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ABSTRACT

FUNDAMENTAL INSIGHTS INTO THE ALLOY MISCIBILITY AND

SURFACE CHEMISTRY OF METAL NANOCLUSTERS

The fascinating and varied properties of metals have captured people’s imaginations long
before the advent of modern chemistry. Basic metallurgy, dating as far back as the fourth
millennium BC, remains one of the most consequential processes in human history. Today we
enjoy an effective mastery over metals in their continuous bulk state, complete with alloy phase
diagrams which describe properties as a function of temperature and percent composition. The
coordination chemistry of single-metal complexes is similarly well-studied, initiated by the
pioneering work of Alfred Werner in 1893. Size-dependent properties found at these two extremes
(continuous bulk versus discrete molecular) have facilitated a myriad of applications in nearly

every aspect of society through the development of unique materials.

Between bulk metals and coordination complexes exists a new and rapidly growing area
of chemistry concerned with clusters containing several to hundreds of metal atoms. Although
there are commonalities shared with both molecular and bulk systems, these clusters also exhibit
notable behavioral differences which can often not be explained through simple classical
interpretations. The challenge of working with these species has been considerably eased within
the past fifteen years from advancements in synthesis and characterization, in particular for
monolayer-protected clusters (MPCs) of gold. These MPCs can be synthesized to precise
monodispersity and are therefore defined by a molecular formula instead of the more general

average size and dispersity used to define larger (typically > 3 nm) colloidal nanoparticles. Minor
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adjustments to the nuclearity, metal atom identity, or surface chemistry of gold MPCs have been
shown to induce extensive changes in their observed properties and overall stability. Complete
regiochemical control over both the metal core composition and surface ligand environment is
therefore of immediate interest. This goal is especially important for potential applications in

catalysis, electronics, biolabeling, energy conversion/storage, and theranostics.

The work described herein covers two overarching themes: i) examining the alloying
ability of gold MPCs with various late transition metals, and ii) an investigation of MPC surface
chemistry through the introduction of multidentate ligands. Synthesis and analysis of the
classically-immiscible rhodium-gold system using Auzs5(SR)is as a template offers a fresh
perspective of alloy gold MPCs containing metals with an open d-shell, alongside an updated
framework for understanding MPC stability. Acetylide-for-thiolate, thiolate-for-acetylide, and
intercluster exchange between acetylide- and thiolate-protected gold MPCs reveal lability which
cannot be adequately rationalized through traditional MPC ligand exchange arguments. The first
example of a thiolated gold MPC co-protected by several oxygen-containing diglyme ligands is
described, which exhibits enhanced thermal stability as a result of the robust gold-diglyme,
thiolate-diglyme, and diglyme-diglyme interactions. A straightforward synthetic pathway to fully
dithiolate-protected gold MPCs is also described, as well as a post-synthetic ligand exchange study
showcasing their resistance against incoming monodentate thiol exchange. Lastly we provide a
series of vignettes detailing our efforts towards the synthesis of various MPCs using metals such
as osmium, iridium, and bismuth. Overall these studies afford fundamental advancements in the
understanding of soluble, air-stable metal nanoclusters and open up new opportunities for their

applications.
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CHAPTER 1: HISTORY OF METAL CLUSTER SYNTHESIS
& MODERN BRUST-TYPE APPROACHES

1.1 Synopsis

The subsequent chapters will describe a series of synthetic and post-synthetic studies aimed
at probing the surface and core metal chemistry of atomically-precise gold MPCs. For the sake of
context, this first chapter serves as an introduction to metal cluster chemistry. This will include: 1)
a brief history of metal clusters as observable species with early explanations for stability; ii) the
highly consequential Brust-Schiffrin gold nanoparticle/cluster synthesis and subsequent gold MPC
identification; ii1) adaptations to the original Brust-Schiffrin method arising from the first crystal
structure analyses (referred to as “Brust-type” methods); iv) an overview of modern gold MPC
stability arguments and their relation to ongoing research. Each chapter is then summarized within
the context of the overarching research goals of the field.
1.2 Early Metal Cluster Chemistry

The rather late blooming of clusters within scientific research can be directly attributed to
their sheer initial scarcity and, to a lesser extent, the absence of unambiguous structural assignment
prior to von Laue’s conception of X-ray diffraction in 1912. Over 100 years spanned from the first
report of chromium (II) acetate to the uncovering of its metal-metal bonding character.! The
earliest examples of isolated clusters, originally described as polynuclear transition metal
complexes, were coincidentally formed in syntheses designed for mononuclear products.? In this
period lasting roughly from 1940 to 1960, a crisis developed as a greater number of these species
were identified. Werner’s classic single-metal center theory could not account for higher nuclearity

complexes containing metal-metal bonds such as Rhe(CO)16.



In the early 1960s F. A. Cotton introduced a formalized concept of metal clusters as “those
containing a finite group of metal atoms which are held together mainly, or at least to a significant
extent, by bonds directly between the metal atoms, even though some nonmetal atoms may also
be intimately associated with the cluster”.* Twice the distance of metallic radii (as determined in
the solid state) is the general benchmark for deeming a pair/group of metal atoms substantially
close enough to be considered bonded. This basic definition enables differentiation of metal
clusters from both classic mononuclear complexes as well as larger colloidal particles with a
reasonable degree of success.

Despite Cotton’s new terminology there remained no sufficient explanation for the stability
of metal clusters. This was due in part to the dearth of cluster products given a complete lack of
synthetic methodology. Over the next decade, efforts led primarily within the lab of P. Chini
pioneered the first direct synthetic routes to metal carbonyl clusters.® The three general methods
of oxidative coupling, redox condensation, and thermal condensation were revolutionary at the
time and continue to be applied in modern research settings.®® Solid state X-ray characterization
by both L. F. Dahl and V. G. Albano as well as solution phase NMR studies by B. T. Heaton
provided an in-depth view of structure and dynamics.” !> This suite of cluster species effectively
set the stage for the first theoretical explanations of stability.

Concurrent to this work was a series of structural characterizations for borane clusters led
by W.N. Lipscomb, which contained similarly intriguing boron-boron bonds.!*"!® Noting this
connection, in 1971 K. Wade introduced a set of electron counting rules for certain metal and
borane cluster compounds which ultimately came to be known as the polyhedral skeletal electron
pair theory (PSEPT).!” D. M. P. Mingos extended the rules to include all main group and transition

metal clusters, leading PSEPT to be colloquially referred to as the Wade-Mingos rules.?2? It



therefore became possible to compare clusters containing different elements and in entirely
different environments (e.g. solid state vs. solution) through relatively simple closed-shell
electronic and symmetry arguments. This ruleset was the first of its kind and can generally account
for both electron-rich (e.g. transition metal) and electron-deficient (e.g. borane) clusters.

Both Wade and Mingos recognized that clusters have a tendency to adopt closed polyhedral
geometries (e.g. icosahedral, cuboctahedral, dodecahedral, etc.) or similar open arrangements with
up to 3 missing vertices.>> 2> As such, PSEPT can be used to predict the structure of certain clusters
simply by applying electron counts based on the formula. This serves as a logical extension to the
valence shell electron pair repulsion (VSEPR) theory for simple main group molecules, although
it should be noted that borane research also directly contributed to the development of VSEPR .2
Eventually PSEPT would grow to explicitly consider wavefunctions, in effect becoming a hybrid
between VSEPR and molecular orbital theory.

In the interest of brevity, the specific electron counting rules will not be discussed in detail
here as they do not apply to metal clusters larger than roughly a dozen metal atoms. Of greatest
relevance to this dissertation is the fact that PSEPT accounts for all of the electrons within the
outermost d-shell of a metal atom when calculating the total number of cluster valence electrons.
This stands in contrast to modern superatom theory (vide infra) which until very recently has
emphasized only valence s- or p-shell electrons.

