1, they were always readily noticed. An isosbestic point classically signals a stoichiometric
conversion of one substance to another. This is particularly clear in the “titration curve” plot
of 605 nm absorbance against mole ratio in Figure 4.1b, inset, which shows a clear break at
1:1 stoichiometry. Adding equivalent quantities of KNO3 causes no spectral change, while
identical changes are evoked by adding a different silver salt (AgClO4). Qualitatively, the
absorbance increase at 605 nm and decrease at 790 nm in Figure 4.1a resemble the spectral
effects18a,b of electrochemical18a or chemical oxidation of Au25L181- to its neutral form (see
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Figure 4S-5). These results imply that a stoichiometric oxidation-like process is invoked by
1:1 Ag+ additions.
4.3.2

Photoluminescence Spectra Changes Caused by Added Ag+
Au25L181- MPCs luminesce at near-infrared (NIR) wavelengths18,19 when excited

anywhere in the UV-vis range, and like absorbance spectra, the emission is sensitive to
nanoparticle oxidation. The spectral sensitivity is illustrated in Figure 4S-6 (Appendix B) for
a CH2Cl2 Au25L181- solution oxidized by aqueous Ce(IV) to Au250 and to Au251+.17 Oxidation
to Au250 shifts the emission from 1070 to 950 nm. The oxidation states were identified by the
solution electrochemical rest potentials following reaction with Ce(IV), comparing them to
the formal potentials of the Au250/-1 and Au25+1/0 redox couples and invoking the Nernst
equation.21-23
Figure 4.2 shows that incrementally adding Ag+ to Au25L181- solutions in CH2Cl2 (up
to ~1:1 mol ratio) causes a shift in emission to the same wavelength at which the oxidized
(Au250) nanoparticle emits, and a linear decrease in (integrated) emission intensity. Above a
1:1 mol ratio, there is little further change in the emission energy (Figure 4S-7) but the
(integrated) emission intensity now increases, again linearly, up to ~3:1 mol ratio. These
results are qualitatively consistent with the absorbance spectral results described above;
addition of Ag+ initiates a stoichiometric, oxidation-like process.
4.3.3

Changes in Voltammetry Caused by Added Ag+.
Cyclic voltammetry (CV) of Au25L181- MPCs in 0.1 M Bu4N+PF6-/CH2Cl2 (Figure

4.3a, upper left) shows two well-formed, reversible one electron waves at - 0.30 and - 0.02 V
vs. Ag/Ag+, corresponding to the Au250/-1 and Au25+1/0 redox couples, respectively. (This
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Figure 4.2

Plot of (integrated) photoluminescence (PL) intensity vs. nmole Ag+ added to 32.4

nmol Au25− in CH2Cl2. Inset is PL spectra for 0 to 30 nmole Ag+. (See Appendix B, Figure 4S6, for PL spectra for 30 ~ 72 nmole Ag+).
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Figure 4.3

Cyclic voltammetry of 0.3 mM Au25− (1.5 µmole in 5 mL CH2Cl2; 0.1 M

Bu4NPF6) with addition of Ag+: Curves a to h are 0, 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0 µmole
Ag+. Three mm dia. Pt working, Pt counter, Ag/Ag+ (10 mM AgNO3/CH3CN) reference
electrodes. Potential scan rate 100 mV/s.

91

92

voltammetry was reported previously,18a, 24 but at the time the nanoparticle was mis-identified
as Au38. The mis-identity was corrected7 based on high resolution Electrospray mass
spectrometry observations). The Au25L18 1- nanoparticle has a molecule-like 1.3 eV HOMOLUMO energy gap.18a The doublet of one electron oxidations, with formal potentials spaced
by several hundred mV, is classically typical18a,24-27 for reaction of a molecular species
having a two-electron occupied highest molecular orbital (HOMO). The spectral results
were supported by a subsequent report.18b
Upon incremental additions of 0.5 µmol of Ag+ (Figure 4.3b-h) to the 1.5 µmol of
Au25L18

1-

(0.3 mM solution), the currents for both oxidation peaks (iP1 and iP2) gradually

decrease, and at >3:1 mol ratio (Figure 4.3h) are difficult to see. The voltammetry in Figure
4.3 is consistent with the absorbance and fluorescence observations (above) in signaling a
reaction that produces a changed nanoparticle. It is notable in Figure 4.3 that as higher
equivalents of Ag+ are added (Panels e-h), featureless cathodic currents (above baseline)
appear at negative potentials, as if the bulk solution now contains a readily reducible
constituent. This effect is consistent with the apparent oxidation effect implied by the
spectral results above, but also could reflect onset of nanoparticle destruction.28 It is also
notable that, while decreasing in size, the formal potentials of the Au25L181- waves remain
unchanged (Table 4.1). Given the known sensitivity24 of formal potentials to the ligands of
this nanoparticle, it seems unlikely that the metal ion reaction involves dissociation of ligands
to yield, for example, AgL complexes.
4.3.4

Mass spectrometry of Ag+/MPC Reaction Products
More direct characterization of reaction products of the above additions of Ag+ to

Au25L181- was pursued by mass spectrometry. We have previously demonstrated7b
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Table 4.1

Electrochemical Dataa for Addition of Ag+ to a CH2Cl2 Solution

Containing 1.5 µmol Au25(SC2Ph)18µmoles Ag+

Ep#1o’ (V)b

Ep#2o’ (V)b

− ip#1 (µA)

− ip#2 (µA)

ip#2/ip#1

0.0

− 0.30

− 0.02

0.47

0.46

0.98

0.5

− 0.31

− 0.02

0.36

0.40

1.11

1.0

− 0.31

− 0.01

0.31

0.35

1.13

1.5

− 0.32

− 0.01

0.19

0.24

1.21

2.0

− 0.32

− 0.02

0.15

0.21

1.40

3.0

− 0.32

− 0.02

0.13

0.20

1.54

4.0

− 0.32

− 0.02

0.05

0.12

2.40

5.0

-

-

-

-

-

a. CV at 100 mV/s. b. Eo’ vs. Ag/Ag+ (10 mM AgNO3 in CH3CN).
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electrospray ionization mass spectrometry (ESI-MS) of Au25L181-, analyzing it as cesium
acetate solutions. Figure 4S-8 illustrates similarly obtained spectra of Au25 adducts. Spectra
were also detected for the oxidized nanoparticle Au25L182+ without Cs+ in the solution, the
nanoparticle apparently becoming oxidized as part of the ESI process.
ESI-MS experiments were carried out on nanoparticle samples to which 1, 1.5, or 2
equivalents of Ag+ had been added and, assuming possible instabilities, examined as quickly
as possible by ESI-MS. (In the UV-vis experiments, spectra were obtained within minutes
following metal ion additions, whereas the mass spectrometry measurements entailed longer
period of time as indicated in Experimental.) Results are shown in Figures 4.4 and 4.5.
Figure 4.4 shows the ESI-QQQ-MS 2+ ion spectrum obtained from a 1:1 mol ratio of
Ag+/MPC mixture, which after mixing was immediately dried and redissolved in
methanol:toluene: cesium acetate solution. The three peaks to the right, labeled (0,0), (1,0),
and (2,0) correspond to adducts with 0, 1, and 2 Cs+ ions in which the Au25 nanoparticle
core bears 2+, 1+, and 0 charges, becoming oxidized7b in the electrospray environment. The
small peak at the left labeled (0,1) is assignable to a bimetal nanoparticle Au24Ag(SC2Ph)182+
in which Au has been replaced by a single Ag with no change in the total number of ligands.
Figure 4.5a,b shows similar experiments but with 1.5 and 2 added equivalents of Ag+,
respectively. The presence of Cs+ adducts appears to be suppressed by addition of larger
amounts of Ag+, Figure 4.5 displays peaks assignable as CsxAu(25-y)-Agy(SC2Ph)18 ions that
contain no Cs+ with y = 3, 2, 1, and 0 (especially panel B), and that contain (Panel A) one
Cs+ with y = 2, 1, and 0 and two Cs+ with y = 1 and 0. These results again show replacement
of Au by Ag (as opposed to Ag+ simply replacing the ionizing Cs+, without loss of Au). To
assess whether residual AgNO3 in the dried reaction mixture (before analysis, see above)
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Figure 4.4

Electrospray ionization (ESI) – mass spectra of Au25- with 1 equivalent of

added Ag+. The analyzed solution was 70:30 methanol:toluene containing 2.6 mg cesium
acetate per mg nanoparticle. Numbers in parentheses correspond to x and y of formula
CsXAu(25-Y)AgY(SC2Ph)18 . [Au25(SC2Ph)18]2+ is the prominent peak; at left is a small peak
for [Au24Ag(SC2Ph)18]2+.
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Figure 4.5

Electrospray ionization (ESI) – mass spectra of Au25L18- with 1.5 (Panel A)

and 2 (Panel B) equivalents of added Ag+.

The analyzed solution was 70:30

methanol:toluene containing 2.6 mg cesium acetate per mg nanoparticle.

Numbers in

parentheses correspond to x and y of formula CsXAu(25-Y)AgY(SC2Ph)18 . Panel A inset is
high resolution of (0,1) peak of Panel A with simulation (red line) for [Au24Ag(SC2Ph)18]2+.
This peak was obtained in a different run from Panel A and sample had been washed with
methanol to remove any free AgNO3.
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might have any impact on the ESI-MS observations, the dried reaction mixture was washed
with methanol prior to dissolving in methanol:toluene or methanol:CH2Cl2 for ESI-MS. For
1.5 added equivalents of Ag+, the spectra showed the same peaks as seen in Figure 4.5a,
except in methanol:CH2Cl2 solvent the relative intensities were changed (Figure 4S-9).
These tests produced spectra at good resolution, as shown in Figure 4.5a inset for the (0,1)
peak that is well fitted by an isotopic simulation for the bimetal nanoparticle
Au24Ag(SC2Ph)182+. Attempts at MS/MS spectra were not successful.
A secondary concern in these mass spectrometry experiments was whether methanol
might have caused some Au25L18- oxidation (seen sometimes in practice). As a control,
MALDI was performed on a Au25 sample to which 1.5 equivalents of AgNO3 was added,
afterward drying and removing any excess Ag+ by washing the solid with water. The
resulting spectrum, shown in Figure 4.6, showed both Au25L18+ and Au24AgL18+,
demonstrating that observation of the bimetal nanoparticle is independent of both the
ionization process and the use of methanol.
These mass spectrometry observations are significant by showing, unequivocally at
good spectral resolution, that bimetal ions exist in which Au has been replaced with equal
numbers of Ag, with no change in ligand count. The observations are further significant, but
puzzling, in that the most intense peaks are those in which no such replacement has taken
place, e.g., the original Au25(SC2Ph)18 nanoparticle. It is understood that ESI peak intensities
do not necessarily parallel the population distribution, but the observation of unmodified
Au25 seemingly contradicts the spectral observations of Figure 4.1, where isosbestic points
indicate a quantitative reaction of the original Au25L181- nanoparticle, in CH2Cl2 solution,
with added Ag+, leading to anticipation that the original Au25L18- composition might be
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Figure 4.6

MALDI-MS spectrum of Au25L18- with 1.5 equivalents of added Ag+; sample

had been washed with water to remove any free Ag+. Spectrum shows predominantly
Au25L18+ but also the bimetal Au24AgL18+, showing that presence of bimetals is innate to
adding Ag+ and not to the mass spectrometry ionization process or solvent system.
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absent. The Discussion Section addresses this apparent disconnect with a model of reversible
adduct formation.
4.3.5

Experiments With Other Metal Ions
Experiments were also conducted in which small volumes of Cu2+ and Pb2+ solutions

(concentrated, in CH3CN) were added to Au25L181- solutions in CH2Cl2. These experiments
were not as extensive as for Ag+ but the results obtained were largely parallels apparent
stoichiometric reactions as reflected by changes in absorbance spectra that are shown in
Figures 4S-10–4S-13. Specifically, for both metal ions, the Au25L181- shoulder at ca. 790 nm
becomes depressed and the spectral valley at 605 nm becomes “filled in”.

A plot of

absorbance against Cu2+/MPC exhibits a clear break at 0.5:1 mol ratio; Pb2+ does also but
much less clearly. In both cases, isosbestic crossing points are seen up to 0.5:1 mol ratio. At
higher mole ratios of Cu2+, isosbestic behavior is not seen; the spectral absorbance becomes
generally lowered, and it is apparent that decomposition is occurring. Isolation of product
after 10 equivalents of Cu2+ were added produced larger nanoparticles (1.6 ± 0.5 nm in
diameter). For Pb2+, no further spectral change was seen. Photoluminescence spectra,
voltammetry, and mass spectrometry experiments were not conducted for these metal ions.
The absorbance spectral changes for both metal ions, like that for Ag+, imply an oxidationlike process, and unlike Ag+, a 0.5:1 reaction mole ratio.
Additionally, a careful comparison of the longer wavelength changes evoked for the
three metal ions shows that they are not exactly identical; the spectra for 1:1 Ag+/MPC mole
ratio and 0.5:1 mol ratios for Cu2+ and Pb2+ are all somewhat different (Figure 4S-14, the
middle spectra are Figure 4.1a.) This implies that the “oxidized” nanoparticles produced,
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while similar in broad form, are in their details, unique to the metal ion reaction that
produced them.

4.4

Discussion
We note above that the spectral results imply a 1:1 stoichiometric, oxidation-like

reaction between Ag+ and the Au25L181- MPC, and the mass spectral results show that
Au24AgL18 nanoparticles are produced. However, the mass spectra show relatively larger
peaks for the precursor Au25 nanoparticle, in apparent contradiction by implying a
substantial remnant of unreacted Au25 nanoparticles.
We rationalize the above results with a model that permits the metal ion reaction to be
reversible. We propose that the Au25L181- reaction with metal ions is a redox process, in
which the Au25L181- nanoparticle acts as a reductant toward the metal ion, in the case of Ag+
evoking the formation of an adduct
Au25L18- + Ag+  [Au25AgL18]0

(1)

where the Ag0 added to the nanoparticle occupies a former Au site and/or is coordinated to
the Au13 core. The other metals behave similarly but act as two electron oxidants, hence
their 0.5:1 stoichiometry. The thermodynamics of such redox processes can be justified by
relative nanoparticle and metal ion (Ag+ and Cu2+) redox potentials (crudely, since E°′ in
CH2Cl2 and water will differ29), and invoking ideas of underpotential deposition30 in binding
a Cu0 or Pb0 atom to a Au13 nanoparticle core.
This model rationalizes the stoichiometric reaction behavior expressed in the
absorbance spectral data. It also accounts for the oxidation-like changes in the absorbance
spectra, and is consistent with the differing absorbance spectra of oxidized like nanoparticles
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(Figure 4S-14) produced by metal ion addition; the [Au25ML18]0 species produced would
differ with the identity of the metal “M”. The original well-defined voltammetric doublet is
lost when the adduct is formed.
The adducts are not very stable and the nanoparticles are reformed into larger ones by
further reactions with added metal ions. Importantly, adduct formation is reversed in the
cationization processes of the ESI and MALDI mass spectra experiments.

That both

experiments are effectively mild oxidizing environments is evident in the production of
Au25L182+ (Figures 4.4 and 4.5) and Au25L181+ (Figure 4.6). Ag rather than Au loss is
apparently favored in oxidative adduct dissociation, producing more intense mass spectral
peaks at the original Au25L18 mass than Au24AgL18. The latter is, however, produced in
sufficient abundance to be observed. When the mole ratio Ag+/nanoparticle is >1:1, higher
adducts are formed by reactions like equation 1, producing Au23Ag2L18.
Finally, recent experimental14 and theoretical work15 has shown that the replacement
of a Au site in Au25 with another metal results in electronic and optical disturbances. The
calculations include15a,b incorporation of Ag into a Au nanoparticle, [AgAu24L18]1-.
According to the above interpretation of metal ion reactions with [Au25L18]1-, however, the
optical spectra reported here are instead for adducts and so cannot be readily compared with
results of the theoretical efforts. The mass spectral data do confirm, on the other hand, that
bimetal nanoparticles can be formed.
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CHAPTER 5
TANDEM MASS SPECTROMETRY OF THIOLATE-PROTECTED AU
NANOPARTICLES NaxAu25(SC2H4Ph)18-y(S(C2H4O)5CH3)y
5.1

Introduction
The importance of our understanding of design and fabrication of nanoparticles has

steadily increased as their potential applications have spread,1-4 as for instance in biomedical58

drug delivery transporters that rely on specific functionalities.