Over time a mathematically rigorous backbone was added to the empirical PSEPT rules in
the form of tensor surface harmonic theory (TSHT). Introduced by A. J. Stone in 1980, TSHT
treats the cluster valence electrons as if residing upon a perturbed sphere or series of concentric
spherical shells.?” The angular portion of each atomic wavefunction is then solved as a vector (i.e.

a first rank tensor) of position, whose magnitude is used as the coefficient in a linear combination



of atomic orbitals (LCAO) consisting of o, m, and 6 orbitals. Symmetry of these LCAO molecular
orbitals is derived from the combination of directions of the individual atomic orbital position
vectors, which all obey the same quantum mechanical and spherical harmonics rules. This
produces a logical ordering of cluster molecular orbital energies based upon their angular
momentum quantum number /. Analysis is considerably simplified, as orbitals with a given [ are
deemed degenerate and interactions between orbitals differing in quantum number are assumed to
be negligible.

Particularly noteworthy is the effectiveness to which the spherical approximation in TSHT
can accurately model molecular orbitals for both diatomic clusters and larger nuclearities (e.g.
[Auo(PPh3)s]'*).233° However, this VSEPR analogue rapidly loses its predictive power as cluster
nuclearity increases; the cutoff is generally stated to be at a dozen metal atoms but some tenuous
analysis can still be done with certain clusters up to around 40 metal atoms. The reason for this
lies in the fact that energy differences between alternative packing arrangements become smaller
as size increases, causing larger clusters to behave less like small molecules and more like bulk
metals or crystallites.! This combination of molecular and bulk behavior produces a hybrid system
which cannot be described entirely adequately through standard interpretations.

Although PSEPT and TSHT were radical improvements in appreciating and predicting
cluster structure and bonding, the stability of particularly larger metal clusters remained mysterious.
A common method for observing an array of cluster sizes in the gas phase is through the use of a
molecular beam, which produces bare clusters that are then sent through an inhomogeneous
magnetic field to a mass detector.’? Beginning in the 1960s, such experiments consistently
produced certain nuclearities in much greater abundance than others.**** The underlying cause

behind this pattern was unclear until a 1984 study on sodium clusters led by W. D. Knight noticed



that the prominent nuclearities (e.g. 8, 20, 40, 58, etc.) correspond to an electronic shell closure,
analogous to noble gas configurations.®® This was readily illustrated through numerical solutions
to the Schrodinger equation for delocalized sodium 3s electrons bound in a spherically symmetric
potential well. Changing the shape of the potential well changes the so-called “magic numbers”,
granting the ability to apply this method to other quasi-spherical cluster systems.

There is some clear crossover between the Wade-Mingos rules (with TSHT) and the magic
number approach, specifically with regards to the spherical treatment of clusters. This
demonstrates a general tendency for both ligated and bare clusters to adopt polyhedral
arrangements that can be treated as spheres. The key differences between the two approaches are:
1) the electron counting applied to individual metal atoms, and ii) the emphasis of clusters as either
a single molecule or a single atom. TSHT applies the LCAO molecular orbital method which
considers in detail each individual metal atom, complete with the outermost s-, p-, and d-shell
electrons. This in turn produces a discrete molecular view of the cluster overall. The magic number
approach, however, adopts a more continuous (i.e. bulk metallic) view by assuming a jellium
model.>® Each metal valence is considered to be delocalized across the cluster surface, thereby
removing the necessity found in TSHT to identify each individual atomic wavefunction. Instead,
a cluster wavefunction is obtained by solving the aforementioned Schrédinger equation for valence
electrons bound in a spherically symmetric potential well.

This newer jellium-based approach to conceptualizing cluster stability is now commonly
referred to as superatom theory, and has been successfully used to describe a variety of different
cluster systems extending across the periodic table.*’° Nuclearities corresponding to one of the
magic numbers are very common, as they tend to be more stable and therefore isolable. There is a

rich chemistry associated with utilizing these superatoms to perform unique reactions through the



removal of a single electron from the cluster to make them “superatom isoelectronic” with
elements such as fluorine or chlorine.*’ This grants such clusters the same basic reactivity as these
elements but with the added benefit afforded by their large surface area to volume ratio.
Furthermore, assembly into larger nanoscale structures has created the exciting prospect of
producing new “‘supermolecules” from superatomic building blocks, effectively adding a third
dimension to the periodic table.*!**> Section 1.5 will provide further details on superatom theory
as it applies to gold MPCs in modern research.

1.3 The Brust-Schiffrin Synthesis

Thus far our focus has been on collections of metal atoms just above the size regime of
classical Werner-type complexes. By 1990, a considerable library of ligated cluster species of this
kind had been isolated. Some of the largest at the time included Pt33(CO)44 and NizgPts(CO)as,
although the most common nuclearities sat near one dozen metal atoms.®***” While molecular
beams could produce larger nuclearities, these bare metal clusters could not be further manipulated
outside of the experimental chamber. Issues still persisted for their ligated analogues, however.
With some minor exceptions,* inert conditions were required in order to synthesize soluble (i.e.
ligated) metal clusters. This naturally stymied larger-scale reactions and general ease of synthetic
handling.

Compared to clusters, colloidal metals (i.e. nanoparticles) have a much longer history.
Despite this and advancements in preparative conditions over the course of the 20" century, most
colloidal metals tend towards agglomeration and eventual decomposition.**>! One remarkable
exception to this is Faraday’s colloidal gold, which has remained optically active for over 150
years. Faraday synthesized these particles through a two phase approach, using phosphorous in

carbon disulfide as the organic phase and an aqueous gold salt.>



To address the issue of colloidal instability, in 1994 M. Brust and coworkers applied a two
phase approach with the more recent advancements of ion extraction and gold-thiolate assembly.*
This in turn produced highly stable solutions of thiolate-protected gold particles roughly 1-3 nm
in core diameter as determined by transmission electron microscopy (TEM). These products could
be precipitated, re-dissolved and chromatographed without any clear signs of decomposition or
significant chemical change. X-ray photoelectron spectroscopic (XPS) analysis revealed that the
majority of the gold atoms existed in the metallic (Au®) state, a somewhat surprising result given
the large proportion of thiolate-bound surface gold (based on elemental analysis).

In addition to their ease of post-synthetic handling, these new metallic particles were also
prepared through an exceptionally straightforward process under ambient conditions. To
summarize, an aqueous solution of gold (III) chloride was mixed with a toluene solution of
tetraoctylammonium bromide in order to transfer the gold salt into the organic phase.
Dodecanethiol was then added to form gold thiolates, which were subsequently reduced through
the addition of an aqueous solution of sodium borohydride. The final products were obtained by
concentrating the organic toluene phase and precipitating with ethanol.

This simple preparative method ultimately produced a new area of nanochemistry research,
with the original report now having over seven thousand citations approximately 28 years later.
This is owed in part to the high degree of tunability possible with the synthetic conditions. M. J.
Hostetler and coworkers found that the product distribution could be altered through variation of
such parameters as reaction temperature, ligand feed ratio, and the addition rate of the reducing
agent.’* These studies would serve as the basis for future Brust-type methods, which we distinguish

as those syntheses which yield near or completely monodisperse products.



While the original goal of the Brust-Schiffrin method was to provide a robust means of
producing stable colloidal gold, subsequent analysis of the polydisperse product mixtures found
evidence of both molecular cluster species (i.e. MPCs) and larger traditional nanoparticles.>>>’
This afforded the opportunity to determine the onset of bulk electronic behavior, one of the central
questions of nanochemistry and physics. In order to clarify this and other previously inaccessible
aspects of metal cluster chemistry, structural analysis of monodisperse products was required.
Some earlier studies were successful in post-synthetic purification, but the characterization
techniques of the time often led to erroneous formula assignments.>®
1.4 Structural Clarification and Brust-Type Methods

The first crystal structure of a thiolate-protected gold MPC was that of Aui02(SR)44,
reported in 2007 by P. D. Jadzinsky and coworkers.*> This cluster was isolated as a monodisperse
species through systematic variation of the original Brust-Schiffrin synthesis using the water-
soluble ligand para-mercaptobenzoic acid (p-MBA) followed by crystallization based on the 96-
well plate conditions commonly applied for large biomolecules.®® High quality single crystals
enabled the collection of diffraction data at atomic resolution (1.1 A), thereby producing an
extensively detailed and accurate view of the solid state structure of Auio2(p-MBA )44.

Measuring roughly 2.5 nm in diameter, this MPC is significantly larger than the majority
of clusters identified at the time. Despite this the core gold atoms adopt a polyhedral arrangement
reminiscent of the common geometries first noted by Wade and Mingos.®! The most striking aspect
of this crystal structure, however, is the ordering of the cluster surface. First, each p-MBA ligand
belongs to a staple motif comprised of alternating gold(I) and sulfur atoms. These staples are
arranged in pairs which extend across the entire structure, which in the case of Auip2(p-MBA )44

results in a total of 22 symmetry-unique ligand environments. This type of gold-sulfur bonding



has since been confirmed as a ubiquitous protecting mode for thiolates on gold cluster surfaces
(Figure 1.1).627%* Second, there is extensive intermolecular attraction between both: i) phenyl rings
as well as i1) sulfur atoms and phenyl rings of adjacent p-MBA ligands. Chains of these interactions

extend over the cluster surface, synchronously producing inter- and intra-cluster ordering.

Figure 1.1. Examples of the two most common staple arrangements, single (left) and double (right).
Most bonds to the cluster core are removed for clarity. S = orange, Au = gold, C = gray.

Interestingly, these staple motifs closely resemble the gold (I) thiolate oligomers which act
as intermediates in the process of both gold MPC and colloid formation.®> Shorter staples (Figure
1.1 left) involve a single gold (I) atom bonded to two neighboring sulfur atoms. Each of these
staple atoms are then bonded to metallic gold (Au®) within the cluster core. Longer staple
arrangements (Figure 1.1 right) can be considered as two fused short staples in a V-shape. This
second configuration is typically observed for smaller gold MPCs, which have a more dramatic
degree of surface curvature than their larger counterparts.®

In 2008, soon after the report on Auip2(p-MBA )44, two crystal structures of Auzs(PET)is
(PET = 2-phenylethanethiol) were reported by the groups of R. W. Murray and R. Jin.%”®® Amongst
the dozens of different nuclearities isolated since, Auxs(PET)s remains predominant as a subject
of study owing to its particularly high electronic and geometric stability (vide infra).®° This can be
most practically understood through its preponderance as a synthetic product relative to other gold
MPCs. The two groups applied different variations of the Brust-Schiffrin two phase synthesis, yet

in both cases Auxs(PET)ig remained as the major product. To isolate this MPC from the crude



mixture, both groups grew needle-shaped crystals from saturated solutions that had been layered
with a small excess of short chain alcohols (e.g. methanol, ethanol) over a period of several days.

Figure 1.2 provides a structural breakdown of Auzs(PET);s.

Figure 1.2. Crystal structure of Auzs(PET):s. The depictions are as follows: full cluster with ligand
shell (left), inorganic core (middle), and metallic core (right). S = orange, Au = gold, C = gray.

Some noteworthy connections exist between Auxs(PET)is and Auio2(p-MBA)s4. Both
MPC:s are protected by staple motifs that benefit significantly from the presence of aromatic rings.
In the case of the former, each PET ligand is paired with another on the opposite side of the cluster,
creating a total of 9 symmetry-unique ligand environments. The metal cores of each MPC are also
highly symmetric, with Au,s(PET);s featuring a nearly ideal icosahedron.” This MPC natively
forms with a negative (-1) overall charge, and is therefore accompanied by a large positive
counterion in the form of tetraoctylammonium (TOA).

Following these foundational crystal structures, research on gold-thiolate MPCs began to
address the issue of product polydispersity, leading to the first Brust-type synthetic approaches.
Introducing a methodology referred to as “size-focusing” in 2009, Z. Wu and coworkers reported
the synthesis of Auzs(PET)is to precise monodispersity through kinetic control (lowered
1

temperature and controlled stirring rate) of a single phase tetrahydrofuran (THF) reaction.’

Building off of this work, the group of A. Dass found that the same level of monodispersity can
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be achieved in THF at room temperature without any special kinetic control simply by allowing
the reaction to proceed over the course of 3 days.”

Larger MPCs (e.g. Auio2 and Aueg) were observed as the predominant products by mass
spectrometry within five minutes of reduction, alongside minor products such as Aua4, Ausg, and
Aups. As time progressed, these smaller MPCs grew in relative population until only Auzs(PET)s
remained. This type of phenomenon wherein larger clusters are apparently etched down to smaller
nuclearities by excess thiol was observed post-synthetically by T. G. Schaaff and R. G. Whetten
nearly a decade prior, although in their case elevated temperatures were required.”> A. Dass and
coworkers were the first to identify etching as a possible synthetic size-focusing mechanism, one
which could operate under ambient conditions.

Another key component to modern Brust-type methods was reported in 2010 by J. F. Parker
and coworkers from the Murray group, who demonstrated an improved yield of Auxs(PET)is
through the new single phase THF procedure by inclusion of TOA bromide.’” In addition to its
role as an ion extractor (i.e. phase transfer) reagent in the original two phase procedure, TOA
served as a stabilizer for the anionic form of Auys(PET)is. In the absence of an appropriate
counterion, Auys oxidizes to its neutral charge state when exposed to air.”” This improved single
phase approach, therefore, also succeeded in maintaining the native overall negative charge of
Auys(PET) g through the use of TOA as a counterion.

Furthermore, Parker and coworkers noted that the MPC synthesis only proceeds in the
presence of air. When performed under an argon atmosphere, reduction of the gold (I) thiolate
oligomers resulted in large insoluble species with no observable etching over time. This led the

group to hypothesize that oxygen serves a critical role in the size-focusing process. The
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mechanistic details would not be elucidated until 2015 when T. A. Dreier identified that etching is
a radical-mediated process and therefore requires oxygen or some other radical initiator.”®

However, by 2010 etching and the more general concept of size-focusing was understood
on a sufficiently basic level to facilitate the development of specialized Brust-type procedures
capable of isolating gold-thiolate MPCs other than Au2s5(SR):s. In a majority of cases THF is the
solvent of choice, with differences in product outcome induced by the ligand identity.”” Sometimes,
such as in the synthesis of Aui44(PET)s0, methanol is used to precipitate this larger MPC from
solution in order to prematurely arrest the etching process — which would otherwise result in loss
of this product.’®

The inclusion of heterometals with the gold source (i.e. coreduction or alloying) in Brust-
type syntheses can also promote a size-focusing effect, based on the difference in metallic radii.
Gold and silver are nearly identical in this regard (both approximately 1.44 A), and so produce a
similar dispersity as in the non-alloy case.”” In contrast, palladium (1.37 A) can only be
accommodated by certain gold cluster geometries (e.g. Auss, Auss, Auis4), which aids in restricting
the number of potential products.®® As will be detailed in chapter 2, rhodium (1.34 A) favors a
comparable degree of size-focusing that can be further tightened through the selection of certain
counterions. Overall, the stage of incorporation can determine the alloying ability of heterometals
with gold MPCs. Palladium-gold MPCs only form synthetically, but silver- and copper-gold MPCs
can be obtained through coreduction or post-synthetic exchange.®!

Whereas alloy MPC product dispersity is generally controlled by the geometric
consequences of bonding, ligands dictate surface chemistry through both repulsive steric and
attractive dispersion interactions. Post-synthetic ligand exchange is thus far the most commonly

applied route.? The series of gold MPCs protected by 4-tert-butylbenzenethiol, for example, are
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exclusively accessible through a size/shape transformation of pre-synthesized clusters.®® This
requires that the steric environment of the incoming excess ligand is significantly different from
the outgoing. If the two ligands do not meet this condition, then the original cluster nuclearity and
geometry is retained in its new heteroleptic form.?*3" A portion of subsequent chapters within this
dissertation will explore new cluster surface interactions, as well as an expanded scope for a
nascent area of synthetic size-focusing which applies coordinating cosolvents as ligands.

1.5 A Modern Understanding of Gold Cluster Stability

While great strides have been made from the development of Brust-type methods in the
past decade, there are areas of general MPC chemistry which remain unclear or relatively
unexplored. This is not due to a lack of study, but rather the formidable array of possible synthetic
and post-synthetic outcomes combined with the high complexity of species comprised of hundreds
to thousands of individual atoms. Older theoretical descriptions for this many-body problem were
outlined in a preceding section, alongside the establishment of superatoms as a concept. Although
this contemporary model shares certain similarities with the Wade-Mingos rules and TSHT,
superatom theory mainly differs in its treatment of clusters as analogous to individual atoms versus
molecules. It remains the most successful and accurate framework for understanding the special
stability of coinage metal clusters spanning a large range of sizes.