Detailed chemical

composition information for almost all such nanoparticle systems, such as gold nanoparticles
protected by organothiolate ligand shells, is lacking; properties reported represent average
data sets and lack molecular resolution. As materials prepared in the emerging science of
nanotechnology become smaller and their uses more common, it becomes increasingly
important to explicitly identify the composition and structure of these species, in order to
understand and control their functioning.
Mass spectrometry is a powerful tool for accurate characterization of biologically
relevant molecular species such as proteins and metabolites.9-13

The use of mass

spectrometry in nanotechnology studies has been mostly focused on mass determinations of
various sizes and types of nanoparticles.14-30 Such studies encounter the challenge of high
mass and intrinsic nonvolatility of metal salt clusters and metal nanoparticles. Laser
desorption ionization (LDI)14,15 and plasma desorption (PD)16 have been effectively used but
produce mass spectra showing extensive fragmentation, complicating interpretation.

Alternative techniques have been explored seeking minimal fragmentation, utilizing “soft”
ionization sources such as electrospray ionization (ESI)17-21,25 and matrix-assisted laser
desorption ionization (MALDI).22 Although not devoid of fragmentation, these explorations
have established ESI and MALDI as viable methods for obtaining mass spectra of very small
nanoparticles.
The exact molecular formula of the nanoparticle [Au25(SC2H4Ph)18]1- has been
defined by mass spectrometry, and importantly, the actual structural arrangement has been
established by a subsequent crystal structure determination of its native31 (-1) and oxidized
forms.32 Interest is now propelled toward understanding the chemistry of its “semi-ring”
coordination shell (which we assume here is not altered by exchanges of thiolate ligands).
The detailed structure31 is shown in Figure 5.1; the organothiolate ligands are all in bridging
coordination in six core-protecting Au2L3 semi-rings bonded to a Au13 core. This structure
is buttressed by supporting density functional theory calculations,33 and earlier
crystallography34 of a Au102L44 nanoparticle that shows analogous, but shorter, semi-rings.
Even “soft” ESI23-25,27,29,30 and MALDI22,23 ionization sources produce mass spectra
containing lower mass fragments of metal and metal sulfide nanoparticles. The pathways for
such fragmentation are generally poorly understood and for Au nanoparticles, unstudied.
Detection of fragments associated with a precursor of known initial structure, such as the
Au25(SC2H4Ph)18 nanoparticle, would provide reactivity data to confirm the possible origin of
the fragments and as illustrated for semiconductor nanoparticles by Strouse et al.24,25
ultimately allow detection of fragments from other nanoparticles to shed light on their parent
structures. Organic MS now routinely uses tandem mass spectrometry to determine ion
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Figure 5.1

Crystal structure of Au25(SCH2CH2Ph)18, where smaller orange balls are Au

atoms, and larger yellow balls are sulfur atoms (the rest of ligand, –CH2CH2Ph, is not
pictured). Image emphasizes the Au2L3 semi-rings that are found in this paper to comprise
central fragmentation/rearrangement patterns in CID experiments.

111

112

charges and bonding patterns (i.e., sequencing) from known cleavage propensities
established by extensive prior investigations. No information of the latter sort exists for
thiolate-protected Au nanoparticles, as only recently have structures been determined.31,32,34
With this in mind, we have investigated and present here low energy collisioninduced dissociation tandem mass spectrometry (CID MS/MS) data for mixed monolayer
Au25L18 nanoparticles. L represents a mixture of -SC2H4Ph and monodisperse methoxy
penta(ethyleneglycol) thiolate ligands (–SC2H4Ph is abbreviated as –SC2Ph and the –
S(CH2CH2O)5CH3 ligand as –SPEG.)

The –SPEG ligands are introduced by ligand

exchanges with the original –SC2Ph ligands. The fragment formula assignments from CID
MS/MS experiments are confirmed using ESI-TOFMS and high resolution ESI-FTICR-MS
data. The resulting fragment spectra reveal dissociation products of the nanoparticle semirings and additionally, by observing fragments such as Au4L41+, assert the occurrence of
semi-ring rearrangements on the surface of the nanoparticle. In addition, experiments not
under CID conditions yield similar fragmentation from the Au25L18 nanoparticle. Similar
fragments are also found in non-CID spectra of a much larger Au144 nanoparticle, implying
surface structural features that are similar to those of Au25L18 nanoparticles.
The purpose of incorporation of the -SPEG ligand into the nanoparticle ligand shell
(“PEGylation” of the nanoparticle) is to facilitate its cationization20 in Electrospray
experiments. PEG is a known electrospray tag and readily coordinates to protons and/or
alkali metal ions.35 Addition of sodium acetate, by multiple Na+/-SPEG associations, also
lowers the nanoparticle m/z values (below 4000 m/z), easing both detection and the task of
mass calibration, as previously reported.20,36 Intrinsically, as a result of the statistics of
ligand exchanges,20,21,26 the mixed monolayer NaxAu25(SC2H4Ph)18-y(S(C2H4O)5CH3)y
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nanoparticles have a distribution of numbers of the two different ligands, i.e., y is variable,
but the total ligand count remains at 18.

Mass spectra of such mixed monolayer Au

nanoparticles display this ligand count distribution by showing peaks spaced by 130 Da (the
mass difference between the two ligands). This peak spacing is also seen in detected lowmass fragment species in CID spectra, there again reflecting various fragmentations of the
core-protecting nanoparticle [Au2L3] semi-rings.

5.2

Experimental Methods

5.2.1

Chemicals
Phenylethylenethiol (HSCH2CH2Ph, or HSC2Ph, 98%), hexanethiolate (HSC6H13,

95%), tetra-n-octylammonium bromide (Oct4NBr, 98%), sodium borohydride (NaBH4, 99%),
sodium acetate (NaOAc, > 99.0%), and cesium acetate (CsOAc, 99.9%) were obtained from
Sigma-Aldrich. Certified ACS toluene, optima methylene chloride, optima methanol, optima
acetonitrile, and absolute ethanol (Fischer) were used as received. Water was purified with a
Barnstead NANOpure system (18 MΩ).

Hydrogen tetrachloroaurate trihydrate (from

99.999% pure gold) was prepared by a literature procedure37 and stored in a freezer at -20 °C.
The PEGylated thiol (methoxy penta(ethyleneglycol) thiol, HS-(CH2CH2O)5CH3 or HSPEG)
was prepared according to a literature method,38 and the mass spectrum of our synthetic
product is presented in a previous publication.36 The ammonium thiol exchanged onto
Au144(SC6H13)60

was

N,N,N-trimethyl(11-mercaptoundecyl)-ammonium

hexafluorophosphate ([HSC11H22N+(CH3)3][PF6-], (HS-TMA), [HS-TMA+][PF6-]), and was
synthesized as previously described.27,39 Briefly, trimethylamine in methanol solution was
added to 11-bromo-1-undecene in methanol at a 3:1 molar ratio and stirred for 2 days at room
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temperature, resulting in 1-undecene terminated with a quaternary ammonium bromide. The
solution was dried with a rotary evaporator, resulting in a viscous yellow liquid, which was
precipitated several times with large volumes of hexanes and then dissolved in
dichloromethane. Thioacetic acid was added to the solution in a 3:1 molar ratio and stirred at
room temperature while irradiated with an SP-200 mercury light source, resulting in the
thioester terminated alkylammonium salt. The reaction mixture was dried, and the product
washed several times with diethyl ether.

To convert the thioester into the thiol, the

alkylammonium salt was dissolved in 10% HCl and refluxed at 90-100 °C for 1 h. The water
was removed in vacuo, resulting in a solid white product [HSC11H22N+(CH3)3][Cl-], or [HSTMA+][Cl-]). The chloride anion was exchanged with hexafluorophosphate ([HS-TMA+][Cl]), by dissolving the product in methanol with three times the molar equivalent of potassium
hexafluorophosphate and stirring for 24 h. After evaporation of the methanol, the product
was dissolved in dichloromethane, leaving excess potassium salts behind. The resulting
solution was vacuum filtered, and the collected sample was dried. This process was repeated
to ensure complete replacement of the chloride ions, ([HS-TMA+][PF6-]), as confirmed with
1

H NMR in D2O (data not shown) as previously described.39

5.2.2

Synthesis of Nanoparticles: [Oct4N+][Au25(SCH2CH2Ph)18-]
[Oct4N+][Au25(SCH2CH2Ph)18-]

(or

just

Au25(SC2Ph)18)

nanoparticles

were

synthesized as previously reported,40 though wrongly assigned in that paper as being
Au38(SCH2CH2Ph)24. AuCl4- (as 1.9 g of HAuCl4) was transferred from an aqueous phase to
a 45 mM Oct4NBr in toluene (126 mL), and after adding 2.17 mL of phenylethanethiol
(HSC2Ph), stirred in toluene overnight. In this reaction, the mole ratio of thiol to metal was
3.2:1. The colorless solution of mixed metal thiolates was cooled to 0 °C in an ice water
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bath, 2.4 g of NaBH4 in 38 mL ice cold Nanopure water was added, and the solution stirred
vigorously for 24 h. Discarding the aqueous layer, the organic layer was washed three times
with Nanopure water and rotary evaporated to a viscous sludge. The sludge was extracted
with ethanol for about 2 h to remove excess ligand and larger nanoparticles. The ethanolinsoluble portion, containing the small-sized nanoparticles, was further filtered and purified
using repeated solvent fractionation, using acetonitrile to dissolve the nanoparticle sample,
precipitating nanoparticles by methanol addition, removing excess ligand, and gradually
purifying the small nanoparticle content. The acetonitrile/methanol treatments were
performed several more times for purification and isolation of small nanoparticles.
5.2.3

Synthesis of Nanoparticles: Au144(SC6H13)60
The synthesis of this 1.6 nm nanoparticle, previously termed “Au140”, has been

described41 but will be reviewed here. A 3.1 g portion of HAuCl4 was added to water and
transferred from aqueous phase to a 45 mM Oct4NBr in toluene. Next, 3.33 mL of
hexanethiol (HSC6H13), or a 3:1 thiol/metal mole ratio, was added to the solution, which was
stirred until clear. The solution was cooled to 0 °C, 3.8 g of NaBH4 in 20 mL of ice-cold
Nanopure water was added, and the solution was stirred vigorously for 1 h. Discarding the
aqueous layer, the organic layer was washed three times with Nanopure water and was rotary
evaporated to a viscous sludge. The ethanol-soluble portion was collected overnight, filtered
to remove larger nanoparticles, dried, and treated with acetonitrile to remove smaller
nanoparticles, excess ligands, and salts.
5.2.4

Ligand Exchanges
A previously reported20 procedure was used for exchanging phenylethanethiolate

ligands (–SC2Ph) of Au25(SCH2CH2Ph)18 with methoxy penta(ethyleneglycol) thiolate
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ligands (–SPEG ) –S(CH2CH2O)5CH3) (mass ) 268.13 Da). Briefly, 2 µL (0.72 mmol) of the
PEGylated thiol was added to about 1 mg (0.14 µmol) of nanoparticle sample dissolved in
about 200 µL methylene chloride (an excess of 62 ligands per nanoparticle). This was stirred
for 24 h and dried on a rotary evaporator, and excess ligand was removed by washing several
times with heptane.
For exchanging –SC11H22N(CH3)3+, or (–S-TMA+), onto Au144(SC6H13)60 (or Au144),
0.02 µmol of N,N,N-trimethyl (11-mercaptoundecyl) ammonium hexafluorophosphate ([HSTMA+]-[PF6-]) was added to 0.14 µmol of Au144 in 300 µL of methylene chloride for 48 h.
The sample was dried and washed of excess ligands with acetonitrile.
5.2.5

ESI-QQQ-MS/MS
Positive-mode CID spectra were obtained on a Micromass Quattro II, a triple quad

mass spectrometer with a nanoelectrospray ionization source. For PEGylated (mixed –
SC2Ph and –SPEG ligand shell) Au25L18, the 69 µM nanoparticle solutions in optima MeOH
(for solubility plus ESI compatibility) contained sodium acetate (NaOAc) at a mole ratio of
75:1 sodium/nanoparticle, aiming at coordination of Na+ to the PEG chains. Instrumental
parameters were set for optimal detection of the molecular ions, precursor ions, and fragment
ions, with the capillary set at 1.33 V and cone set at 25 V. Collision voltages used were
between 75-100 V; changes in voltages resulted simply in intensity changes in signal and not
changes in the presence of species. The collision gas used was argon. The data were
smoothed using the Savitsky-Golay (17-point quadratic) method.42

For high resolution

assignments of molecular formulas, the publicly available software Molecular Weight
Calculator was used to produce simulated mass spectra for comparison to experiment.
5.2.6

ESI-TOF-MS
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Positive-mode ESI-MS spectra were acquired on a Bruker BioTOF II instrument
(Billerica, MA), a reflectron time-of-flight mass spectrometer equipped with an Apollo
Electrospray ionization source. The 50 µM PEGylated Au25 nanoparticle solutions in 75%
optima methanol/25% dichloromethane (for solubility plus ESI compatibility) contained
sodium acetate (NaOAc) at a mole ratio of 75:1 sodium/nanoparticle, for cationizing the
nanoparticle through the coordination of Na+ to the PEG chain. The 25 µM ammoniumthiolated Au144 nanoparticle solution was run in 70:30 chloroform/methanol. The ESI
source was operated with flow rates of 60-90 µL/h, the ion transfer time was set at 120 µs,
and 50,000 scans were averaged in the data presented. Calibration was determined externally
by observing clusters (Cs(CsOAc)n+) of cesium acetate, as well as internally, using Au25L18
as a standard since its structure and mass are known. The data were processed as described
above.
5.2.7

ESI-FTICR-MS
Positive-mode nanoESI spectra of a 50 µM PEGylated Au25 sample in optima

methanol (containing sodium acetate (NaOAc) at a mole ratio of 50:1 sodium/nanoparticle)
were obtained by direct infusion through a 75 µm i.d. fused silica capillary (Polymicro
Technologies, Phoenix, AZ) connected using a stainless steel union (VICI, Houston, TX) to a
30 µm tapered fused silica Picotip (New Objective Inc., Woburn, MA) at a flow rate of 1.52.8 µL/min.