Gold MPCs were first described as superatom complexes in a 2008 collaborative article
between experimentalists and theoreticians.®® Facilitated by the crystal structure solution of
Aui02(SR)44, M. Walter and coworkers utilized density-functional calculations to demonstrate the
ubiquity of the superatom concept for gold clusters protected by thiolates or a combination of
phosphines/halides. The delocalized superatomic orbitals, which upon filling satisfy stable

electron shell closures (i.e. magic numbers), were derived by treating the gold MPCs as
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approximately spherical and residing energetically within an anharmonic mean-field potential.
This potential well shape produces a non-traditional aufbau rule: 182, 1P%, 1D'?, 2S21F!4, 2PS1G!8,
and so on.

A simple equation is used to determine the total electron count for a given gold MPC
formula (see Appendix A for a detailed example). This treatment considers the superatomic
orbitals to be of primarily gold 6s character, with surrounding ligands either acting as electron
withdrawing/localizing species (e.g. thiolates, halides) or as weak Lewis base species which do
not add or subtract electrons (e.g. phosphines). The overall cluster charge is also included. It is
with such a system that M. Walter and coworkers demonstrated that the three different cluster
formulas Au;1(PR3)7Cls, Aui1(PR3)7(SMe)s, and Aui3(PR3)10Cl*" are “superatom isoelectronic™;
that is, all three correspond to a total electron count of eight.

Density-functional analysis of Aui02(SR)44 confirmed the dominant superatomic G orbital
character near the HOMO-LUMO gap, as expected based on the shell-closing magic number of
58 which places the highest energy electrons within the 2P®1G'® shell. This, combined with the
general applicability independent of chemical differences in the ligand shell, made superatom
theory a robust standard for assessing and comparing the electronic stability of gold MPCs. Since
this initial report the theory has been successfully expanded to include other ligands such as
acetylides and N-heterocyclic carbenes.?*%°

As mentioned briefly in the preceding section, an extensive collection of chemical
transformations have been reported for gold MPCs. This includes both ligand and metal exchange.
Given the focus on the metal-containing portion of the cluster, superatom theory is applied more

frequently to the latter over the former.”'™® Changes in ligand identity may produce no net effect
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from this framework, such as between Auzs(PET)is and Auzs(CsH14S)1s. Likewise, replacement of
gold atoms with copper or silver does not change the superatom electron configuration.

Some size/shape transformations can be rationalized as the tendency to remain superatom
isoelectronic. For example, a total electron count of eight is retained in the transformation from
Au;1(PPh3)sCls to Auas(SG)is (SG = glutathione).®* This same principle can be applied for the
comparison of Aups(PET)s!" with HgAu24(PET)1gO, in which the extra s-shell electron in mercury
(relative to gold) effectively adjusts the overall cluster charge to zero while retaining the same
configuration of 1S?1P®.%

Although superatom theory is effective at describing certain phenomena, it is not always
sensible to view gold MPC:s strictly through this lens. Comparison to molecular/bulk systems and
the application of concepts from both have also helped to advance the field. MPC ligand exchange,
for example, is traditionally viewed as essentially analogous to the associative- and dissociative-
type reactions observed for small molecular complexes.”® Recent crystallographic evidence,
however, has also demonstrated the propensity for ligands to migrate across the surface en route
to a thermodynamically favorable exchange product.®” It is clear that the goal of complete
regiochemical control over the cluster surface and core can only be achieved through a
combination of various practical approaches and frameworks.

Accordingly, there are three main branches of contemporary gold MPC research: i) the
development of additional size-focusing methods; ii) establishing greater control over dynamic
surface chemistry; and iii) the production of alloy materials with electronic properties otherwise
inaccessible in the bulk state. Depending on the nature of the study, there is significant potential
for the simultaneous progression of more than one of these areas. Chapter 2 presents a size-

focusing method for a rhodium-gold MPC which exhibits unexpected stabilizing interactions. We
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determine that the concept of isoelectronic substitution is insufficient for describing gold MPCs
doped with open d-shell metals. The explanation we provide has since been verified for other
similar systems.®’

Chapter 3 focuses on the post-synthetic surface chemistry of both thiolate- and acetylide-
protected gold MPCs. Previous to our study, thiolate-for-acetylide exchange was considered
unfavorable based on bond dissociation energy arguments as well as previous observations of the
enhanced stability of acetylides versus thiolates on cluster surfaces. In contrast to this assertion we
observe that exchange is facile in both directions, which can be explained through net enthalpy
arguments. This essentially opens up a new basis for MPC ligand exchange that builds upon the
traditional associative/dissociative viewpoint.

Chapters 4 and 5 report new synthetic procedures for the production of highly
monodisperse gold MPCs through the use of multidentate ligands. In the first case, diglyme is used
as both co-solvent and ligand in the formation of a diglyme-thiolate gold MPC. The chelation and
apparent stacking of multiple diglyme on the surface significantly enhances the overall cluster
stability. In the second case, a series of alkyl- and aryl-dithiolates are screened for their size-
focusing ability. It is found that successful reactions have a tendency towards highly monodisperse
products, although the degree of mono- versus bi-dentate attachment appears to vary. These
dithiolate MPCs are also resistant to displacement by monothiolates, a promising feature that may
help reduce undesired intercluster exchange.

Chapter 6 outlines preliminary work done in the fledgling research area of applying Brust-
type methods to non-coinage metals. Compared to other active areas of cluster research, the critical
success of coinage metal MPCs generates an enticing and solid foundation with which to expand

to other chemical systems. This penultimate chapter therefore serves as a record of current
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successes and failures towards the development of simple, air-stable particle/cluster syntheses for
a selection of late- and post-transition metals. Lastly, chapter 7 offers both retrospective and

prospective remarks concerning the state of metal cluster chemistry.
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CHAPTER 2: OBSERVABLE BUT NOT ISOLABLE —
THE RhAu4(PET)s'* NANOCLUSTER"

2.1 Synopsis

The synthesis and characterization of RhAux4(PET)is (PET = 2-phenylethanethiol) is
described. The cluster is co-synthesized with Auzs(PET)s and rhodium thiolates in a co-reduction
of RhCl3, HAuCls, and PET. Rapid decomposition of RhAu24(PET)is occurs when purified from
the other reaction products, precluding the study of isolated cluster. Mixtures containing
RhAu24(PET)15, Auxs(PET)is, and rhodium thiolates were therefore characterized. Mass
spectrometry, X-ray Photoelectron Spectroscopy, and chromatography methods suggest a
combination of charge-charge and metallophilic interactions among Aus(PET)is", rhodium
thiolates and RhAu4(PET)is resulting in stabilization of RhAu24(PET)is. The charge of
RhAu24(PET)s is assigned as 1+ on the basis of its stoichiometric 1:1 presence with anionic
Auzs5(PET);s, and its stability is contextualized within the superatom electron counting rules. This
analysis concludes that the Rh atom absorbs one superatomic electron to close its d-shell, giving
RhAux4(PET);s!* a superatomic electron configuration of 1S?1P*. Overall, an updated framework
for rationalizing open d-shell heterometal dopant electronics in thiolated gold nanoclusters
emerges.
2.2 Introduction

Atomically precise thiolate-protected gold nanoclusters (NCs) have stimulated extensive
research interest due to their unique optical, magnetic, catalytic, and electrochemical properties.'”

* With a now vast library of thiolated gold NCs to draw from, the incorporation of heterometals

“The work presented herein is published in Small. Ian D. Anderson’s contributions include experimental design, data
gathering & interpretation, and preparation of the manuscript. Small 2021, 17, 2004078. © 2020 Wiley-VCH GmbH.
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into well-established clusters represents a new frontier. The reduced size of gold NCs significantly
alters their miscibility with heterometals compared to the bulk case, opening the path for novel
alloy materials.>!?

Heterometal doping of gold NCs is achieved through 3 general routes: i) addition of the
corresponding heterometal salt during the NC synthesis, known as co-reduction;'? ii) exchange
between a previously-synthesized NC and a complex or thiolate oligomer of the heterometal
through a redox-mediated process, known as anti-galvanic reaction (AGR);!* iii) exchange
between separately-synthesized NCs of gold and the heterometal, known as intercluster reaction
(ICR)." The accessibility of alloy gold NCs through these routes varies considerably as a function
of metal identity and can be rationalized by viewing these NCs as superatom complexes (vide
infra).'*1%? In brief, these NCs are considered to behave as a single unit analogous to an atom
whereby the valence electrons are delocalized throughout the metal core.

With the exception of iridium, all published reports of heterometallic thiolated gold NCs
involve late transition metals with closed d-shells.!” The effect of the interaction between partially-
filled heterometal d-orbitals and the gold s-orbitals on the stability of the resulting alloy NC is
largely unexplored experimentally. Theoretical calculations predict the manifestation of
interesting magnetic properties from these alloy clusters.?*! Previous efforts in our group have
demonstrated the difficulty associated with successful doping of gold NCs using open d-shell
heterometals.>

In this work, we describe the synthesis and attempted isolation of a rhodium-doped gold
NC. We chose Aups(PET)s as the starting cluster, given its particularly facile synthesis, high
stability, and ease of functionalization.?® To explore the role of ligand type, the recently-reported

acetylide-protected analogue of Aups was also tested.>* Through an exhaustive screening of
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conditions, a novel cluster assigned as RhAu24(PET)s was observed by mass spectrometry and X-
ray Photoelectron Spectroscopy. Our results establish the first empirical study on rhodium as a
dopant for thiolated gold NCs and highlight the intricacies associated with alloy clusters containing
a combination of closed/open d-shell metals.
2.3 Results and Discussion

RhAu24(PET)1s was synthesized through an adaptation of the previously reported co-
reduction conditions for PdAux4(PET);s.25 The crude synthetic product was assessed by Matrix-
Assisted Laser Desorption/Ionization (MALDI) mass spectrometry. Figure 2.1a shows that the
synthesis creates two dominant cluster products. The peak at 7396 m/z is assigned as Auxs(PET)1s
(expected mass= 7394 Da). The peak at 7302 m/z is separated from the Aus(PET)g parent peak
by 94 m/z, in excellent agreement with the mass difference between gold and rhodium (94 Da).
This peak is therefore assigned as RhAux4(PET)1s (expected mass= 7300 Da). Under all explored
conditions, RhAux4(PET) s forms concurrently with Auxs(PET)1s as well as a rhodium thiolate

species, herein Rh-PET.

(a) . (b) (c)
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Figure 2.1. Representative positive-ion MALDI mass spectra of (i) RhAux(PET)is and (ii)
Auzs(PET);s. (a) Synthesized using the [TOA][Br] co-reduction procedure. (b) Fraction from silica
column chromatography showing an enrichment in RhAu24(PET)is content. (c) Synthetic
enrichment obtained from the [TBA][PF¢] co-reduction procedure. * refers to a fragment/adduct
peak related to RhAux4(PET);s.
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We observed a lack of appreciable signal for RhAux4(PET)is and its related
fragments/adducts under negative ionization mode, and so report only the positive-ion MALDI
mass spectra. To validate the peak assigned as RhAu24(PET)1s, mass spectra were taken as varying
laser intensities (Appendix A, Figure Al). The product distribution does not change at different
intensities, suggesting that the peak assigned as RhAu24(PET)1s is not the result of a MALDI-
induced fragmentation/recombination process between Rh-PET and Auas(PET)is. Additional
peaks in the full mass spectrum are observed and are assigned as fragments and/or adducts of the
primary products (Appendix A, Figure A2). All fragment/adduct peaks were assigned as such on
the basis of exhibiting a laser power dependence on peak intensity relative to the parents. The
minor peak between the two parents at 7344 m/z is assigned as the Rhi(PET); adduct of the
fragment RhAu23(PET);s.

Silica gel column chromatography can enrich RhAu24(PET);s relative to other reaction
products (Figure 2.1b). The RhAu24(PET);s fraction from the silica gel column, however, co-
elutes from the column as a mixture with Auxs(PET)ig and Rh-PET. Iterative column runs suggest
that the limit of RhAux4(PET)is purity from this purification method is a 1:2 ratio of
RhAu24(PET)18: Auzs(PET)18, with Rh-PET also present (Appendix A, Figure A3).

Solvent extraction to purify RhAu24(PET)s was attempted. It is known, for instance, that
Aus(PET);5? is insoluble in acetonitrile, whereas the cationic and anionic species are soluble.
Sufficiently dry ethanol is also capable of charge-based extraction selectivity.?> The complete
solubility of RhAux4(PET)1s and Auzs(PET)1s in acetonitrile implies that both NCs exist as charged
species. In addition to acetonitrile, the crude product mixture showed solubility in common organic

solvents (toluene, dichloromethane, and tetrahydrofuran) as well as sufficiently dry ethanol.
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The passage of Au,s(PET);s through a silica column is known to oxidize Auys(PET);s! to
Auas(PET)15°.2 Thus, the combination of silica gel oxidation of Aus(PET);s followed by solvent
extraction should allow separation of RhAux4(PET) s from Auzs(PET)1s. However, we observed
that leading fractions from a silica column contained neutral Auzs(PET):s as indicated by MALDI-
MS and UV/Vis absorption measurements (Appendix A, Figure A4), followed by a mixture of
RhAu24(PET)18/Auzs(PET)18/Rh-PET, wherein the RhAu24(PET) s was relatively enriched up to
the 1:2 ratio of RhAu4(PET)5:Auzs(PET)s. The failure of silica gel chromatography to
completely separate RhAu24(PET)s from Auxs(PET)is is noteworthy, as such chromatographic
methods are established for separating NCs of the same nuclearity.?’-?

Combined, these observations suggest an ion-pairing between oppositely charged
Auzs(PET)1s!'" and RhAu4(PET)is™. Here, the ion-pairing of the 2 clusters appears to protect
Aus(PET)s!” from the usual oxidation in silica gel. The peak ratios suggest a net 2+ charge for
RhAw4(PET)s following silica gel column purification, assuming similar ionization potentials
between RhAux4(PET)1s and Auxs(PET)is. We propose, however, that RhAux4(PET)1s forms
synthetically in the 1+ charge state, which is presumably more stable on the basis of superatom
analysis (vide infra).'®*® The solvent extraction behavior of the enriched fraction remained
unchanged from the original mixture of RhAu24(PET)13, Aus(PET)s, and Rh-PET.

The finding that RhAu4(PET)s appears to require large (‘soft’) counteranions such as
Aups(PET)s!™ for its stability suggests the possibility of synthetic enrichment through the
introduction of an additional soft anion. This type of enrichment strategy is well-known for
thiolated gold clusters; [TOA]'* (TOA = tetraoctylammonium), for example, acts as a soft
stabilizing cation which enriches formation of Au.s(PET)is!".3° We find that the replacement of

[TOA][Br] with [TBA][PFs] (TBA = tetrabutylammonium) in the co-reduction procedure results

34



in significant enrichment/stabilization of RhAu24(PET);s within the product mixture (Figure 2.1c).
The RhAu24(PET)1s:Au2s(PET)1g peak ratio is 2:1, indicative of an increase in the preferential
formation of RhAux4(PET)13. The presence of [TBA][PFs] notably enhances the longevity of
RhAu24(PET) s within the reaction mixture. This enables a greater degree of size-focusing, to the
extent that exclusively RhAux(PET)is/Auxs(PET)1s/Rh-PET remain as products (Appendix A,
Figure AS).