High voltage (2.6-2.8 kV) was applied at the union to produce stable

electrospray which was detected using a hybrid LTQ-FT-ICR mass spectrometer (Thermo
Electron Inc., San Jose, CA). The LTQ-FT-ICR was equipped with a 7 T actively shielded
superconducting magnet, and the resolving power was set to 100,000 at 400 m/z. The
maximum ionization time was set to 2000 ms for MS data and 8000 ms for MS/MS.
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5.3

Results and Discussion
The exact mass of the Au25(SC2Ph)18 nanoparticle is known from its detailed crystal

structure31 (Figure 5.1) and from previous mass spectrometry using various ionization
approaches.20-22

As discussed in the Introduction, PEGylation of the Au25(SC2Ph)18

nanoparticle was accomplished by ligand exchange with the monodisperse (methoxy
penta(ethyleneglycol) thiol (–SPEG); we have found this mode20 of nanoparticle
cationization very reliable for this small nanoparticle. Figure 5.2 shows the mass spectra of
3+ and 4+ mixed monolayer nanoparticles, having composition [Na4Au25L18]3+ and
[Na5Au25L18]4+ where L, the –SC2Ph and –SPEG ligands, always sums to a total of 18. Both
distributions of peaks show a spacing of 130 Da, which is the difference in the –SC2Ph and –
SPEG ligand masses; the different peaks reflect the different relative numbers of the two
ligands on individual nanoparticles. Figure 5S-1 (see Appendix C) provides an example of a
high resolution ESI-FT-ICR spectrum of the 3+ nanoparticle mixed monolayer distribution
and a close-up spectrum of the particular PEGylated ion [Na4Au25(SC2Ph)8(SPEG)10]3+
showing isotopic resolution that confirms its 3+ charge state assignment.
The precursor ions for the low-energy CID fragmentation MS/MS experiments were
members of the peak distributions shown in Figure 5.2, namely, the intense peaks
[Na4Au25(SC2Ph)8(SPEG)10]3+ and [Na5Au25(SC2Ph)7(SPEG)11]4+, where m/z = 2929 and
2235, respectively. The charge on these ions is a combination of the number of Na+ ions
associated with the nanoparticle and the 1- charge of the native nanoparticle core.20 The high
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Figure 5.2

ESI-QQQ-MS spectrum of Au25(SC2Ph)18 after PEGylation via ligand

exchange with HSPEG thiol (3:1 thiol:MPC). Nanoparticle solutions in MeOH contained
75:1 NaOAc/nanoparticle. The multiple large 3+ and 4+ peaks represent different values of
y and are due to the statistics of the ligand exchanges (Ref. 20, 21, 26). Peaks at 2235 m/z
and 2929 m/z are selected as molecular ions for fragmentation; they represent the species
[Na5Au25(SC2Ph)7(SPEG)11]4+ and [Na4Au25(SC2Ph)8(SPEG)10]3+, respectively.
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resolution spectrum of Figure 5S-1 in Appendix C is of the former of these two ions. Despite
the small difference in the mixed monolayer compositions, the fragmentation of these two
precursors, using 70-150 eV collision voltages, yielded nearly identical fragment spectra in
the 0-2000 m/z region.
Figure 5.3 shows the fragment spectrum of the low m/z region for precursor ion m/z =
2929; we can identify the fragments [NaAuL]1+, [Na2AuL2]1+, [NaAu2L2]1+, [Na2Au2L3]1+,
[NaAu3L3]1+, and [NaAu4L4]1+. (The low mass spectrum for precursor ion m/z = 2235 (see
Appendix C, Figure 5S-2) includes all of these fragments except [NaAuL]1+ and
[NaAu3L3]1+.) The fragment peaks corresponding to the same Au/L composition, L being
some combination of –SC2Ph and –SPEG, are indicated by pointing brackets. For example,
the four right-most bracketed peaks at m/z ) 1490, 1620, 1750, and 1880 (collectively labeled
[NaAu4L4]1+) correspond to [NaAu4(SC2Ph)a(SPEG)b]1+ where a/b = 3/1, 2/2, 1/3, and 0/4,
respectively. Note that no peak appears at 1360 for a/b = 4/0. Na+ cationization is favored
by the presence of the –SPEG ligand in the fragment; Na+ is less efficiently associated21 with
solely –SC2Ph ligands. This difference in cationization of the fragment according to the
ligands present is also seen for the peaks at 648 and 778 (labeled [Na2AuL2]1+) for
[Na2Au(SC2Ph)a(SPEG)b]1+ where a/b = 1/1 and 0/2, but not 2/0. The peak for a/b = 1/1 is
by far the smaller of the two; this unfavored fragment contains two Na+ ions but only one –
SPEG ligand and one –SC2Ph ligand. The efficiency of cationization and detection of the
fragment according to its –SPEG ligand content complicates discerning the relative
efficiencies with which particular kinds of fragments are actually produced by the lowenergy CID process but does not prevent some interferences from being drawn, as shown
below.
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Figure 5.3

ESI-QQQ-MS/MS spectrum of PEGylated Au25 sample (in methanol with

excess NaOAc) after fragmentation under CID conditions. The CID spectrum shows low
m/z fragment ions produced from [Na4Au25(SC2Ph)8(SPEG)10]3+ (m/z = 2929). (The low
m/z CID spectrum of [Na4Au25(SC2Ph)7(SPEG)11]4+ (m/z = 2235) is quite similar, with the
exception of not showing fragments [NaAuL]1+ and [NaAu3L3]1+). Brackets and arrows
indicate AuNLM species, where L is a distribution of ligands (SC2Ph and SPEG) in which
SPEG is more prominent. The AuL2 and Au4L4 species have the highest intensity peaks.
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The most prominent CID product in Figure 5.3 is the [Na2AuL2]1+ fragment containing two –
SPEG ligands (m/z = 778 Da). That the –SPEG ligand cationization influence is not a
completely dominant effect on the observed fragment intensities can be seen by comparing
the intensity of the m/z = 778 ion with that of other fragment ions containing two –SPEG
ligands; note the smaller peaks for [Na2Au2L3]1+ at m/z ) 1100 and [NaAu4L4]1+ at m/z )
1620. The [Na2AuL2]1+ fragment must represent a favored dissociation pathway, which
considering the Au2L3 semi-rings (Figure 5.1) can be envisioned to occur by cleavage of two
Au-S bonds within a single semi-ring. The Au-S bond has a polar-covalent character.42 In
Figure 5S-3 in Appendix C, this peak in the experimental spectrum is matched with a
corresponding calculated simulation.
Another fragment in Figure 5.3, [Na2Au2L3]1+, is equivalent to the loss of an entire
semi-ring. The composition and charge (considering the two Na+) of this fragment are
consistent with previous theoretical analysis33 of the semiring as a protecting [Au2L3]1“ligand”. Even though two of the [Na2Au2L3]1+ fragment peaks have –SPEG content equal
to and greater than the above-discussed [Na2AuL2]1+, they are collectively not as prominent
in peak intensity. It seems that loss of a complete semi-ring, [Au2L3]1-, which could occur by
cleavage of two Au(core)-S bonds, is less favored than the cleavages that produce [Na2AuL2]1+.
Another aspect of the fragments seen in Figure 5.3 is the charge of the Au-ligand
complex. In all of the [NaAuNLN]1+ fragments (e.g., [NaAuL]1+, [NaAu2L2]1+, [NaAu3L3]1+,
and [NaAu4L4]1+), the Au-ligand complex is formally neutral.

MS spectra obtained of

synthesized cyclic gold(I)-thiolate tetramers (Au4L4) agree with this assignment.43 In the
[Na2AuNLN+1]1+ fragments (e.g., [Na2AuL2]1+ and [Na2Au2L3]1+), however, the Au-ligand
complexes all have a 1- charge. Theory44 predicts ring-like structures for AuNLN species,
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where the Au-S bonds exhibit a covalent bond character. The additional ligand in the
AuNLN+1 complexes is effectively added as a thiolate anion and may introduce some
structural distortion relative to AuNLN. There is, however, no general difference in the
intensities of the two kinds of complexes ([NaAuNLN]1+ and [NaAuNLN]1+).
Another prominent nanoparticle fragment seen in Figure 5.3 (right-hand bracket) is
[NaAu4L4]1+.

The

Au4L4

species

has

been

encountered

in

other

(non-CID)

experiments22,23,43,45 and calculations.46 Both Au4L4 and AuL2 were detected as Electrospray
dissociation products of a nanoparticle23 (reported as Au28(glutathione)16 but now
reassigned37 as a Au25 nanoparticle), and in electrospray experiments on solutions preceding
nanoparticle formation43 and on a pharmaceutical product containing thiomalato-Saurate(I).45

Theory predicts44 Au4L4 is a cyclical entity that is particularly stable in

comparison to other cyclical AuNLN complexes. Considering the structure of the Au25L18
nanoparticle, and its Au2L3 semi-rings (Figure 5.1), the [NaAu4L4]1+ peaks seen in Figure 5.3
clearly signal the presence of a multistep rearrangement of ligands involving at least two
semi-rings on the Au13 core surface, presumably prior to fragment dissociation. A loss of
[NaAu4L4]1+ should yield [Au21L14]1-, where the 13 Au atom core of Au25L18 would still be
intact. The [Au21L14]1- fragment is not seen in this work, as seen further in this paper, but it
has been seen with MALDI.22 In another example, theoretical structures of Au2147 also show
the 13 Au atom core still intact. Among the diverse structures that have been suggested for
small nanoparticles,33,48,49 semiring rearrangements would certainly seem to be conceivable.
The literature offers other examples of novel and unexpected rearrangements of traditional
molecules, for example, amino acids.50
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As previously mentioned, for fragments like [Na2AuL2]1+, the predominance of the
[Na2Au(SPEG)2]1+ peak as compared to [Na2Au(SC2Ph)(SPEG)]1+ would seem to be
decided by cationization efficiency. On the other hand, within the Au4L4 set of peaks, the
peak intensities appear to have no bias toward a ligand composition dominated by -SPEG;
indeed, Au4(SPEG)4 has the lowest intensity of this set. Rather, the relative intensities of the
Au4L4 peaks seem to resemble the coefficients of a binomial expansion distribution.26 This
points to the role of the random nature of ligand exchange; the relative locations of –SC2Ph
and –SPEG ligands on the semi-rings are random. As a consequence, the compositions of
semiring fragments produced during CID conditions reflect the randomness of ligand
locations on the precursor ion. This statistical factor must thus be balanced against the
reliance on a fragment’s cationization efficiency, as ultimately the presence of a fragment ion
is dependent on a cationizing agent (in this case, –SPEG).
Here we should mention a related, MALDESI experiment. A 50 µm solution of
PEGylated Au25L18 containing NH4OAc (75:1 NH4OAc/MPC) was analyzed with a hybrid
atmospheric pressure ionization source matrix-assisted laser desorption electrospray
ionization (MALDESI)51 coupled to FT-ICR mass spectrometry; no matrix was used. The
stainless steel sample target was biased at 475 V while electrospraying 70:30
methanol/dichloromethane for ESI postionization of the laser desorbed neutral nanoparticles.
The spectrum (data not shown) parallels the 3+ and 4+ charge state peaks seen in Figure 5.2
except with NH4+ ions coordinated rather than Na+ ions. The experiments further validate the
preceding mass and charge assignments.
Most of the small nanoparticle fragment ions seen in Figure 5.3 also appear in
electrospray spectra in which no CID was performed. In both ESI-TOF-MS (Figure 5S-4,
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Appendix C) and ESI-FTICR-MS (Figure 5.4), low mass fragment ions are seen that are
identical to those found with ESI-QQQ-MS/MS (Figure 5.3), including AuL2, Au2L3, Au3L3
and Au4L4 with various ligand compositions as seen in Figure 5.3. Figure 5.4 shows the low
m/z range of an ESI-FTICR-MS spectrum of an intact, PEGylated Au25L18 nanoparticle (as
shown in Figure 5.2). The Figure 5.4 spectrum is a [NaAu4L4]1+ fragment, seen at isotopic
resolution and further confirming the assignments of the analogous CID-produced fragment
in Figure 5.3. A slightly lower resolution spectrum of this species obtained using ESI-TOF is
shown in Figure 5S-4 (see Appendix C). The presence of fragments such as seen in Figures
5.4 and 5S-4, under the non-CID electrospray conditions, with a “soft” ionization source,
might have been previously explained by suggesting that they were contaminants of the
nanoparticle samples, formed prior to electrospraying. The data presented above, however,
where CID fragments formed in MS/MS parallel those seen in a non-CID experiment,
strongly suggest that the electrospray process itself can produce fragmentation of Au25L18
nanoparticles. That this can occur has been suggested in other experiments on various
analytes.23-25
Another instance of Au4L4 detection under non-CID conditions is found in the ESITOF mass spectrum in Figure 5.5 of a nanoparticle traditionally referred to as “Au140”,
though recent literature has assigned it as either Au144L59 18 or Au144L60.52 In this experiment,
the nanoparticle (and consequently the low mass fragment) had been cationized by
exchanging the [–SC11N+(CH3)3][Cl-], or –S-TMA+, onto the parent Au144, which had been
prepared with a hexanethiolate shell. No other types of familiar fragments were identified.
Theory52 suggests that Au144L60 is composed of a Au114 core surrounded by 30 AuL2 units.
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Figure 5.4

ESI-FTICR spectrum of NaAu4L4 fragments from the PEGylated Au25L18

sample in methanol, acquired without CID conditions. Experimental data is shown with a
solid black line, and simulation curve by a dotted red line. This isotopic resolution under
non-CID conditions confirms assignments from lower resolution ESI-QQQ-MS/MS
experiment, as well as revealing that Au25L18 fragments during ESI spraying process.
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Figure 5.5

ESI-TOF-MS data of a “Au144” sample with a hexanethiolate monolayer that

has undergone ligand exchange with [HSC11H22N+(CH3)3][Cl-], or HS-TMA.

Among the

many low mass peaks in the spectrum, can be found Au4L4 fragments of the parent ion that
are ionized via the presence of the ammonium ligands. The Au4L4 peaks are labeled with
(number), e.g., the number of −S-TMA ligands (which directly determines z) that are bound
to the cyclic gold tetramer. The inset shows a close-up of one experimental (black) peak,
[Au4(S-TMA)4]4+, and a simulation (red). No other familiar fragments were identified.
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The AuL2 units are not detected in our experiment, which further suggests that Au4L4 is the
result of rearrangements of the surface units of variously sized nanoparticles.
In attempting to trace the lineage of small nanoparticle fragments such as those
shown in Figure 5.3, one must keep in mind that such fragments either may be primary
fragments from the initial precursor Au25L18 nanoparticle or may instead have precursorage
from large fragments formed from the initial precursor or both. Detection of large fragments
is thus a significant step, and indeed MALDI data22,23 have revealed high mass fragments
from Au25(SC2Ph)18 nanoparticles that correspond to losses of multiple AuL units. In the
present study, larger fragments were seen in ESI-QQQ-MS/MS mass spectra as shown in
Figure 5.6 from CID of the selected molecular ion [Na4Au25(SC2Ph)8(SPEG)10]3+ (m/z )
2929).

Again we see multiple fragment ion masses, spaced by 130 Da, reflecting the

distribution of different numbers of the –SC2Ph and –SPEG ligands on the fragments.
Figure 5.7 shows high mass CID fragments from the selected molecular ion [Na5Au25(SC2Ph)7(SPEG)11]4+ (m/z = 2235). The presence of fragment ion peaks at m/z values higher
than the precursor molecular ion [Na5Au25(SC2Ph)7(SPEG)11]4+ provided a useful
confirmation of the combined task, here and earlier,20-22,31 of assigning charge state and
composition from such spectra.
Consideration of the spectra in Figures 5.6 and 5.7 reveals, however, few plausible
one-step routes of fragmentation of the precursor ion into the large fragment and into one of
the small units in Figure 5.3.

From [Na5Au25(SC2Ph)7(SPEG)11]4+ in Figure 5.7, one

plausible reaction is
[Na5Au251-(SC2Ph)7(SPEG)11]4+ → [Na3Au240L16]3+ + [Na2Au1-L2]1+
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Figure 5.6

ESI-QQQ-MS/MS spectrum of high m/z region fragment ions produced from

selected precursor [Na4Au25(SC2Ph)8(SPEG)10]3+ (m/z = 2929). The mass of these species is
obtained by simply multiplying the value of their charge state by the x-axis. Question marks
are peaks that could not be assigned with certainty.
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Figure 5.7

ESI-QQQ-MS/MS of high m/z region fragment ions produced from selected

precursor [Na5Au25(SC2Ph)7(SPEG)11]4+ (m/z = 2235). The mass of these species is obtained
by simply multiplying the value of their charge state by the x-axis value. Samples are
dissolved in methanol with NaOAc. Presence of peaks at higher m/z values than molecular
ion confirms multiple charging.
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where both product ions can be found as intense peaks: [Na3Au24L16]3+ in Figure 5.7 around
2718 m/z and [Na2AuL2]1+ in Figure 5.3 around 778 Da. Note that the charge of the parent
fragment is conserved in the total charge of the products and that changes occur in the
electronic charge of one of the nanoparticle fragments. In a similar example, from
[Na3Au210L16]3+ in Figure 5.7, one reaction could be
[Na3Au210L16]3+ → [Na2Au180L13]2+ + [NaAu30L3]1+
where [Na2Au180L13]2+ can be found in Figure 5.7 and [NaAu30L3]1+ in Figure 5.3.
On the other hand, the seemingly plausible analogous reaction in which
[Na3Au19L15]2+ (Figure 5.6) loses the same moiety [Na2AuL2]1+
[Na3Au191-L15]2+ → [NaAu181+L13]2+ + [Na2Au1-L2]1+ + eis not charge balanced and would require an electron loss step. Further consideration of the
formation of other large fragments in Figures 5.6 and 5.7 directly from the selected
precursors [Na4Au25(SC2Ph)8(SPEG)10]3+ and [Na5Au25(SC2Ph)7(SPEG)11]4+ shows that
none can be formed by a single fragmentation step that loses any of the small fragments
discussed in Figure 5.3. Specifically, except for [Na3Au240L16]3+, all of the others require
loss of a fragment containing more Au than ligand. Thus, forming [Na3Au19L15]2+ in Figure
5.6 requires loss of [NaAu6L3]1+ from [Na4Au25L18]3+ and forming [Na2Au21L16]2+ in Figure
5.6 requires a loss of [NaAu4L2]1+.

Such Au-rich fragments have not been identified.