Both [PFs]' and [BF4]'" are well-documented as bulky, weakly-coordinating anions for
cationic transition metal complexes and clusters.>!"*> We hypothesized that their inclusion would
aid in the stabilization of cationic RhAux4(PET):3. Figure A6 shows that a reaction performed with
[TBA][BF4] yields a similar enrichment in RhAu24(PET);s content as in the case of [TBA][PF¢].
On the other hand, synthesis in the presence of fluoride anions, which are small (‘hard’) and highly-
coordinating, fails to produce RhAu24(PET);s in observable quantities. Use of a larger soft anion,
such as dodecaborate, results in a drastic change in precursor speciation which fails to produce NC
products (see Appendix A, section 2). Figures A7-A8 offer further detail on the effect that changes
in precursor speciation has on the amount of RhAu24(PET)is produced. Combined, these
observations of soft anions stabilizing RhAu24(PET):g support its assignment as a cationic species,
in agreement with the observed enrichment from silica gel column chromatography. This charge-
state assignment has important implications regarding its superatomic stability.

Ion exchange resins are effective at separation of charged metal species, as well as larger
charged biomolecules.**=7 Assuming that RhAua4(PET)1s/Auzs(PET);s only interact as an ion pair,
resins with cationic templates should be able to selectively remove Auxs(PET)1s'"", leaving behind
RhAu,4(PET);s'* and Rh-PET. We observe no change in the RhAuz4(PET)1s/Auzs(PET)1s/Rh-PET

product mixture when exposed to cationically-templated resin in acetonitrile, for up to 24 hours of
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exposure (see Appendix A, section 1). The failure of ion exchange suggests an additional, stronger
interaction between RhAux(PET)is'* and Aups(PET);s'" beyond that of an ion pair. We
hypothesize that metallophilic interactions further stabilize the ion pair.

Metallophilic interactions are among the foundational aspects of metal cluster chemistry.*-
42 Reports cite metal-metal as well as metal-sulfur attraction between thiolated NC surfaces as an
explanation for the spontaneity of the ICR process.*!*** This behavior has also been observed in
monometallic gold/silver cluster dimers in the gas phase.***> Various supramolecular NC
assemblies have been described which also result from metallophilic interactions.*® Therefore, we
propose that the inclusion of [PFe]!" or [BF4]'" in the synthesis of RhAux4(PET)s does not result
in its exclusive formation due to additional stabilization afforded by metallophilic interactions
between RhAu24(PET)1s, Auz2s(PET)1s, and Rh-PET.

The purification of Rh-PET from RhAux4(PET)13/Auxs(PET)1s is achievable via selective
fractional precipitation from dichloromethane with acetonitrile. Addition of [TMA][CI] to an
acetonitrile solution of Rh-PET results in its precipitation following centrifugation (see Appendix
A, section 3). Sample degradation of the RhAux4(PET)13/Auxs(PET)1s/Rh-PET mixture is observed
when excess [C1]' is present, so [TMA][BH.4] was introduced in the co-reduction synthesis instead
of NaBH4,*” as detailed in Appendix A, section 1. It should be noted that the replacement of [Na]'*
with [TMA]'* does not significantly alter the solubility of RhAu24(PET)1s/Au2s(PET)s while Rh-
PET is still present. Complete removal of Rh-PET from the RhAu4(PET)18/Auzs(PET)1g mixture
was confirmed by the disappearance of its UV/Vis signature, a peak centered at 360 nm (Figure

2.2b).
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Figure 2.2. Stack plots showing the (a) change in MALDI mass spectral peak intensity of
RhAu4(PET)1s and Auxs(PET)is as Rh-PET is removed and (b) disappearance of signal
attributable to Rh-PET by UV/Visible absorption spectroscopy. Matching color spectra correspond
to the same sample. The final absorption spectrum (10:1, blue trace) shows features attributable
exclusively to Auzs(PET)is, in agreement with the mass spectrum.

The removal of Rh-PET complexes reveals that their presence stabilizes RhAu24(PET)s
against decomposition. Figure 2.2a shows that as iteratively more Rh-PET is removed by the
precipitation method described above, RhAu4(PET);s disappears through a route that we assign
as decomposition. RhAu24(PET):s is not found within the precipitate, which appears to contain
exclusively Rh-PET, as determined by mass spectrometry.

Re-addition of Rh-PET to the mixture containing RhAu24(PET);s and Auzs(PET);s fails to
regenerate RhAu24(PET)1s, making this apparent degradation/conversion irreversible. Combined,

these observations indicate that some stabilizing interaction exists between RhAu24(PET);3, Rh-

PET, and Aus(PET):g which if perturbed results in the degradation of RhAux4(PET):s. To the best
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of our knowledge this is the first example of this type of net interaction involving thiolate protected
metal clusters. We therefore propose that the RhAu24(PET)is/Au2s(PET)1s/Rh-PET product
mixture may be described as a supramolecular alloy system, stabilized primarily through a
combination of coulombic and metallophilic attraction. Interactions between PET ligands in
solution (m-m stacking) also likely play a stabilizing role.

For greater insight into this system, we performed a series of X-ray Photoelectron
Spectroscopy (XPS) experiments (Appendix A, Figures A10-A14). A high-resolution spectrum
within the rhodium 3d region reveals a pair of peaks for a sample containing RhAux4(PET)1s, Rh-
PET, and Auzs(PET):s (Figure 2.3). Curve fitting determines the two 3ds/ peaks to be centered at
308.6 eV and 306.7 eV. The former binding energy (308.6 eV) matches exactly with the 3ds.
binding energy assigned as belonging to Rh-PET, by comparison to XPS taken of Rh-PET alone
(Appendix A, Figure A12). The 306.7 eV binding energy is indicative of rhodium in a low
(metallic) oxidation state, as supported by previous XPS studies.**** The pair of peaks associated

with this lower binding energy are only observed when RhAu24(PET):sg is present.

308.6eV 306.7 eV

316 315 314 313 312 311 310 309 308 307 306 305 304
Binding Energy (eV)

Figure 2.3. High-resolution XPS spectrum (solid black trace) of the Rh 3d region for a sample
containing RhAu24(PET) s from the co-reduction [TBA][PF¢] synthesis. Fits for the 2 pairs of
peaks are assigned as belonging to RhAux4(PET)s (dotted red trace) and Rh-PET (dotted blue
trace).
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Previous XPS experiments on alloy gold NCs have demonstrated that heterometals (e.g.
Pd, Pt) generally exhibit metallic binding energies when located within the core of the Auzs(PET)1s
framework.'?°%52 It was recently shown by Fei and coworkers that the mercury within
HgAu4(PET)13 can exhibit metallic binding energies despite the dopant being located on the
icosahedral shell instead of the core.” This is a remarkable result which may also apply to the case
of RhAu24(PET)s. The core-doped assignment, however, is consistent with Density Functional
Theory based computational studies of RhAu24(SR)1s.%> Other simulated structural isomers (i.e.
shell- and staple-doped) exhibited a significant destabilization of the Rh d-shell, making them less
energetically favorable. Differences in the electronics between mercury and rhodium (closed vs
open d-shell) as well as size may change the preferred (lowest-energy) dopant position.!3>* A
crystal structure, which we were unable to obtain due to the inability to grow crystals from the
RhAu24(PET)18/Auzs(PET)18/Rh-PET mixture, could unequivocally determine the position of
rhodium within RhAu4(PET);s.

Superatom theory provides a framework for rationalizing the electronic stability of
thiolated Au NCs.? Details regarding the theory and its formulation can be found within section
5 of Appendix A. Very briefly, each Au atom is assumed to contribute one superatomic electron,
and each thiolate ligand is assumed to subtract one superatomic electron. Electronic shells close at
2, 8, 18, 34, etc. electrons, with Auas(SR)i1s'" corresponding to an 8-electron superatom. The
contributions of Rh and other open d-shell transition metals to the superatom electron count are
not yet established.