Analogous gaps appear if one considers loss of [NaAu2L2]1+, [Na2Au2L3]1+, [NaAu3L3]1+, and
[NaAu4L4]1+ from the precursor ion [Na5Au25(L)18]4+. None of the expected large fragment
ions in Figures 5.6 and 5.7 can be recognized. It would appear that formation of the large
nanoparticle fragments in Figures 5.6 and 5.7 occurs by losses not recognized by the small
fragment species in Figure 5.3 and/or by (undetectable) loss of neutrals high in Au content.
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Thus,

although

both

of

the

CID

precursors

[Na4Au25(SC2Ph)8(SPEG)10]3+

and

[Na5Au25(SC2Ph)7(SPEG)11]4+ yield [Au21L16]2+ (Appendix C, Figure 5S-5) and [Au18L13]2+
as fragments (though with differing numbers of Na+ ions due to difference in number of Na+
ions of precursor ions), the detailed manner in which this occurs is at this point unclear.
It is further notable that no fragments with metal contents from Au5 to Au17 (which
includes compositions in which the inner Au13 core is eroded) were identified at all. This
suggests that some formed fragment species are quite unstable, and degrade on time scales
too short to be observed.
In mass spectrometry of peptides, it has been reported that the choice of alkali metal
ions can substantially change the fragment spectrum.53 To test for such an effect, KOAc was
employed in ESI experiments; the fragmentation pattern was unchanged as shown by the
spectral comparison in Figure 5S-6 (see Appendix C). Another test concerned the possible
effect of the redox state of the Au25L18 nanoparticle on the ESI spectra. In a few experiments
on PEGylated Au25 nanoparticles, the sample was left in solution at room temperature for up
to 1 h, which has been suspected to cause oxidation to the Au250 and Au251+ states, as inferred
by the solution becoming cloudy. Suspicion of oxidation was confirmed during data analysis
when composition assignments matched to changes in core charges, as shown in Figure 5.8.
The oxidized nanoparticle assignments confirm previous20 observations of “minor peaks”
(e.g., seen at low intensities). The pattern of fragmentation between Au251- and Au251+
appears to be identical. This is an interesting result, because theoretical calculations suggest
that Au-S bond energies54 differ with the core charge state.
A complete description and understanding of the route for fragmentation of Au25L18 is
not realized in this study. There are several possible reasons. For example, the –SPEG based
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Figure 5.8

Two ESI-QQQ-MS spectra of PEGylated Au25 from the same synthetic batch,

where the black curve is the native state of Au25 (Au251-) and the red curve is oxidized Au25
(Au251+). The labeling is (x,y). The red curve has peaks that overlap with some in the black
curve, which are minor populations of oxidized nanoparticles in the latter, and which were
minor unassigned peaks in Ref. 20. The fragmentation of the oxidized sample produced the
same familiar fragments seen for the native state sample.
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cationization dictates which species are most sensitively detected by the instrument. Another
possible reason is the low stability of some fragments formed (such as Au-rich ones).
Further experiments utilizing ESI-FT-ICR-MS/MS revealed that several of the low mass
fragments could be isolated and fragmented to form the other lower mass fragments (data not
shown); for example, Au4L4 fragmented into Au3L3, and isolation and fragmentation of
Au3L3 resulted in Au2L3, all species seen in Figure 5.3. The fact that the low mass fragments
can fragment further may in part explain why there are some minor differences in the low
mass fragments formed from the selected precursor ions, 2929 and 2235 m/z.

5.4

Conclusion
CID of NaxAu25(SPh)18-y(SPEG)y results in fragmentation of the known semi-rings,

which have been very clearly characterized via X-ray crystallography.31

Some of the

fragments detected have been supported in the literature by theory or by experiments under
different instrumental conditions.

The presence or absence of certain species can be

explained by several factors, including stability within the instrument, ionizability, and bond
energetics. The formation of some fragments may be favored from stabilities predicted from
the “superatom” shell-closing electron count rule (n* = N - M - z, where N is the core metal
atom count, M is the number of ligands, and z is the core charge).55 The most intense high
mass fragment peak, for [Na3Au24L16]3+ (Figure 5.7) does in fact have a closed shell electron
count of 8 (24 - 16 - (-1) = 8), the same as its precursor, [Na5Au25L18]4+. The other observed
heavy fragments, on the other hand, do not.
The ligand shell, being a vehicle for cationization, may affect the fragmentation
process. Recent work by the Cliffel group54 shows that the choice of tiopronin versus
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glutathione dictated the type of fragment for Au102 detected under non-CID conditions. The
importance of the ligand shell must, however, not be overstated, as the ligand primarily
determines the instrumental ability to detect fragments and various methods have shown that
Au25L18 dissociates into typically predictable fragments (Au1Lx-Au4Lx) regardless of ligand.
In this paper, we’ve shown that for ESI, a dependable method for detection of Au25L18
fragments is PEGylation and coordination to an alkali metal acetate salt. We’ve also shown
that CID results are consistent with other fragmentation methods and that dissociation of the
semi-rings is common and the 13 Au atom core tends to be preserved. Only with certain
“hard” ionization methods such as FAB28 is systematic fragmentation of the core (Au13)
observed.
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CHAPTER 6
MASS SPECTROMETRIC DETECTION AND PROPERTY CHARACTERIZATION
OF THE LIGAND EXCHANGE CHELATION OF [Au25(SC2H4C6H5)18]1- BY
CH3C6H3(SH)2
6.1

Introduction
Research on gold nanoparticles is an increasingly popular and continuously evolving

field due to their unique characteristics, including various optical and electronic properties, as
well as their ease of manipulation and modification. Some applications include sensors,1-5
optoelectronic devices,6,7 and nanomedicine.8-11

In particular, gold thiolate-protected

nanoparticles are of interest in biomedical research due in part to their biocompatibility,
stability and ease of functionalization.
Development of nanoparticles for in vivo applications is still on-going as the
requirements demand stability in complex biological media and little to no induced
aggregation or non-specific binding. Nanoparticles protected by monothiolate ligands are
subject to aging and decomposition which could lead to aggregation or elimination from the
body via immune responses.14 Polythiols have been explored as a possible solution to this
issue, as it has been found that multi-dentate structures quickly form stable bonds with planar
gold surfaces.12,13 Essentially, the multi-dentate thiols act as chelating agents. Previous work
has indicated the increased, long-term stability of nanoparticle labeling agents by
incorporating pegylated dithiols.14 A kinetic study revealed slow desorption of thioctic acid
from a gold nanoparticle surface.15 X-ray Absorption Near Edge Spectrocopy (XANES)

proved the binding of both sulfur groups of reduced thioctic acid on gold nanoparticles used
as biological probes.16 Coordination with trithiols has also been explored.17,18
Another area of interest in which polythiols pose an impact is the investigation of the
properties of the sulfur-gold bond.

Various experiments have probed the structural

interaction between sulfur and gold in monothiolate-gold surface structures19 as well as
dithiol-gold surface structures.20 For very small Au nanoparticles, investigations have shown
the sulfur-gold interface to be complex, with the presence of unique surface structures known
as “staples”21 seen both experimentally22,23 and theoretically.24,25 The behavior and properties
of these “staples,” or semirings, are not completely understood and require careful probing.
The incorporation of polythiols could allow the investigation of a “chelation effect” on the
small nanoparticle and how thereby one could possibly manipulate the structure or properties
of the semirings.
In this paper, we specifically address how the incorporation of toluene-3,4-dithiol
(CH3C6H3(SH)2 or S2) as a bi-coordinating ligand affects [Au25(SC2H4C6H5)18]1- (abbrev. as
Au25(SC2Ph)18, Au25L18, or Au25). In ligand exchange reactions, MALDI spectra indicate
the formation of nanoparticles in which both sulfur sites become bound (bidentate bonding or
CH3C6H3(S–)2) to the nanoparticle semirings; this form of bonding is predominantly seen at
short exchange times. At longer exchange times as coordination sites become less available,
monodentate ligand (CH3C6H3(SH)(S–)) bonding seems to be more favored, while the extent
of bidentate bonding levels off. The properties of this changing system are monitored over
time via UV-vis and electrochemistry measurements. Our results suggest that “chelation”
efficiency is affected by the semirings, and reciprocally the semirings may become distorted
due to the bonding of the two sulfur groups of the dithiol.
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6.2

Experimental Section

6.2.1

Chemicals
Phenylethylenethiol

(HSCH2CH2Ph,

or

HSC2Ph,

98%),

toluene-3,4-dithiol

(CH3C6H3(SH)2, or S2, (where R=CH3C6H3) 90%), thiophenol (HSC6H5, 97%)
tetrabutylammonium perchlorate (Bu4NClO4, >99%), tetra-n-octylammonium bromide
(Oct4NBr, 98%), sodium borohydride (NaBH4, 99%), cesium acetate (CsOAc, 99.9%), and
trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]

malononitrile

(DCTB)

were

obtained from Sigma-Aldrich. Certified A.C.S. toluene, optima methylene chloride, optima
methanol, optima acetonitrile and absolute ethanol (Fischer) were used as received. Water
was purified with a Barnstead NANOpure system (18 MΩ). Hydrogen tetrachloroaurate
trihydrate (from 99.999% pure gold) was prepared by a literature procedure26 and stored in a
freezer at -20 °C.
6.2.2

Synthesis of Nanoparticles [Oct4N+][Au25(SCH2CH2Ph)18-]
[Oct4N+][Au25(SCH2CH2Ph)18-] (or just Au25(SC2Ph)18) nanoparticles were

synthesized as previously reported.27 (In that paper, the nanoparticle was wrongly assigned
as being Au38(SCH2CH2Ph)24). AuCl4- (as 1.9 g HAuCl4) was transferred from an aqueous
phase to a 45 mM Oct4NBr in toluene (126 mL), and after adding 2.17 mL phenylethanethiol
(HSC2Ph, mass = 137 Da), stirred in toluene overnight. In this reaction, the mole ratio of
thiol to metal was 3.2:1. The colorless solution of mixed metal thiolates was cooled to 0˚C in
an ice water bath, 2.4 g of NaBH4 in 38 mL ice cold Nanopure water was added, and the
solution stirred vigorously for 24 h. Discarding the aqueous layer, the organic layer was
washed three times with Nanopure water, and rotovapped to a viscous sludge. The sludge
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was extracted with ethanol for about 2 h to remove excess ligand and larger nanoparticles.
The ethanol-insoluble portion, containing the small-sized nanoparticles, was further filtered
and purified using repeated solvent fractionation, using acetonitrile to dissolve the
nanoparticle sample, and precipitating nanoparticles by methanol addition, removing excess
ligand and gradually purifying the small nanoparticle content. The acetonitrile/methanol
treatments were performed several more times for purification and isolation of small
nanoparticles.
6.2.3

Ligand Exchange
The dithiol toluene-3,4-dithiol, CH3C6H3(SH)2 (abbrev. S2, mass = 156.27 Da) was

reacted with Au25(SC2Ph)18 in a ligand exchange procedure.28,29
For Figure 6.1 data, 7 µL (or 0.67 µmols) of S2 was added to about 1 mg (or 0.14
µmols) of Au25(SC2Ph)18 sample dissolved in about 200 µL methylene chloride (a 5:1
dithiol:nanoparticle mole ratio, or 0.5:1 dithiol:SC2Ph mole ratio) and stirred for 24 hours.
For Figure 6.2 data, the above exchange procedure was performed twice, with a
cleaning of the product by heptane in between 24 hour exchanges.
For Figures 6.4, 6.5 and 6.7 and Table 6.1, 12.7 µL (or 1.21 µmols) of the dithiol S2
was added to about 1 mg (or 0.14 µmols) of Au25(SC2Ph)18 sample dissolved in about 200
µL methylene chloride (a 9:1 dithiol:nanoparticle mole ratio, or 0.5:1 dithiol:SC2Ph mole
ratio). The nanoparticle concentration was 0.7 mM. This was stirred for 30 minutes and 4 h,
dried on a rotary evaporator, and excess ligand removed by washing several times with
heptane.
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For the separate electrochemical and optical experiments in Figures 6.8 and 6.9, the
ligand exchange was performed at 0.2 mM nanoparticle in methylene chloride, and 0.48 µL
(3.6 µmols) aliquots of ligand (which is liquid) are added at time intervals while stirring.
Exchange of Au25(SC2Ph)18 with thiophenol was done for approximately 24 hours in
methylene chloride, at about a mole ratio of 18:1 thiophenol: nanoparticle.
6.2.4

Electrochemistry
Voltammetry was performed with a Bioanalytical Systems instrument (BAS-100B)

on solutions containing 0.2 mM nanoparticle and 0.1 M tetrabutylammonium perchlorate
(Bu4NClO4 , Aldrich, >98%).

Osteryoung square-wave voltammetry (OSWV)30 was

performed in a single compartment cell containing 0.15 cm dia. Pt disk working, Pt wire
counter, and Ag/AgCl (aq) reference electrodes, under Ar. The working electrode was
polished with 0.05 µm alumina or ¼ micron diamond paste and cleaned electrochemically by
cycling in 0.1 M H2SO4 between potential limits of 1200 and -610 mV. 30
6.2.5

UV-vis
UV-vis spectra of nanoparticle samples in methylene chloride were taken with a

Shimadzu UV-vis (model UV-1601) spectrometer.
Optical data for Figure 6.9 are taken in conjunction with electrochemical data given
in Figure 6.8. Aliquots (ca. 60 µL) of nanoparticle solution from the electrochemical cell
were diluted in ca. 2.94 mL methylene chloride in a quartz cuvette for optical experiments,
which were taken within minutes of the electrochemical measurements.
6.2.6

MALDI Mass Spectrometry
Matrix-assisted laser desorption/ionization mass spectra were collected on a Voyager

DE Biospectrometry Workstation (Perspective Biosystems, Inc., Framingham, MA) in the
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linear mode using a nitrogen laser (337 nm). Trans-2-[3-(4-tert-butylphenyl)-2-methyl-2propenylidene] malononitrile (DCTB) was used as the MALDI matrix.

Spectra were

obtained in negative ion mode using an acceleration voltage of 25 kV and a delay time of 350
ns, and at serially reduced laser pulse intensities (laser fluence) to search for minimal
nanoparticle fragmentation, as done before.31 The data were smoothed using the SavitskyGolay (17-point quadratic) method.32

For high resolution assignments of molecular

formulae, the publicly available software, Molecular Weight Calculator,33 was used to
produce simulated mass spectra for comparison to experiment.
6.2.7

ESI-QQQ-MS
Positive-mode spectra were obtained on a Micromass Quattro II, a triple quad mass

spectrometer with a nanoelectrospray ionization source. Cesium acetate was added as a
charge agent at 80:1 salt: nanoparticle mole ratio into a 50 µM dithiol exchanged Au25
solution. Data processed similarly as above.

6.3

Results and Discussion
The dithiol, CH3C6H3(SH)2, or S2, was observed by mass spectrometry to become

incorporated into Au25L18 via ligand exchange at different extents of exchange under varying
parameters of time and feed ratios of ligand to nanoparticle. The aim of these experiments
was to determine a) the incidence of bidentate bonding (CH3C6H3(S–)2, or R(S–)2) of the
dithiol, or “chelation,” to the Au25(SC2Ph)18 nanoparticle versus b) monodentate bonding
(CH3C6H3(S–)(SH), or R(S–)(SH)), c) the conditions for successful bidentate bonding, and d)
how it affects the properties of the nanoparticle.
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Some long time (24 h and 48 h) exchange experiments were performed initially to
probe how the dithiol would interact with the Au25(SC2Ph)18 nanoparticle. In making peak
assignments, it was assumed that the nanoparticle semiring structure is preserved in the
exchange product, and there are always 18 sites that can be occupied by –SR. The masses of
observed products were consistent with the latter assumption.