For PtM24(SR)18 (M = Au, Ag) NCs it was shown previously that Pt prefers to completely
fill its d-shell, changing from its typical ground-state configuration of [Xe]4f'*5d%6s! to

[Xe]4f145d196s°.5%55 Rhodium has a ground-state electron configuration of [Kr]4d35s!. One
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possibility, therefore, is that Rh may subtract one electron from the superatomic electron cloud, in
order to close its d-shell (from [Kr]4d®5s° to [Kr]4d'%5s%). This would give Rh a formal charge of
-1, which is a previously described oxidation state.**+

If the RhAux4(PET) s superatom is synthetically produced as an ‘initial’ superatomic
configuration of 1S%1P’ (superatom isoelectronic with neutral Auas(PET);s) then the donation of a
superatomic electron to the Rh center would result in an overall 1S*1P* configuration. From these
considerations a full formula of RhAux(PET);s'* is assigned, consistent with our other
observations. This filling of the Rh d-shell by a superatomic electron is shown schematically in

Figure 2.4. Notably, the 1S?1P* configuration makes RhAu24(SR)1s'* superatom isoelectronic with

Auzs(SR)1s'*, PdAu4(SR) 15, and PtAuz(SR)5%.7%346

UL A e

1521 p4

Figure 2.4. Electron energy diagram of RhAu4(SR)is!* depicting the interaction between the
atomic rhodium d-shell and the superatomic 1P electrons; the 1S orbital has been left out for clarity
(d orbital degeneracy assumed).

This model of superatomic electron donation to the d-shell of Rh is consistent with our
observations, as well as a very recent report by Hirai and coworkers on non-thiolate M@ Aui>
superatoms (M = Au, P, Ir, Rh).>’ Through electrochemical analysis their report concludes that

group 9 dopants (e.g. Ir, Rh) possess a formal charge of -1, concomitant with subtraction of a single

electron from the superatomic electron count.
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The most stable theoretical isomer (i.e. the largest calculated HOMO-LUMO gap) for
RhAu4(SR)1s assumes superatomic shells as completely filled, maintaining a 1S21P%
configuration (superatom isoelectronic with anionic Auzs(PET)1s) and giving an overall charge of
3-.33 This would give Rh an electron configuration of [Kr]4d!°5s! and therefore a formal charge of
-2. At this time we find no empirical evidence to support the experimental stability of
RhAu4(PET);s"", as this anionic species should be easily separable from anionic Auxs(PET);s.

The excess of BH4™ present in the synthesis represents excess electrons and should enable
complete filling of all stable superatomic electron shells. If the title cluster initially forms with an
overall negative charge, it could be rapidly oxidized by ambient atmosphere similar to
PdAuz4(PET) 5.2 Future mechanistic studies should shed light on these potential transformation
pathways. Given the robust stability of Auas(PET)is'" (and comparative instability of
Aus(PET)s!), we postulate that a combination of coulombic (charge-charge) and metallophilic
interactions with Auzs(PET);s! stabilizes the 1+ form of RhAuxs(PET);s, therefore making it the
most favorable charge state.

The finding that RhAu24(PET)s degrades as Rh-PET is removed implies a similar (albeit
seemingly weaker) mode of metallophilic stabilization. We propose that the Rh™' of Rh-PET is
interacting with the Au' surface of RhAux(PET)s. The propensity for Rh-PET to form adducts
with RhAux4(PET) s fragments within the MALDI-MS flight chamber is in support of this claim.
This surface interaction appears key to the overall stability of RhAu24(PET);s, although details
such as the precise location and extent of surface coverage are currently unknown.>*%°

The enhancing effect of [PFs]!" can be rationalized by comparing the size of [PF¢]!" with
Auys(PET);s; the smaller hexafluorophosphate anion should be able to more easily approach the

surface of RhAu24(PET)is in the presence of substantial Rh-PET. However, complete removal of
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Auys(PET);s from the system is not achievable, suggesting the persistence of these two NCs pairs,
enforced by metallophilic interactions.®! Over the course of our study, we did not observe a species
by mass spectrometry that would match with a combined adduct of RhAu24(PET)s, Rh-PET, and
Auzs(PET)is. The persistence of Rh-PET in the system, however, may have stymied our efforts to
grow single-crystals.

The existing binary phase data for the bulk Au-Rh system strongly suggests that the two
metals have large positive enthalpies of mixing, rendering them highly immiscible.®* This is
similar to the case of Au and Pt; two metals immiscible in the bulk which have been proven
miscible on the nanoscale (e.g. PtAu24(SR)1g). Several reports exist of large Au-Rh nanoparticles
(NPs), wherein the degree of mixing appears to vary as a function of Au:Rh ratio, preparation
method, and whether the NP is surface-immobilized or unbound in solution.’*%® However, these
large NPs lack the precise monodispersity and known surface structure of smaller NCs.

Femoni and coworkers recently reported a carbonyl-protected Au/Rh NC of formula
Rhi6Aus(CO)36™, obtained through a mixture of Rh7(CO)i¢> and Au(IIl) halides.®® Its crystal
structure provides evidence of direct and substantial Au-Rh bonding at a nuclearity near that of
Auys(PET);s. In terms of stability, the difference between carbonyl and thiolate ligands (electron-
donating vs electron-withdrawing) renders further comparison tenuous. Smaller nuclearity alloy
clusters (less than a dozen metal atoms) containing multiple Au-Rh bonds have been known for
some time, but these also involve non-thiolate ligands.”®"!

Bhat and coworkers recently reported Ir3Au22(SR)ig as the sole product resulting from the
ICR between Aus(SR)is and Iro(SR)s.!””> While the crystal structure remains to be solved, a
combination of experimental data and theoretical calculations determined that the most stable

isomer of Ir3Au22(SR)ig places Irs3 in a triangular arrangement. No singly doped IrAu24(SR)is
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species were observed, suggesting that the Ir-Ir bonds within Ir; may play a significant role in
stabilizing this open-d alloy Au NC. It is not obvious how the electron configuration of Ir
([Xe]4f'*5d76s%) may change upon incorporation as a dopant, although the recent work by Hirai
and coworkers suggests it behaves similarly to Rh.%” Current theoretical work gives the most stable
isomer of IrAux4(SR)1s as a negatively charged (3-) species.’® Empirically, however, Ir3Au22(SR)is
is of neutral charge. Based on the available data from Bhat’s study and ours, it appears that
isoelectronic substitution of the Auys(PET);s'” superatom is insufficient for describing the stability
of thiolated open-d dopants to Au NCs.

If possible, post-synthetic doping of Auzs(PET):s with rhodium via ICR or AGR would be
ideal. Both doping methods have been well reported within the literature to be facile processes that
can yield monodisperse alloy products.”>! In the case of ICR, there are no reported cases of an
atomically precise thiolated rhodium NC to our knowledge. Previous reports on AGR with
Auys(PET)s have not involved rhodium thiolates within the study scope. Through our study, we
have determined that general rhodium thiolates (in addition to Rh-PET) can be synthesized under
a variety of conditions (Appendix A, section 3). Rhodium thiolates are highly inert and resistant
to further reduction, inhibiting transformation into a metallic thiolated NC.

This non-reactivity is reminiscent of the recently characterized crown-like [Pd(PET)2]a
species (n = 4-20), which are known to form as significant side products in the co-reduction
synthesis of PdAuxs(PET);s.°*32-83 For Rh-PET, efforts in our lab to crystallize or otherwise purify
into individual Rhx(PET)m species have proved fruitless. These rhodium thiolates were used as a
rhodium doping source for both thiolate- and acetylide-protected AusLis (Appendix A, Figures

A15-A16). We observed a complete lack of post-synthetic exchangeability of Rh-PET with
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AuzsLig, in agreement with its robust chemical inertness as well as previous AGR studies on
similar Pt and Pd thiolates.!®
2.4 Conclusion

In summary, we present a detailed study of rhodium as a dopant for Auzs(SR);s through all
known methods. This is the first report of a thodium-doped thiolated gold NC, RhAu4(PET);s'* .
The overall positive (14) charge on this new NC can be rationalized by viewing the rthodium as
subtracting one superatomic electron to fill its d-shell, giving an overall 1S?1P* configuration. The
existence of a stabilizing interaction between RhAu24(PET)1s, Rh-PET, and Auxs(PET)is is
unprecedented and suggests additional factors dictating alloy miscibility. We expect that our study
will provide insight into alloy-forming reactions on the nanoscale, and will serve as a valuable

resource for all future work on thiolated alloy gold NCs involving open d-shell heterometals.
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CHAPTER 3: ACETYLIDE-FOR-THIOLATE AND
THIOLATE-FOR-ACETYLIDE EXCHANGE ON GOLD NANOCLUSTERS'