Thus, in making ion

compostions assignments, in specifying the number of bidentate dithiols, the number of
(SC2Ph) is subtracted from 18. The number of total S2 is then subtracted from that number
which equals the number of S2 which are bidentate. In the figure notations, x is the number
of associated Cs+ ions (if any), y is the number of bidentate dithiols, and z is the number of
monodentate dithiols. The number of the remaining original (SC2Ph) ligands is thus 18-2yz.
The 24 h exchange (Figure 6.1) was done at a low 5:1 dithiol:nanoparticle mole ratio,
and ESI-QQQ high resolution data were obtained. As seen in Figure 6.1a by the (3,0,0)
peak, some Au25 remains unreacted but two species where dithiol was exchanged both
incorporated complete bidentate bonding (S–)2, excluding any monodentate bonding ((S–
)(SH)). In Figure 6.1b, a close-up view of the peak labeled (3,1,0) from Figure 6.1a is
matched with two simulations to show the accuracy in identifying the difference between
incorporating a bidentate dithiol and a monodentate dithiol. The notation is based on the
formula, [Cs3Au25(R(S–)2)y((S–)(SH))z((SC2Ph)16]2+. The blue simulation labeled (3,0,1)
represents the addition of one hydrogen to produce monodentate bonding ((S–)(SH)), and
does not match with the data peak as well as the red curve (3,1,0) does, which represent
bidentate bonding. S2 must be bidentate to maintain a total of 18 sulfur coordination sites. If
S2 were modentate, this would violate the 18 sulfur coordination site rule (<18) and an
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Figure 6.1

a) ESI-QQQ mass spectrum of Au25(SC2Ph)18 exchanged with toluene-3,4-

dithiol (CH3C6H3(SH)2, or S2) at a 5:1 mole ratio of dithiol: nanoparticle for 24 h.
Specifically, 7 µL (or 0.67 µmols) of S2 was added to about 1 mg (or 0.14 µmols) of
Au25(SC2Ph)18 sample dissolved in about 200 µL methylene chloride and stirred for 24
hours.

The dithiol (S2) is capable of either bidentate bonding (CH3C6H3(S–)2) or

monodentate bonding (CH3C6H3(SH)(S–)), where R=CH3C6H3. Cationization was achieved
by addition of cesium acetate, which might limit the types of products detected. Bidentate
bonding (S–)2 is proven by the excellent fit that would be easily disrupted by monodentate
bonding ((S–)(SH)), which introduces hydrogen into the molecular formula. b) Expanded
scale spectrum of (3,1,0) Au25 peak, which has one exchanged S2 coordinated, with
successful and incorrect calculated spectra for comparison. (The one S2 must be bidentate to
maintain 18 total sulfur sites and all 6 semirings. If the S2 weren’t bidentate, another S2
would need to present to fulfill this requirement.) c) Expanded scale spectrum of Au25 with
7 exchanged S2 coordinated. Using method in text for determining number of bidentate
dithiol, the number of (SC2Ph) is subtracted from 18, which equals 13 remaining sites. The
number of S2 dithiols is subtracted from 13, which equals 6. So 6 S2 are bidentate, and only
one has to be monodentate.
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additional S2 dithiol (along with the extra proton) would be needed to complete the ligand
population, which would certainly not match the data peak. Figure 6.1c shows another
species with two simulations with the same notation as above; this species was detected in
that same experiment in a region of the spectrum not displayed in Figure 6.1a. The notation
(2,6,1) indicates that one dithiol is monodentate while six are bidentate, so S2=(R(S–
)2)6(R(S–)(SH)). The red simulation shows where the peak would lie if all dithiols were
bidentate, which would be an imperfect match, as well as violating the 18 coordination site
rule (>18).
In the above, because cesium acetate was added as a charging agent, some exchange
products may not have been properly ionized and not detected. The use of ESI, however,
allowed definitive high resolution assignments of two chelated nanoparticle species and
presented proof of bidentate bonding versus monodentate bonding, as the presence or lack of
a single hydrogen is readily discerned discerned under these high resolution conditions. The
issue of judging whether mondentate versus bidentate bonding occurs is accompanied by the
addition or loss of another dithiol ligand to satisfy the 18 total sulfur coordination site rule,
which is detectable even with lower resolution conditions, as in MALDI.
To better account for all the exchange products, MALDI was used as the primary
technique in further experiments to account for all species, remembering that ESI had already
established the existence of both bidentate and monodentate bonding. Since the Figure 6.1
ESI-QQQ experiment displayed a nanoparticle with partial bidentate bonding (or partial
chelation), it was attempted to form a nanoparticle with as much bidentate bonding as
possible. An exchange was performed for 24 hours with a 5:1 dithiol:nanoparticle mole
ratio, as in Figure 6.1.

The resulting product was cleaned, an additional 5:1
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dithiol:nanoparticle mole ratio was added, and the ligand exchange was allowed for 24
additional hours (a total exchange of 48 h). The resulting MALDI spectrum is shown in
Figure 6.2. MALDI spectra of standard Au25 nanoparticles with the DCTB matrix have
always produced 1+ ions only, and this was assumed in the assignments of these exchange
product spectra. In this figure, y is the number of bidentate dithiols, and z is the number of
monodentate dithiols. The number of (SC2Ph) ligands is 18-2y-z. One species, labeled (5,0)
in red, corresponds to all dithiols being bidentate, although there is still (–SC2Ph) present and
unexchanged. The other labeled species (labels in blue, (1,4) and (1,5)) include nanoparticle
ions that contain dithiols but which cannot be 100% bidentate bonded, if we assume there are
only 18 bonding sites on the nanoparticle.

These species must have a mixture of

monodentate and bidentate bonding. With this evidence, it is shown that a nanoparticle with
all sites occupied by bidentate dithiols is not possible under these conditions. A hypotheses
for how bidentate bonding occurs is explored below.
UV-vis spectra of the 24 and 48 hour dithiol exchange products from 5 hours onward
present only a featureless decay (data not shown). The smoothing out of typical Au25 fine
structure features is attributed to the mixture of monodentate and bidentate bonding. In
Figure 6.3, UV-vis data from Joseph F. Parker of thiolphenol (HSC6H5, which can only
exchange via monodentate bonding) exchanged Au25 shows that the exchange of the phenyl
functionalized thiol does not greatly disrupt the electronic properties, and not in a way that
causes smoothing of the spectral features. This suggests that monodentate bonding of the
dithiol does not greatly contribute to the electronic changes in the nanoparticle evident from
the spectral changes. The smoothing of the optical features is most likely caused by the
presence of bidentate as well as monodentate bound nanoparticle species. The property
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Figure 6.2

MALDI spectrum of 5:1 dithiol:nanoparticle for 48 hours. Specifically, 7 µL

(or 0.67 µmols) of S2 was added to about 1 mg (or 0.14 µmols) of Au25(SC2Ph)18 sample
dissolved in about 200 µL methylene chloride and stirred for 24 hours. The sample was then
cleaned with heptane, and the above procedure was performed again. In this figure, y is the
number of bidentate dithiols, and z is the number of monodentate dithiols. The number of
(SC2Ph) ligands is 18-2y-z. Labels in red indicate predominantly bidentate bonding, and
blue labels indicate predominantly monodentate bonding.
chelation, or 100% bindentate bonding.
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Figure 6.3

UV-vis, courtesy of Joseph F. Parker, of Au25(SC2Ph)18 exchanged with

thiophenol (HSC6H5) for 24 hours. Change in spectrum does not result in smoothing out of
features (but does cause some oxidation), so addition of a monodentate phenyl thiolates
apparently does not seriously disrupt the electronic properties of Au25.
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changes attributed to bidentate bonding alone could be better isolated at early stages of
exchange on short time scales.
Further experiments below are performed under short time exchanges in an attempt to
isolate the consequences of bidentate bonding. Figure 6.4 displays a MALDI mass spectrum
of a 30 minute exchange product, with a 9:1 dithiol:nanoparticle ratio (note a higher ratio
than performed above). The predominant species is unexchanged Au25(SC2Ph)18, but the
two other main species show the coordination of the dithiol. In assessing the MALDI data, it
is assumed based on the ESI data that the total number of coordination sites remains 18 and
that the dithiol is incorporated as either an intact, monodentate ligand (CH3C6H3(SH)(S–)) or
a bidentate one (CH3C6H3(S–)2). Thus, the subscript for the numbers of (SC2Ph) ligands is
18-2y-z, where y is the number of bidentate dithiols and z is the number of monodentate
dithiols. The species labeled (0,4) (in blue) is Au25(S2)4(SC2Ph)14, with 4 dithiols only
mono-coordinated ((SH)(S–)), along with 14 –SC2Ph ligands. Note, however, the species
labeled (1,0), which indicates only 1 coordinated dithiol and 16 –SC2Ph ligands. Based on
the total 18 coordination site assumption, this indicates the dithiol is coordinated to two sites
on the nanoparticle, thus, acting as a bidentate ligand ((S–)2).
If the exchange is allowed to progress for a longer time up to 4 hours, then the extents
of both bidentate bonding and monodentate bonding increase, as seen in Figure 6.5. The
labeling is similar to Figure 6.4, with red labels indicating predominant bidentate bonding
and blue labels monodentate bonding. The peak labeled with “#” and a red (4,0) has four
dithiols and ten –SC2Ph, i.e., all four dithiols must be acting as bidentate ligands ((S–)2). But
clearly a mixture of bidentate and monodentate bonding dominates for most exchange
products.
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Figure 6.4

MALDI mass spectrum of Au25(SC2Ph)18 after a 30 minute exchange with

CH3C6H3(SH)2 (HS2PhMe or S2), at 0.7 mM nanoparticle concentration. Specifically, 12.7
µL (or 1.21 µmols) of the dithiol S2 was added to about 1 mg (or 0.14 µmols) of
Au25(SC2Ph)18 sample dissolved in about 200 µL methylene chloride.

After 30 min.

exchange, solution was dried and washed several times with heptane. Species detected
include unexchanged nanoparticle, as well as chelated and non-chelated exchange products
(identified in Table 6.1). Simulations (in red, black and blue) confirm assignments. Red
(simulations and labels) indicates bidentate bonding, black indicates no dithiol exchange, and
blue indicates monodentate bonding.
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Figure 6.5

MALDI mass spectrum of Au25(SC2Ph)18 after a 4 hour exchange with

CH3C6H3(SH)2 (S2), at 0.7 mM nanoparticle concentration. Specifically, 12.7 µL (or 1.21
µmols) of the dithiol S2 was added to about 1 mg (or 0.14 µmols) of Au25(SC2Ph)18 sample
dissolved in about 200 µL methylene chloride. After 4 h exchange, solution was dried and
washed several times with heptane. Notation dictates that y is the number of bidentate
dithiols and z is the number of monodentate dithiols. Red labels indicate exchange products
with mostly bidentate bonding and blues labels indicates primarily monodentate bonding.
“#” does indicate 100% bidentate bonding. Species includes mixture of bidentate and
monodentate, as shown in Table 6.1.
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Table 6.1 lists the species observed in Figures 6.4 and 6.5 based on the number of
bidentate ligands, monodentate ligands and (SC2Ph) ligands. Associated with the higher
numbers of bidentate ligands are also higher numbers of monodentate ligands, and the
number of bidentate ligands apparently reaches its maximum at 6. This is a clue as to how
the dithiols actually bind to the nanoparticle, or specifically how they bond to the semirings22
that stabilize the 13 Au atom core. There are three main possibilities for how the dithiols
bond to the semirings: bonding within single semirings only, bonding between two different
semirings, and a mixture of both. All are shown in Figure 6.6. A mixture (Figure 6.6c) can
be rejected since that would result in more than 6 bidentate binding ligands, which is not
experimentally observed. Crude simulations suggest that the “bite” angle of binding a dithiol
to a single semiring (Figure 6.6b) would distort the conformation of the S2 dithiol, whereas
binding to two different semirings (Figure 6.6a) would cause less or no distortions of the
dithiol. More exact computations need to be performed to determine with greater certainty
the geometrical aspects of bonding of the bidentate dithiol to semirings.
The MALDI data above suggest that up to 30 minutes of the ligand exchange process
at a certain thiol:nanoparticle mole ratio, the dithiols are more likely to be bound as bidentate
ligands than as monodentate ones. As more dithiols are exchanged over the course of 4
hours, however, it apparently becomes less likely that enough nearby sites are available for
bidentate bonding. Since ligand exchange is a random and statistical process,28,

34-36

it is

reasonable that the precise synchronization needed for bidentate coordination on the limited
number of sites will be hampered as the extent of ligand exchange continues with this
particular mole ratio.
The corresponding optical properties of the 30 minute and 4 hour exchange products
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Table 6.1

List of species in MALDI mass spectra (Figure 6.4 and 6.5) for both 30

minute and 4 hour ligand exchange of Au25(SC2Ph)18 with CH3C6H3(SH)2 (S2), a dithiol
capable of either bidentate bonding (CH3C6H3(S–)2) or monodentate bonding
(CH3C6H3(SH)(S–)). 12.7 µL (or 1.21 µmols) of the dithiol S2 was added to about 1 mg (or
0.14 µmols) of Au25(SC2Ph)18 sample dissolved in about 200 µL methylene chloride (a 9:1
dithiol:nanoparticle mole ratio, or 0.5:1 dithiol:SC2Ph mole ratio). The nanoparticle
concentration was 0.7 mM. This was stirred for 30 minutes and 4 h, dried on a rotary
evaporator, and excess ligand removed by washing several times with heptane. It is assumed
that the total number of coordination sites remains 18. Observed and simulated masses are
presented; observed masses are affected by error in mass accuracy and low resolution of
instrument.

Au25
Species
30 Minute
Exchange
(0,4)
(1,0)

Total Ligand (S-) Sites: 18
(Bidentate ligand coordinates 2 sites)
Bidentate Monodentate -SC2Ph
Ligand
Ligand
(SH)(S–)
(S–)2
0
4
14

Observed
Masses
(Da)
7466

Simulated
Masses (Da)
7465

1

0

16

7269

7273

2

6

8

7255

7254

(3,9)

4

7

3

7036

7038

(4,0)

4

0

10

6910

6912

(5,1)

5

1

7

6818

6810

(6,6)

6

6

0

6787

6780

(6,3)

6

3

3

6730

6726

(6,1)

6

1

5

6704
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4 Hour
Exchange
(2,6)
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Figure 6.6

Cartoons of possible configurations of dithiols binding on Au25L18. Yellow

spheres are sulfur (S) atoms and orange spheres are gold (Au) atoms. Au2S3 represents a
semiring. Black, curved lines represent bidentate bonding dithiols. a) Represents bidentate
bonding between two different semirings, b) represents bidentate bonding within a single
semiring, and c) mixture of bidentate bonding between and within semirings.
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a)

b)

c)
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are shown in Figure 6.7. The optical spectrum of the exchange product from a 4 hour
exchange stands in stark contrast to that of unmodified Au25L18 (“before exchange,” which is
slightly oxidized), having lost the distinctive features around 680 nm and 400 nm. When the
dithiol exchange is allowed to continue past 4 hours up to 24 hours, as mentioned above, the
featureless decay does not change as more heavily exchanged dithiol products result,
reflecting the increasing polydispersity of monodentate bonding and bidentate bonding. The
same optical behavior is observed for a 30 minute exchange product. The MALDI spectrum
of the 30 minutes exchanged product indicates bidentate bonding is probably beginning to
Based on this data, we ask whether the smoothing of the optical spectrum may act as a
marker for when monodenate bonding begins competing with bidentate bonding, producing a
mixture of species that blurs out optical features and conceals distinctive features of bidentate
bonding.
Knowing when bidentate bonding dominates over monodentate bonding occurs
would allow us to ascertain the properties of a partially “chelated” nanoparticle. Before the
optical spectrum of the nanoparticle completely smooths out and loses the standard features
of Au25(SC2Ph)18, the property changes are assumed to be representative of the effects of
chelation of the Au25 semirings.
In order to elucidate the optical and electrochemical consequences of bidentate
bonding of the dithiol, those characteristics were monitored in exchange up until the
featureless optical decay develops. The dithiol is added in aliquots for the exchange, and at
different times electrochemical and optical data are obtained. Note that because the 30
minute and 4 hour exchanges discussed above were more than three times more concentrated
than the electrochemical/optical experiment presented below, and thus occurred on a faster

172

Figure 6.7

UV-vis of exchange products after 30 minutes and 4 hours, following clean-up

of the nanoparticle product in each case. 12.7 µL (or 1.21 µmols) of the dithiol S2 was
added to about 1 mg (or 0.14 µmols) of Au25(SC2Ph)18 sample dissolved in about 200 µL
methylene chloride (a 9:1 dithiol:nanoparticle mole ratio, or 0.5:1 dithiol:SC2Ph mole ratio).
The nanoparticle concentration was 0.7 mM. This was stirred for 30 minutes and 4 h, dried
on a rotary evaporator, and excess ligand removed by washing several times with heptane.
These are the same products as those studied in the MALDI data of the two preceding
figures. After 30 minutes of exchange, the typical features seen for Au25(SC2Ph)18 (“before
exchange”) are already smoothed out.
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timescale, the time points below will not be exactly matched to the above data, but the
marker should still be the featureless optical decay. What took 30 minutes in the more
concentrated exchange above, took 390 minutes in the less concentrated exchange (and in the
presence of electrolyte, which could alter the rates).
In Figure 6.8, voltammograms are obtained of the exchange process at various points
in time without clean-up: before dithiol is added, 1 minute after dithiol is added, 3 minutes, 5,
45, 120, 140, 210, 270, and 390 minutes. Note that the voltammogram for 390 minutes was
taken after drying and storage in a freezer overnight. The arrows in Figure 6.8a indicate the
general trends as the dithiol begins partial chelation of the nanoparticle from 0 to 120
minutes. In Figure 6.8b, the aliquots taken from 140 minutes to 390 minutes are compared to
time zero (before dithiol is added), with arrows showing a similar trend. The resulting
voltammograms are unexpected and unusual, with an obvious distortion and loss of the
oxidation peaks ca. ~0 V – ~0.5 V, and the appearance of a new peak above 0.5 V. Clearly,
bonding of the dithiol causes a drastic change in the standard electrochemical properties of
Au25L18, or Au25.
In Figure 6.9, the corresponding optical data are shown, with some time points
designated as ranges of minutes due to time in collecting aliquots and transferring to
spectrometer. Arrows indicate trends of feature changes, where the peaks around 400 nm
and 680 nm are decreasing and the valley around 600 nm is filling in. By 360 minutes, the
optical spectra gradually match up with the featureless decay that was determined in Figure
6.7 to mark the beginning of competing coordination of monodentate binding dithiols. Panel
a) shows time points up to about 170 minutes and panel b) shows time points from 210 to
390 minutes. Again, the optical spectrum taken at 390 minutes was obtained after drying and
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Figure 6.8

Voltammetry of ligand exchange performed at 0.2 mM nanoparticle in

methylene chloride, where 0.48 µL (3.6 µmols) aliquots of ligand (which is liquid) are added
at time intervals while stirring. a) Voltammograms of the exchange process (of dithiol with
Au25L18) at various points in time: before dithiol is added, 1 minute after dithiol is added, 3
minutes, 5, 45, and 120.

The arrows indicate the general trends as the dithiol begins

chelation of the nanoparticle. b) Time points 140, 210, 270, and 390 minutes compared to
voltammogram with no added dithiol. Note that the voltammogram obtained at 390 minutes
was taken after drying and storage in a freezer overnight.
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Figure 6.9

Optical data of ligand exchange performed at 0.2 mM nanoparticle in

methylene chloride, where 0.48 µL (3.6 µmols) aliquots of ligand (which is liquid) are added
at time intervals while stirring. a) Optical data corresponding to electrochemical data in
Figure 6.5. Arrows indicate trends of feature changes, where the peaks around 400 nm and
680 nm are decreasing and the valley around 600 nm is filling in. Shows time points up to
170 minutes. b) Spectrum before dithiol is added and spectra at time points from 210 to 390
minutes of exchange are shown, indicating loss of typical Au25 features. This smoothing out
is attributed to mixture of competing bidentate and monodentate bonding.
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storage in the freezer overnight. Changes in features begin as early as 1-5 minutes (though
slight), matching the general behavior seen in the voltammetry in Figure 6.8.

6.4

Conclusion
The distortion of both standard electrochemical and optical features for Au25 is an

indication of the bonding of the dithiols to the semirings surrounding the 13 Au core. Such a
disruption in properties seems mainly attributable to bidentate bonding of two nearby
semirings, which must strain the semirings that act as the stabilizing features of the
nanoparticle. Theoretical data would be welcome to prove how the dithiols “chelate” the
semiring layer, and how this disrupts the stability of the nanoparticle structure. Future
experiments will also need to be performed that directly correlate property changes (optical
and/or electrochemical) with exchange products observed in MALDI.
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CHAPTER 7
ELECTROSPRAY IONIZATION MASS SPECTROMETRY OF INTRINSICALLY
CATIONIZED NANOPARTICLES, [Au144/146(SC11H22N(CH2CH3)3+)x(S(CH2)5CH3)y]x+
7.1

Introduction
The chemistry and application of Au nanoparticles remains an active research field

owing to a combination of their intrinsic scientific interest and their potential significant
applications as, for example, sensors,1,2 nanotechnology devices,3-5 and nanomedical
components.6,7

Au nanoparticles offer advantages in ease of functionalization,8-11

particularly for biomedical applications.12-15 Very small (<2 nm) thiolate-protected clusters
are an interesting focus of fundamental study as they can display unique size-dependent
properties, both optical and electrochemical.16-20
Hanging over this field of Au nanoparticle research, however, is the slightly
embarrassing question: Exactly what are they? The analytical chemistry needed to answer
this question is in a primitive state. Nanoparticle identification has generally, by default,
relied on methods lacking the needed compositional resolution and providing only average
data sets: transmission electron microscopy (TEM),21 X-ray photoelectron spectroscopy
(XPS), and thermogravimetric analysis (TGA).

The initial23 mislabeling of the small

nanoparticle Au25(SR)1822 as Au38(SR)2423 exemplifies the analytical limitations of TEM in
particular. Improved compositional characterization of nanomaterials becomes steadily more
important as their variety and range of applications evolve.

Growing concern over

nanoparticle toxicity24,25 is also exacerbated by lack of compositional knowledge.
Nanomaterials like thiolate-protected clusters can be properly understood only if they can be
accurately identified and detailed chemical information obtained. Just as with a molecule,
we want to gain as much information as we can about nanoparticles. This paper reports a
significant tactical advance in ionization of Au nanoparticles for electrospray ionization
(ESI) mass spectrometry experiments, which (a) leads to a refinement of a formula reported
in an earlier, lower resolution26 mass spectrometry report; (b) confirms a theoretical
prediction27 of its composition; and (c) reveals the presence in the samples of a second,
unexpected nanoparticle of a nearby composition. The two nanoparticles’ compositions are
Au144L60 and Au146L59, the former being the predicted one.

The nanoparticle sample,

previously called “Au140”28 or the “29 kDa” or “Au144-146(SR)50-60” nanoparticle,29 was
ligand-exchanged8

with

the

thiol

[HSC11H22N(CH2CH3)3+]

(HSTEA+),

producing

nanoparticles with mixed monolayers of (–STEA+)x and (–S(CH2)5CH3)y (SC6) thiolate
ligands. Their ESI mass spectra reveal a mixture of two nanoparticles: Au144(STEA)x(SC6)y
(where x + y = 60) and Au146(STEA)x(SC6)y (where x + y = 59). The advance is in making
the nanoparticles “intrinsically highly ionized” by incorporating the stable cationic ligand
STEA+ into the nanoparticle organothiolate ligand shell.
“Au140” nanoparticles have masses in the 35-40 kDa range. For proteins, such large
masses are accessed in ESI mass spectrometry experiments by having substantial numbers of
protonated amino acid base sites.

The consequent large ionic charges (z) lower the

mass/charge (m/z) ratio into ranges more conducive to good mass resolution in available
instrumentation. The same tactic should apply to nanoparticles but in our hands has not been
very successful when using dissociable ions such as protons or alkali metal ions.
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Nanoparticles with ligand shells terminated by –CO2H30 or short PEG chains (OCH2CH2)5
(plus Na+, K+, Rb+, or Cs+)22 have not thus far exhibited z values much above 4+ in ESI
experiments. Hypothesizing that the dissociable ions do not build large z values due to
electrostatic forces in the confined nanoparticle space in which they are held, we turned to
affixing quaternary ammonium groups to the organothiolate ligand shell, relying on the
stronger Au-thiolate bonds. We subsequently observed nanoparticle ions in charge ladders in
which z ) 10+ to 15+, due largely to their quaternary ammonium (STEA+) termini.
Our experiments are built on an invaluable history of prior mass spectrometry
investigations of nanoparticles,31-35 including thiolate-protected gold clusters.22,26,30,36-38
Laser desorption-ionization (LDI)39 has been used to assign masses in nanoparticle mixtures
but suffers from extensive fragmentation effects that make exact molecular formula
assignment difficult. “Soft” ionization source mass spectrometry techniques (MALDI37 and
ESI40) have been more successful and have led to advances in detecting small
nanoparticles.37,40,41 Au25L18 has been studied with MALDI,35,36 FT-ICR,30 and various
methods of ESI cationization, such as alkali metal coordination and carboxylic acid
deprotonation,22,30 and utilizing its innate core charge.42

The crystal structure43 of this

particular nanoparticle has also been determined, confirming the assignments obtained from
MS.

Accessing more massive Au nanoparticle spectra by the tactic of substantially

enhancing z values has not, however, heretofore been reported.

7.2

Experimental Section

7.2.1

Chemicals
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Tetra-n-octylammonium bromide (Oct4NBr, 98%), hexanethiolate (HSC6H13, HSC6),
sodium borohydride (NaBH4, 99%), 11-bromo-1-undecene (Br(CH2)9CH2CH2, 95%),
triethylamine ((Et)3N, 99%), and tetrabutylammonium hexafluorophosphate (TBAPF6, 99%)
were obtained from Sigma-Aldrich. Certified ACS toluene, optima methylene chloride,
optima methanol, optima acetonitrile, diethyl ether, hexane, and absolute ethanol (Fischer)
were used as received. Hydrogen tetrachloroaurate trihydrate (from 99.999% pure gold) was
prepared by a literature procedure and stored in a freezer at -20 °C. Water was purified with a
Barnstead NANOpure system (18 MΩ). [HSC11H22N(CH2CH3)3+][Cl-], or N,N,N-triethyl(11undecenylmercapto)ammonium chloride (HSTEA+), was prepared as follows: N,N,NTriethyl-10-undecenylammonium bromide was synthesized via modification of a previously
reported procedure.44 11-Bromo-1-undecene (12.2 mL, 52 mmol) was dissolved in 50 mL of
ethanol, followed by the addition of triethylamine (25 mL, 170 mmol). The reaction mixture
was then refluxed for 24 h. The volatiles were removed by rotary evaporation, and the
product was redissolved in 20 mL of CH2Cl2.

The product was collected through

precipitation by hexane, resulting in a light yellow solid. 1H NMR (CD3Cl): 5.4―5.5 (m, 1H,
CH2=CH), 4.6―4.7 (m, 2H, CH2=CH), 3.0―3.2 (q, 6H, N(CH2CH3)3), 2.8―3.0 (m, 2H,
CH2N(Et)3), 1.6―1.7 (m, 2H), 1.4―1.6 (m, 2H), and 1.2―1.4 ppm (m, 21H). N,N,NTriethyl(11-undecenylmercapto)ammonium chloride was made by dissolving 3.34 g of
N,N,N-triethyl-10-undecenylammonium bromide in 30 mL of CH2Cl2, followed by the
addition of thioacetic acid (2 mL, 26 mmol). The reaction mixture was then irradiated under
UV light for 24 h. The volatiles were removed under vacuum, and the solid was treated with
Et2O several times and dried to give a light yellow solid. The solid was then refluxed in 10%
HCl (20 mL) for 3 h. After evaporation of solvent, the solid was crystallized from H2O in the
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presence of decolorizing carbon. 1H NMR (D2O): 3.3-3.4 (q, 6H, N(CH2CH3)3), 3.1-3.2 (m,
2H, CH2N(Et)3), 2.7-2.8 (t, 2H CH2SH), 1.6-1.7 (m, 2H), 1.4-1.5 (m, 2H), and 1.2-1.4 ppm
(m, 23H).
7.2.2

Synthesis of Nanoparticles
“Au140” nanoparticles were synthesized as previously reported.45 First, 3.1 g of

HAuCl4 was added to water and transferred from the aqueous phase to 45 mM Oct4NBr in
toluene. Next, 3.33 mL of hexanethiolate (HSC6H13), a 3:1 thiol: metal ratio, was added to
the solution, which was stirred until clear. The solution was cooled to 0 °C, 3.8 g of NaBH4
in 20 mL of ice-cold Nanopure water was added, and the solution was stirred vigorously for
1 h. Discarding the aqueous layer, the organic layer was washed three times with Nanopure
water, and a viscous sludge resulted after rotary evaporation. The ethanol-soluble portion
was collected by overnight extraction, filtered to remove larger nanoparticles, dried, and
treated with acetonitrile to further remove smaller nanoparticles, excess ligands, and salts.
The as-prepared “Au140” is assumed to be neutral (zero core charge); the presence of some
1+ core charge species is possible but unlikely.
7.2.3

Ligand Exchanges
First, 0.02 mmol (or 6.4 mg) of HSTEA+ was added to about 0.28 µmol (or 10 mg) of

nanoparticle sample (ca. 80:1 ligands:nanoparticle mole ratio), dissolved in 1.48 mL of
methylene chloride, and stirred for 30 min. Three products were formed according to the
extent of ligand exchange with consequent solubilities: one was toluene soluble (minimal
exchange), the second was toluene and water insoluble (medium extent of exchange) but
methanol and methanol/CH3CN soluble, and the third was water soluble (high extent of
exchange). The “medium” exchange product was isolated and cleaned by washing several
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times with water and toluene to remove the free thiols, HSTEA+ and HSC6 thiol,
respectively.
7.2.4

ESI-QQQ
Positive-mode spectra were obtained on a Micromass Quattro II triple-quadrupole

(QQQ) mass spectrometer with a nanoelectrospray ionization source.

The 8.75 µM

nanoparticle sample was dissolved in a 70:30 acetonitrile:optima methanol solution (for
solubility plus ESI compatibility). Four other experiments were performed with various
solvent systems (70, 80, or 20 vol % CH3CN, or 30 vol % CH2Cl2) as indicated in Appendix
D, Figures 7S-1 and 7S-2. Instrumental parameters were adjusted for optimal detection of
the molecular ions, precursor ions, and fragment ions, where the capillary was set at 1.4 V
and the cone set at 27 V.

Collision voltage set was around 70 for collision-induced

dissociation (CID) conditions.

For CID conditions, the sample was dissolved in 43%

toluene, 29% methanol, and 28% acetonitrile, with a stoichiometric amount of TBAPF6.
Program resolution settings typical for detection of standard samples, such as proteins (>15),
were too high for nanoparticle samples and resulted in distorted peaks that were difficult to
resolve against background noise.

Resolution settings affect peak broadness and mass

accuracy. Successful resolution settings used here ranged from 10 to 13 on the equipment
described above.
The spectra presented in this paper are limited to <4000 m/z by instrumental
constraints.

The data were smoothed using the Savitsky-Golay (17-point quadratic)

method.46 For high-resolution assignments of molecular formulas, the publicly available
software, Molecular Weight Calculator, was used to produce simulated mass spectra for
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comparison to experiment. Note that in the figures, the designations -STEA+ and -SC6 are
shortened to T and C, respectively.

7.3

Results and Discussion

7.3.1

General Remarks
The ligand exchange of –SC11H22N(CH2CH3)3+ (STEA+, or T in Figure 7.1) onto the

~1.6 nm diameter –SC6H13 (SC6, or C in Figure 7.1)-protected gold nanoparticle resulted in
three approximately equal fractions, differing in solubility. We were not able to elicit spectra
of the water- and toluene-soluble fractions. The fraction successfully studied in ESI mass
spectrometry experiments was insoluble in toluene and water (permitting easy removal of
excess ligands) but soluble in methanol. Solution mixtures with another solvent (70, 80, or
20 vol % CH3CN, or 30 vol % CH2Cl2) with methanol were effective in producing ESI
spectra (Appendix D, Figures 7S-1 and 7S-2), along with varying resolution instrumental
settings.
Figure 7.1 shows an ESI-QQQ mass spectrum of the nanoparticle sample in a 70:30
acetonitrile:methanol solution (no added electrolyte) at the highest obtained resolution
setting. Spectra similar to Figure 7.1 were obtained in five different experiments using
various solvent combinations (as above). The ion charges indicated on the figure were
justified by a consistency of mass spacings between peaks, and between formula assignments
and charge; for example, the Au144L6010+ ion contains 10 –STEA+ sites, and the Au144L6011+
and Au146L5911+ ions each contain 11 –STEA+ sites.

The charge assignment is further

supported by a CID MS/MS experiment, described later.

The detailed ion formula

assignments are discussed in the next section. Charge “ladders” of peaks for differently
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Figure 7.1

ESI-QQQ positive mode spectrum of 1.6 nm diameter hexanethiolate-

protected nanoparticle sample exchanged with [HSC11H22(CH2CH3)3N+][Cl-] (STEA+ , or T).
Six charge states are detected, from 10+ to 15+, each including both Au144L60 and Au146L59.
The charge z is due to the number of T (STEA+). Run in 70:30 MeCN:MeOH (optima
grade), with no added electrolyte. This pattern of species was confirmed in five experiments
as shown in Appendix D, Figure 7S-1 and 7S-2. (For + labels, see text.)
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charged macromolecules are well-known47 for proteins, among others, but that in Figure 7.1
is the first reported for a nanoparticle.
The spectrum in Figure 7.1 shows prominent groups of peaks for 10+ to 15+ charge
states, containing peaks for both Au144L60 and Au146L59 nanoparticles. The higher charge
states (13+, 14+, 15+) exhibit lower peak intensities. That multiple charge states are present
directly reflects the statistical nature of nanoparticle ligand exchanges, which has been
demonstrated by mass spectrometric experiments on Au25L18 nanoparticles.

Thus, a

nanoparticle product of ligand exchange with the HSTEA+ thiol having a certain Au atom
count will maintain a constant Au and total ligand count but will be a mixture of
nanoparticles bearing differing relative numbers of –STEA+ and -SC6 ligands in, ideally, a
binominal distribution.48

The series of 10+ to 15+ peaks in Figure 7.1, each with a

nanoparticle charge associated with the numbers of –STEA+ ligands present, is a partial
snapshot of such a distribution. The distribution seen in the spectrum has been truncated by
the product solubility differences, biasing against nanoparticles with larger and smaller
numbers of –STEA ligands, and by the upper limit of instrumental m/z. Additionally, the
apparent populations of nanoparticles in the spectrum are subject to individual ease of
electrospray ionization and thus are not necessarily exactly representative of the “as
prepared” sample.
7.3.2

Detailed Peak Assignments
Figure 7.2 shows spectral expansions of the groups of 10+ to 15+ ions, the formula

assignments made for them, and peaks simulated (in dark blue and red) for those formulas.
Table 7.1 summarizes the assignments.
The assignments of formula (and charge) were aided by the identification of

193

Figure 7.2

Spectral expansions of the groups of 10+ to 15+ ions, with formula

assignments (x,y), and simulated peaks (dark blue and red). (Peaks labeled with * could not
be assigned confidently due to poor signal-to-noise; for peaks labeled # see text and
Appendix D, Figure 7S-3). Bars mark 170 Da mass spacings (mass difference of –SC6 (C)
and –SC11H22N(CH2CH3)3+ , STEA+ or T) and 276 Da (mass difference of adding two Au
atoms and deleting a C. No added electrolyte. (x,y) assignments are labeled by colored ovals
for Au144 (black font) and rectangles for Au146 (red font); oval and rectangle colors indicate
peaks with similar ligand compositions and core charges in the figure panels (see text).
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Table 7.1

List compositional and charge assignments of species in Figures 7.1 and 7.2.

Species are consistently observed in as many as five experiments (see Figures 7S-1 and 7S-2
in Appendix D). T is –STEA+ and C is –SC6.

Charge State: 10+

Charge State: 11+

Charge State: 12+

# of Au atoms: 144

# of Au atoms: 144

# of Au atoms: 144

Ligand
# of Ligands (T+C=60)
T
10
9
C
50
51
Core Charge
0
1+
m/z (obs.)
3709.8
3692.5
m/z (calc.)
3710.1
3693

Ligand
# of Ligands (T+C=60)
T
11
10
C
49
50
Core Charge
0
1+
m/z (obs.)
3388.1
3372.6
m/z (calc.)
3388.2
3372.8

Ligand
# of Ligands (T+C=60)
T
12
11
C
48
49
Core Charge
0
1+
m/z (obs.)
3120
3105.9
m/z (calc.)
3120.1
3105.9

# of Au atoms: 146

# of Au atoms: 146

# of Au atoms: 146

Ligand
# of Ligands (T+C=59)
T
10
9
C
49
50
Core Charge
0
1+
m/z (obs.)
3737.6
3721.1
m/z (calc.)
3737.7
3720.7

Ligand
# of Ligands (T+C=59)
T
11
10
C
48
49
Core Charge
0
1+
m/z (obs.)
3413.2
3398.5
m/z (calc.)
3413.2
3397.9

Ligand
# of Ligands (T+C=59)
T
12
11
C
47
48
Core Charge
0
1+
m/z (obs.)
3142.9
3129.5
m/z (calc.)
3143.1
3128.9

# of Au atoms: 146

# of Au atoms: 146

# of Au atoms: 146

Ligand
# of Ligands (T+C=60)
T
10
9
C
50
51
Core Charge
0
1+
m/z (obs.)
3748.9
3732.1
m/z (calc.)
3749.4
3732.3

Ligand
# of Ligands (T+C=60)
T
n.o.
10
C
n.o.
50
Core Charge
0
1+
m/z (obs.)
n.o.
3408.7
m/z (calc.)
n.o.
3408.6

Ligand
# of Ligands (T+C=60)
T
n.o.
11
C
n.o.
49
Core Charge
0
1+
m/z (obs.)
n.o.
3138.5
m/z (calc.)
n.o.
3138.7

Charge State: 13+

Charge State: 14+

Charge State: 15+

# of Au atoms: 144

# of Au atoms: 144

# of Au atoms: 144

Ligand
# of Ligands (T+C=60)
T
13
12
C
47
48
Core Charge
0
1+
m/z (obs.)
2893.4
2910
m/z (calc.)
2893.1
2910.3

Ligand
# of Ligands (T+C=60)
T
14
13
C
46
47
Core Charge
0
1+
m/z (obs.)
2698.3
2686.3
m/z (calc.)
2698.7
2686.5

Ligand
# of Ligands (T+C=60)
T
15
n.o.
C
45
n.o.
Core Charge
0
n.o.
m/z (obs.)
2530.2
n.o.
m/z (calc.)
2530.1
n.o.

# of Au atoms: 146

# of Au atoms: 146

# of Au atoms: 146

Ligand
# of Ligands (T+C=59)
T
13
n.o.
C
46
n.o.
Core Charge
0
n.o.
m/z (obs.)
2914.2
n.o.
m/z (calc.)
2914.4
n.o.

Ligand
# of Ligands (T+C=59)
T
14
13
C
45
46
Core Charge
0
1+
m/z (obs.)
2718.5
2706.6
m/z (calc.)
2718.4
2706.3

Ligand
# of Ligands (T+C=59)
T
n.o.*
n.o.
C
n.o.*
n.o.
Core Charge
0
1+
m/z (obs.)
n.o.*
n.o.
m/z (calc.)
n.o.*
n.o.

# of Au atoms: 146

# of Au atoms: 146

# of Au atoms: 146

Ligand
# of Ligands (T+C=60)
T
n.o.
12
C
n.o.
48
Core Charge
0
1+
m/z (obs.)
n.o.
2910
m/z (calc.)
n.o.
2910.4

Ligand
# of Ligands (T+C=60)
T
n.o.
13
C
n.o.
47
Core Charge
0
1+
m/z (obs.)
n.o.
2714.7
m/z (calc.)
n.o.
2714.7

Ligand
# of Ligands (T+C=60)
T
n.o.
14
C
n.o.
46
Core Charge
0
1+
m/z (obs.)
n.o.
2545
m/z (calc.)
n.o.
2545
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particular mass spacings between peaks of like charge, e.g., the 170 Da difference in mass of
the two ligands, –STEA+ and –SC6, produces one recognizable peak spacing, and 276 Da is a
spacing for peak formulas differing by mass equal to two Au minus one –SC6 ligand. These
spacings are indicated by bars just below each spectrum and, as shown, are seen multiple
times. This kind of peak spacing is a signature of exchange of one ligand for another with
different mass, as shown in previous work22,30,49 on Au25L18 nanoparticles (and confirmed by
FT-ICR30 and crystal structure determination).43
Figure 7.2 contains a great deal of information and will be explained in a stepwise
fashion. The labels over the peaks in Figure 7.2 are either black or red, colors denoting
nanoparticle ions having the general formulas Au144L60 (black) and Au146L59 (red). (x,y)
labels the numbers of –STEA+ (T) ligands (x) and –SC6 (C) ligands (y). Asterisks(*)
indicate peaks with poor signal-to-noise and repeatability that are therefore not confidently
assigned.
Within the group of peaks labeled (black font) as Au144L60, two series of ligand
compositions span the charge states seen in the different figure panels. Peaks in each series
are visually connected to one another by differently colored ovals around the black (x,y)
labels. In one series (green ovals), the Au nanoparticle core is formally neutral (Au1440):
(10,50)10+, (11,49)11+, (12,48)12+, (13,47)13+, (14,46)14+, and (15,45)15+.

This series is

generally the most intense member of each nanoparticle charge state. Note that the charges
equal the numbers of cationic –STEA ligands. In the second series (sky blue ovals), the Au
nanoparticle core is formally 1+ (Au144+):

(9,51)10+, (10,50)11+, (11,49)12+, (12,48)13+,

(13,47)14+, and (n.o.)15+ (n.o. signifies not observed above the background noise). The two
series of ion peaks, Au1440(10,50)10+, etc., and Au144+(9,51)10+, etc., are related to one another
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in that one can envision the former as the parent of the latter by an electron loss (and a
change in z) during the ESI process, i.e.,
0

1+

[ Au144 ( STEA)10 ( SC 6)50 ]10 + − e − → [ Au144 ( STEA)10 ( SC 6)50 ]11+
Any nanoparticles present in the “as prepared” sample with already 1+ core charges (thought
unlikely to be plentiful) would contribute to the Au144+ series as well. The agreement
between the observed and calculated m/z values of each of the peaks in the two Au144L60
series is generally excellent as seen in Table 7.1, where the calculated values are based on the
simulations shown in Figure 7.2.
Turning to the red-labeled (x,y) peaks in Figure 7.2, these again correspond to several
series of peaks that correspond to Au146L59 nanoparticles with different –STEA and –SC6
ligand compositions. Peaks in each series are labeled by colored rectangles. In one series
(purple rectangles), the Au nanoparticle core is formally neutral (Au1460): (10,49)10+,
(11,48)11+, (12,47)12+, (13,46)13+, (14,45)14+, and n.o.*. (The n.o.* species was observed in a
different experiment where electrolyte was added.) The second Au146 series (sky blue
rectangles) is related to the first (Au1460) series by a core electron loss (Au146+): (9,50)10+,
(10,49)11+, (11,48)12+, (n.o.)13+, (13,46)14+, and (n.o.)15+. The electron loss reaction can be
written
0

1+

[ Au146 ( STEA)10 ( SC 6) 49 ]10 + − e − → [ Au146 ( STEA)10 ( SC 6) 49 ]11+
(Recall the above discussion of origin of 1+ core charges.) Again, the agreement between
observed and calculated m/z values in Table 7.1 for the two series of Au146L59 peaks is
generally very good. Further, peaks for both Au144L60 (black fonts) and Au146L59 (red fonts)
were prominent under various instrumental resolution settings and were repeatedly observed
in experiments using solvents containing different proportions of methanol and acetonitrile.
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There are a few peaks in Figure 7.2 that are labeled as Au146L60 species, Au1460
(10,50)10+ (pink rectangle), and a Au146+ charged core series (green rectangles): (9,51)10+,
(10,50)11+, (11,49)12+, (12,48)13+, (13,47)14+, and (14,46)15+. These peaks were not resolved
from adjacent peaks and background in all experiments, so these assignments (also listed in
Table 7.1) are more tenuous than the preceding. It is possible that Au146L60 species do exist
in the sample but, under electrospray conditions, readily lose ligands to become Au146L59
nanoparticles. Further improvements in the ESI experiments will be required to be certain
about the Au146L60 species. Another possible species, Au145L60 or 61, is suggested by peaks in
Figure 7.2 labeled “#”, whose masses agree with simulations as shown in Appendix D,
Figure 7S-3. These peaks exhibit both 60 and 61 ligand counts and were not always resolved
from adjacent peaks and background; again these constitute tenuous assignments.
As shown by the preceding analysis of Figure 7.2, far more certain in the ESI spectra
are the unambiguous occurrences of Au144L60 and Au146L59 nanoparticles.
Some of the peaks in Figure 7.1, at m/z somewhat larger than the 10+ to 12+ sets of
peaks, are labeled “+”. These peaks appear to be ion adducts of nanoparticles and Cl-; recall
that the HSTEA+ thiol was prepared as a chloride salt. Their assignments are shown in
Appendix D, Figure 7S-4; one is an ion pair with Au146L59 and another with Au144L60. There
are two examples of Au146L60, but again these were not observed consistently in all five
experiments.
7.3.3

Assignment Confirmation
A CID experiment was performed to confirm the multiple charging assignments and

to support the presence of Au146 nanoparticles, as shown in Figure 7.3. The ion
[Au146(STEA+)15(SC6)44)]15+ (Au146T15C44)15+) was isolated and then fragmented, resulting in
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Figure 7.3

CID

of

2548

m/z

peak,

which

is

[Au146(SC11H22

(CH2CH3)3N+)15(SC6H13)44]15+, or Au146T15C44, which produces a fragment peak at higher
m/z

(around

3080

m/z),

validating

previous

assignments

of

multiple-charging.

[Au146T15C44]15+ (38,227 Da) loses [Au2T3]3+ to produce [Au144T12C44]12+ (36,973 Da).
Asterisks (*) indicate apparent noise.

This sample included tetrabutylammonium

hexafluorophosphate (TBAPF6) as electrolyte to enhance signal. Red arrows point to closeup of precursor and fragment peaks. T is –STEA+, and C is -SC6. Loss of Au2L3 equals a
“staple” of Au25L18 (Ref. 43).
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the detection of [Au144(STEA+)12(SC6)44]12+ (Au144T12C44)12+), corresponding to a loss of
[Au2(STEA+)3]3+. This was a difficult experiment given the lower intensities of the 15+ ions
and poor S/N ratio, but the detected peaks shown at the bottom in Figure 7.3 match well with
simulations. The Au2L3 fragment owes its charge to the three -STEA+ ligands. Au2L3 has
been recognized in CID of Au25L18 nanoparticles50 as the apparent loss of an entire Au2L3
semiring. Theory27 for the Au144 nanoparticle has predicted that the protecting semiring
ligands are AuL2. The cited CID study,50 however, has also shown that semiring dissociation
can involve rearrangement (and fragmentation even under non-CID conditions). Thus,
Au4L4 fragments are seen for the Au25L18 nanoparticle which has exclusively Au2L3
semirings. The Figure 7.3 CID experiment is thus not inconsistent with the theory
prediction. Additionally, the previously unknown precursor Au146L60 may have a different
semiring population.
The CID experiment in Figure 7.3 was performed with electrolyte (a stoichiometric
amount of tetrabutylammonium hexafluorophosphate (TBAPF6)) added to the sprayed
nanoparticle solution. A sensitivity of electrospray efficiency to electrolyte presence and
concentration was uncovered late in this study. Some weak signals can become enhanced,
such as that of the Figure 7.3 precursor ion [Au146(STEA+)15(SC6)44)]15+, which was not well
resolved in Figures 7.1 and 7.2. Further systematic exploration of this effect is needed to aid
clarification of uncertain assignments mentioned above and to aid efforts to move to yet
larger nanoparticles.

7.4

Conclusions

202

This study offers that “Au140” nanoparticles contain a mixture of Au144L60 and
Au146L59 and possibly other species. This material is more complex than previous studies
have shown.
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APPENDIX A
CHAPTER 3
MASS SPECTROMETRY OF SMALL BIMETAL MONOLAYER-PROTECTED
CLUSTERS

Bruker BioTOF II Instrument Parameters:
(source is glass capillary)
Cylinder: 2500 V
End Plate: 3500 V
Capillary: 4500 V
Capillary Exit: 120 V
Skimmer 1: 40 V
Skimmer 2: 35
Offset: 15
Trap: 50
Lens: 50

Table 3S-1

Experimental masses and theoretical masses for PEGylated sample with

extensively purified 9:1 Au:Pd mole ratio with sodium acetate, coordinating with Figure 3.1b
in Chapter 3. Shows mixture of Au25L18 cores and Au24PdL18 cores with various monolayers
showing statistical distribution due to exchange, as well as varying numbers of Na
coordinating to the PEG-thiol chain. Experimental mass values are approximately the middle
of the peak; calculated mass values are found at the apex. * indicate distorted peaks. “N/A”
indicates the peak is too close to baseline for determination.
Experimental Mass

Calculated Mass

Molecular Formula

8220.59*

8220.5

[Na2Au25(SC2Ph)12(SPEG)6]3+

8243.68

8243.44

[Na3Au25(SC2Ph)12(SPEG)6]3+

8283.58

8283.30

[Na3Au24Pd(SC2Ph)11(SPEG)7]3+

8325.09*

8327.44

[NaAu25(SC2Ph)11(SPEG)7]3+

8350.98

8350.50

[Na2Au25(SC2Ph)11(SPEG)7]3+

8374.14

8373.46

[Na3Au25(SC2Ph)11(SPEG)7]3+

8414.07

8413.42

[Na3Au24Pd(SC2Ph)10(SPEG)8]3+

8456.92

8457.62

[NaAu25(SC2Ph)10(SPEG)8]3+

8481.1*

8480.52

[Na2Au25(SC2Ph)10(SPEG)8]3+

8504.18

8503.58

[Na3Au25(SC2Ph)10(SPEG)8]3+

8543.58

8543.14

[Na3Au24Pd(SC2Ph)9(SPEG)9]3+

8586.98*

8587.65

[Na1Au25(SC2Ph)9(SPEG)9]3+

N/A

8610.69

[Na2Au25(SC2Ph)9(SPEG)9]3+

8634.37

8633.53

[Na3Au25(SC2Ph)9(SPEG)9]3+

8673.76

8673.21

[Na3Au24Pd(SC2Ph)8(SPEG)10]3+

8717.4*

8717.71

[Na1Au25(SC2Ph)8(SPEG)10]3+

N/A

8740.73

[Na2Au25(SC2Ph)8(SPEG)10]3+

8764.27

8763.75

[Na3Au25(SC2Ph)8(SPEG)10]3+

8804.06

8803.7

[Na3Au24Pd(SC2Ph)7(SPEG)11]3+

N/A

8847.82

[Na1Au25(SC2Ph)7(SPEG)11]3+

N/A

8870.69

[Na2Au25(SC2Ph)7(SPEG)11]3+

8894.53*

8893.81

[Na3Au25(SC2Ph)7(SPEG)11]3+

8934.4

8933.87

[Na3Au24Pd(SC2Ph)6(SPEG)12]3+

N/A

8977.82

[NaAu25(SC2Ph)6(SPEG)12]3+

208

Figure 3S-1

Close-up view of an FT-ICR-MS spectrum of one of the species in the

spectrum shown in Figure 3.1a, which is labeled (0,10) in Figure 3.1b. The spacing between
the isotopic peaks is 0.33 (Panel a), dictating that the species is multiply (3+) charged, so the
x-axis is multiplied by 3 to obtain Figure 3S-1b, showing that the molecular composition of
the species is [Na4Au25(SC2Ph)8(SPEG)10]3+.

The Au25 and Au24Pd peaks lie in the same

distribution, spaced apart by the mass difference between Au and Pd, so they are equally
multiply charged.
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Figure 3S-2

OSWV voltammetry of a 0.2 mM standard purification sample made with 9:1

Au:Pd mole ratio, performed in CH2Cl2 with 0.1M tetrabutylammonium perchlorate.
Asterisks indicate signal typical of Au25(SC2Ph)18, while presence of other peaks indicates
the presence of another species, presumably the bimetal, as the spacings between all of the
peaks are irregular. Voltammetry was performed in a single compartment cell containing
0.15 cm dia. Pt disk working, Pt wire counter, and Ag/AgCl (aq) reference electrodes, under
Ar.
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Figure 3S-3

UV-vis spectrum of extensively purified 9:1 Au:Pd (red curve) sample

compared to Au25(SC2Ph)18 (black curve). The addition of Pd has smoothed out the step-like
features of Au25L18 seen around 400 and 700 nm, indicating a change in optical properties for
the bimetal species.
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Figure 3S-4

Expanded view of ESI spectrum of PEGylated, standard purification sample

13:12 Au:Pd mole ratio, where simulations indicate a mixture of species. In this example,
[Na3Au25(SC2Ph)8(SPEG)10]3+

(red

curve

centered

at

~8765

Da)

and

[Na3Au24Pd(SC2Ph)7(SPEG)11]3+ (green curve centered at ~8804 Da) are shown, indicating
the higher reactivity of the bimetal species.

215

1:0.9 Au:Pd mole ratio sample
3+
[Na3Au25(SC2Ph)8(SPEG)10]

400

3+

[Na3Au24Pd(SC2Ph)7(SPEG)11]

Counts

300

200

100

0
8760

8780

8800

Mass (Da)

216

8820

8840

Figure 3S-5

OSWV voltammogram of 0.2mM extensively purified 3:2 Au:Pd mole ratio

sample (no PEGylation or other monolayer modification) and 0.1M tetrabutylammonium
perchlorate in CH2Cl2. Unable to make definitive interpretations of recognizable peaks, but
data shows clear change in electrochemical properties upon the addition of a single Pd atom
to the Au core, as typical Au25L18 features are absent.

217

2

Current (µA)

3:2 Au:Pd mole
ratio sample

0

-2

1400 1200 1000 800 600 400 200

0

-200 -400

Potential (mV vs Ag/AgCl (aq))

218

Figure 3S-6

UV-vis of extensively purified 3:2 Au:Pd mole ratio sample, with unmodified

monolayer.

The spectrum reveals a loss of Au25 features and any unique features

whatsoever, indicating a drastic change in properties with the addition of Pd into the core.
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Figure 3S-7

ESI-QQQ spectrum of HS(C2H4O)5CH3 (HSPEG) in 100% methanol. Peaks

include the PEGylated thiol with Na+ or Li+ coordinated to the PEG chain (NaOAc was
added at a 6:1 NaOAc: HSPEG ratio and Li is residual). The peak at 303.3 m/z parallels the
presence of a synthetic by-product from the manufactured starting material with olefinic
functionality, as confirmed by mass spectra (not shown) of the starting material used as
received by the manufacturer. There are no dimers or trimers of HSPEG, and ESI-TOF
spectra of the 2000-4000 m/z range do not reveal any species (data not shown).
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APPENDIX B
CHAPTER 4
REACTIVITY OF [Au25(SCH2CH2Ph)18]1- NANOPARTICLES WITH METAL IONS

Figure 4S-1

Crystal structure of Au25(SCH2CH2Ph)18, where smaller orange balls are Au

atoms, and larger yellow balls are sulfur atoms (the rest of ligand, –CH2CH2Ph, is not
pictured). Image emphasizes the Au2L3 semirings. From Ref. 9.

224

Figure 4S-2

Full-range (300 ~ 1100 nm) UV-Vis spectra of 46 nmole Au25− in CH2Cl2

titrated by Ag+ (added as 10 mM AgNO3 in acetonitrile).
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226

Figure 4S-3

Thermogravimetric analysis of (a) (Oct4N+)[Au25(SC2Ph)18-] and (b) after

reaction with 20 equivalents of Ag+.
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228

Figure 4S-4

X-ray photoelectron spectra of the Au25- nanoparticles after reaction with 20

equivalents of Ag+. After the reaction, the solvent was removed and the sample was washed
with methanol to get rid of AgNO3 residues. (a) survey scan, (b) 3d-Ag, and (c) 4f-Au.
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(a)

(b)

(c)
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Figure 4S-5. UV-vis absorption spectra of Au25−, Au250, and Au251+. Au250 and Au251+ were
prepared by chemically oxidizing Au25− with an aqueous Ce(SO4)2 solution. The charge
states of Au25 were estimated by measuring the rest potentials (EREST) of the oxidized Au25
solution, in reference to voltammetrically assessed formal potentials.
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232

Figure 4S-6. Photoluminescence spectra of Au25−, Au250, and Au251+. Au250 and Au251+ were
prepared by chemically oxidizing Au25− with an aqueous Ce(SO4)2 solution. The charge
states of Au25 were estimated by measuring the rest potentials (EREST) of the oxidized Au25
solution.
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234

Figure 4S-7

Photoluminescence spectra of Au25− titrated by Ag+. λEX = 400 nm.

nmole Au25− MPCs in CH2Cl2 titrated with 30 ~ 72 nmole Ag+.
equivalents of Ag+ are shown in Chapter 4.
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32.4

Additions of smaller

236

Figure 4S-8

Electrospray ionization ESI-TOF mass spectrum of Au25− obtained with 2.6

mg CsOAc (OAc = acetate) per mg MPCs in 70:30 methanol:CH2Cl2. The numbers in
parentheses represents the number of bound Cs+ ions.
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Figure 4S-9

(a) Electrospray ionization ESI-TOF mass spectrum of Au25 with 1.5

equivalents of Ag+. 2.6 mg of CsOAc (OAc = acetate) per mg MPC was added to 70:30
methanol:CH2Cl2 to obtain the spectra. The numbers in parentheses correspond to x and y of
MPC formula. (b) High-resolution analysis of [CsAu24Ag(SC2Ph)]2+ ; the red line is
simulation. The sample was washed with MeOH to remove excess AgNO3. Sample was run
through ESI in a solution of 70:30 v:v methanol:CH2Cl2.
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Figure 4S-10 UV-Vis absorption spectra of 29 µM Au25 MPCs in CH2Cl2 in the presence of
Cu2+, whose added concentrations are (1) 0 µM, (2) 2.3 µM, (3) 4.5 µM, (4) 6.8 µM, (5) 9.1
µM, (6) 11.3 µM, and (7) 13.6 µM. Isosbestic points are denoted as * at 383, 430, 660, and
875 nm. Cu2+ was added as small volumes of 6.8 mM CuCl2 in CH3CN.
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242

Figure 4S-11 Cu2+ titration plots of concentration ratio vs. absorbance at 400 nm and 605
nm. The initial concentration of Au25 MPCs in CH2Cl2 was 29 µM, and a 6.8 mM CuCl2
stock solution prepared in CH3CN was used for titration.

243

244

Figure 4S-12 UV-Vis absorption spectra of 32 µM Au25 MPCs in CH2Cl2 in the presence of
Pb2+, whose concentrations are (1) 0 µM, (2) 4 µM, (3) 8 µM, (4) 12 µM, and (5) 16 µM.
Isosbestic points are denoted as * at 438, 458, 755, and 843 nm. For the titration of Pb2+, 6.0
mM Pb(ClO4)2·3H2O in CH3CN was used.
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246

Figure 4S-13 Pb2+ titration plots of concentration ratio vs. absorbance at 400 nm and 605
nm. The initial concentration of Au25 MPCs in CH2Cl2 was 32 µM, and a 6.0 mM
Pb(ClO4)2·3H2O stock solution prepared in CH3CN was used for titration.
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Figure 4S-14 Comparison of nanoparticle spectra produced by different metal ions. The
vertical red bars guide the eye and show that spectra of solutions containing 1:1 Ag+ and
0.5:1 Cu2+ and Pb2+ / nanoparticle mole ratio are slightly different.
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APPENDIX C
CHAPTER 5
TANDEM MASS SPECTROMETRY OF THIOLATE-PROTECTED AU
NANOPARTICLES NaxAu25(SC2H4Ph)18-y(S(C2H4O)5CH3)y

Figure 5S-1

ESI-FT-ICR-MS of PEGylated Au25L18.

a) shows the M3+ ions, as

established by direct charge state determination, where each peak represents a different
extent of exchange. b) displays a close-up view of one of these peaks from the experimental
data (black curve) matched up with a simulated set of data for compositional assignment (red
curve), giving [Na4Au25(SC2Ph)8(SPEG)10]3+.
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Figure 5S-2

ESI-QQQ-MS/MS spectrum of PEGylated Au25 sample (in methanol with

excess NaOAc) after fragmentation under CID conditions. The spectrum is of low m/z
region fragment ions produced [Na5Au25(SC2Ph)7(SPEG)11]4+ (2235 m/z). The low m/z CID
spectrum of [Na4Au25(SC2Ph)8(SPEG)10]3+ (2929 m/z) is quite similar but with additional
fragments [NaAuL]1+ and [NaAu3L3]1+. Brackets or arrows indicate AuNLM species, where L
is a distribution of ligands (SC2Ph and SPEG) and SPEG is predominant. The AuL2 species
has the highest intensity peak.
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Figure 5S-3

Close-up of ESI-QQQ-MS/MS data of Na2Au(SPEG)2 peak, which is the

most dominant low-mass fragment in CID data (Figure 3). Experimental spectrum of the
PEGylated ion is shown in black and simulations in solid red and dotted red. In Molecular
Weight Calculator, “Effective Resolution” of the solid red simulation is around 300 as
compared to 700 for the dotted red simulation. Comparison reveals too much manipulation
of the calculated peak can cause loss of the tailing of the experimental peak.
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Figure 5S-4

ESI-TOF data showing a [NaAu4(SC2Ph)2(SPEG)2]1+ fragment of the

PEGylated Au25L18 sample, under non-CID conditions, confirming the molecular formula
assigned using ESI-QQQ-MS/MS. Experimental data of the PEGylated Au25 sample is
shown in black with matching simulation shown in red. In Molecular Weight Calculator,
“Effective Resolution” of simulation is 1000.
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Figure 5S-5

Close-up

of

ESI-QQQ-MS/MS

spectrum

of

high

mass

fragment,

[Na2Au21(SC2Ph)6(SPEG)10]2+, from experimental data (black line) matched with a
calculated simulation (red). In Molecular Weight Calculator, the “Effective Resolution” of
simulation is 700.
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Figure 5S-6

ESI-QQQ-MS/MS

data

presenting

an

overlap

of

[M2Au21(SC2Ph)6(SPEG)10]2+ samples where either excess NaOAc (red) or KOAc (black)
was added. The difference in mass between Na and K was added to the Na+ data. The use of
different alkali metal acetate salts provides further confirmation of the assignments, as well
as establishes a general pattern of reactivity for this find of system.
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APPENDIX D
CHAPTER 7
ELECTROSPRAY IONIZATION MASS SPECTROMETRY OF INTRINSICALLY
CATIONIZED NANOPARTICLES, [Au144/146(SC11H22N(CH2CH3)3+)x(S(CH2)5CH3)y]x+

Figure 7S-1

Overlap of several spectra for the 10+ charge state, including the spectra from

Figure 1 and 2 (black curve), to indicate peaks observed consistently under various resolution
settings and different solvent systems. Assignments of peaks in a single spectrum inspire
little confidence with such a noisy background, and so several experiments were run under
varying conditions for spectra comparison. Five experiments are performed in this paper.
Peaks labeled with (x,y) are seen in most experiments.

Others not labeled were not

considered confident assignments, but are labeled in Figure 2 in the main text. The following
describes the conditions of the experiments: red curve (70:30 MeCN:MeOH; 1 day old
sample), green curve

(80:20 MeCN:MeOH; fresh sample), black curve (70:30

MeCN:MeOH; fresh sample), magenta curve (20:80 MeCN:MeOH; fresh sample), and blue
curve (30:70 CH2Cl2:MeOH, fresh sample); these did not include any added electrolyte.
Notice that the magenta, blue and green curves show a tendency for some systems to suffer
from tailing of the peaks, which made assignment at higher masses difficult. All curves
excluding the black curve were at similar resolution settings (low). T is –STEA+ and C is –
SC6.
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Figure 7S-2

Overlap of several spectra (11+,12+,13+, 14+), including those from Figures

7.2 and 7.3 (black curves), to indicate consistent peaks under various resolution settings.
Confidence in assignments made based on consistent observance. The following describes
the conditions of the experiments: red curve (70:30 MeCN:MeOH; 1 day old sample), black
curve (70:30 MeCN:MeOH; fresh sample), magenta curve (20:80 MeCN:MeOH; fresh
sample), and blue curve (30:70 CH2Cl2:MeOH, fresh sample). 15+ (not shown) is difficult to
resolve consistently. T is –STEA+ and C is –SC6.
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Figure 7S-3

Peaks labeled in Figure 7.2 with “#” match up with simulations for

Au145L60/61. These species are not detected in all experiments but the peaks here appear
convincing enough to suggest higher intensity spectra need to be obtained. T is –STEA+ and
C is –SC6.
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Figure 7S-4

Spectra indicate that peaks in Figure 7.1 labeled with “+” are Au146 species

but with coordinating Cl- ions. Most species are Au146L59, but there are two examples of
Au146L60, adding credence to suggestion that this is a real species in the sample. T is –
STEA+ and C is –SC6.
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