3.1 Synopsis

Acetylide-protected gold nanoclusters represent a recently described class of nanocluster
compounds that are computationally predicted to be more stable than well-studied thiolate-
protected clusters. Ligand exchange of thiolates-for-acetylides on these clusters as well as the
reverse reaction are so-far unknown. Such reactions can inform a practical understanding of
stability and other differences between thiolate- and acetylide-protected gold clusters. Here it is
shown that acetylide-for-thiolate ligand exchange is facile when using either a lithium
phenylacetylide or a gold(I)-phenylacetylide complex as incoming ligand to thiolate-protected
gold clusters, whereas the reaction fails when using phenylacetylene. Both partial and full
exchange are possible, as is the reverse reaction. While the overall reaction resembles ligand
exchange, it may be better described as a metathesis reaction. Notably, while the simple thiolate-
for-acetylide exchange reaction is enthalpically unfavorable, metathesis reactions between these
ligands are enthalpically favorable. Intercluster exchange is also observed between thiolate-
protected and acetylide-protected clusters.
3.2 Introduction

Soluble inorganic nanoclusters and nanoparticles are typically stabilized or
protected by a passivating ligand shell. Ligand exchange is a fundamental reaction of such
systems, and the interaction strength of ligand with metal can underlie and/or define

kinetics, thermodynamics, and regiochemistry of ligand exchange. Because the ligand shell

"The work presented herein is published in Nanoscale. Ian D. Anderson’s contributions include experimental design,
data gathering & interpretation, and preparation of the manuscript. Nanoscale 2020, 12, 6239-6242. © 2020 Royal
Society of Chemistry.
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determines nanocluster or nanoparticle solubility, stability and reactivity, ligand exchange
reactions can enable functionalization of metal clusters/nanoparticles for their use in
bioimaging, catalysis, theranostics, and sensing applications.' Thiolate-protected gold
nanoclusters have received substantial interest over the past two decades due to their ease
of synthesis and overall stability.>” Recent work has highlighted the propensity for rapid
exchange of metal atoms and/or ligands between dissolved thiolate-protected coinage metal
clusters.® Furthermore, thiolate-protected clusters are unstable to oxidative conditions.’
Whereas thiolate-protected gold clusters represent a now very well-defined class of
atomically precise inorganic nanoparticles, gold nanoclusters ligated with organometallic
ligands such as acetylides and N-heterocyclic carbenes have emerged only recently as
alternatives that may present improved stability and/or catalytic properties.'%!? Acetylides
in particular attract interest as robust ligands for protecting gold nanoclusters. Such clusters
are suggested as more stable than the widely studied thiolate-protected clusters, with
calculations suggesting that acetylide-gold bonds are stronger by 6 to 52 kcal/mol than
thiolate-gold bonds.!*"!> Acetylide-coated gold surfaces show more consistent conductance
measurements, are less susceptible to oxidation, and maintain similar packing densities
compared to thiolate-coated surfaces.!® Furthermore, higher catalytic conversion
efficiencies have been reported when using acetylide ligands on a gold nanocluster, and the
ability for acetylides to adopt different binding motifs on cluster surfaces can potentially
produce new properties in previously studied clusters.!%!”
Synthesis of acetylide-protected clusters proceeds most often by reduction of Au(l)-

acetylide complexes.'32° Only two examples of post-synthetic acetylide exchange on gold

nanoparticles are so-far reported: Tsukuda and co-workers demonstrated that N-
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vinylpyrrolidone-protected clusters undergo exchange with free phenylacetylene to afford
a series of homoleptic phenylacetylide-protected clusters, and Konishi later showed
acetylide-for-chloride exchange by using free phenylacetylene in the presence of a base.?!??
Examples of acetylide-for-thiolate exchange reactions and/or the reverse reaction are so-
far unreported.

Herein, we reveal acetylide-for-thiolate and thiolate-for-acetylide exchange on gold
nanoclusters for the first time. We provide insight into the nature of exchange by observing success
or failure of exchange with different acetylide derivatives and/or reaction conditions (Figure 3.1).

Overall, we find that forward exchange, reverse exchange, and interparticle ligand exchange are

all facile reactions provided incoming ligands are suitable.
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Figure 3.1. Current reaction scheme.
3.3 Results and Discussion

The most straightforward reaction attempted — exchange between thiolate-protected
clusters (e.g. Auzs(SR)1s in our studies) and soluble phenylacetylene — resulted in no reaction. The
reaction failed in all tested incoming ligand concentrations (up to a 100-fold molar excess of
phenylacetylene), temperatures (up to 60 °C attempted), and in the presence of an exogenous base
(Appendix B, Figures B2-BS). However, when phenylacetylene is introduced as a gold(I) or
lithium phenylacetylide complex, exchange is successful in mild conditions. Figure 3.2 shows
MALDI-MS spectra of phenylacetylide (PA) for phenylethanethiolate (PET) exchange after 30

minutes when gold(I)-phenylacetylide is added in 1 or 10 equivalents to solutions containing
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Auzs(PET);s. The distribution of exchange products increases with time and eventually results in
a Gaussian-like distribution commonly observed in partial exchange reactions (Appendix B,
Figure B6).2 To determine the extent of exchange that can be obtained, we reacted 100 equivalents
of gold(I)-acetylide with Auzs(PET);g for 18 hours. While MALDI-MS shows a large distribution
of products, we observe a peak at m/z 6744.34, corresponding closely to the calculated mass of

6744.47 for Auxs(PA)1s (Appendix B, Figure B7).
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Figure 3.2. Positive ion MALDI mass spectra of the resulting Au2s(PET)13.x(PA)x from reacting
Auys(PET)1s with 1 and 10 equivalents of gold(I)-phenylacetylide.

This suggests an exchange-based synthetic route to a recently reported homoleptic
acetylide-protected gold cluster, Auzs(CCAr)13, which was synthesized by reduction of gold(I)-
acetylide precursors.!” We have not attempted isolation of this specific compound at this time due
to the apparent large number of competing exchange products.

Our results differ somewhat from a recent report by Wang where addition of a gold(I)-
phenylacetylide derivative to bis-phosphine-protected Aug(BINAP)4 resulted not in exchange but
in addition of the gold(I)-phenylacetylide complex to the cluster.?® Differences in the nature of

the initial ligand layer (i.e.-monodentate ligands v. bidentate ligands, phosphines v. thiolates)
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between the clusters in the current reaction and the cluster in the reported reaction may account
for this difference in reactivity. We observe that lithium phenylacetylide, like gold(I)-
phenylacetylide, can ligand-exchange onto Auxs(PET)is. Exchange of lithium phenylacetylide
onto Auzs(PET)1s in mild conditions is shown in Figure B8 of Appendix B.

Notably, only the acetylide and thiolate ligands exchange in this case as no masses
corresponding to lithium-for-gold exchange were observed. Since gold(I)-acetylide and lithium(])-
acetylide bond strengths are expected to be similar (and small), the success of lithium(I)-acetylide
exchange suggests that both Li* and Au®™ may be spectators in the exchange reaction and not active
participants. Overall, this implies an important mechanistic insight — that the overall exchange is
a metathesis reaction — which we describe below.

We also examined the reverse reaction, specifically the exchange of thiolates onto

Auy5(CCAr)18, where CCAr = 3,5-bis(trifluoromethyl)phenylacetylide (Figure 3.3).

Algs(CCAryg — = AU5(CCAN15(PET),

30 min.

Auys(CCAr)g

T T T T T T T T
8700 8800 8900 9000 9100 9200 9300 9400

m/z

Figure 3.3. Negative ion MALDI mass spectra of the reaction between Au2s(CCAr)ig and 1
equivalent of PET. The peak labelled O corresponds to the parent peak of Auas(CCAr)is, while
those labelled 1-3 correspond to the value x in the formula Auxs(CCAr)15x(PET)x. The average
distance between said peaks is m/z 100.03 (calc. CCAr-PET = 99.9). Smaller peaks correspond to
fluorine adducts of the adjacent peak.
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The crystal structure of Auzs(CCAr)is has been recently reported as the acetylide-protected
analogue to Auzs(SR)1s.2” Synthetic details can be found in Appendix B.

MALDI-MS reveals exchange after simple mixing of thiols at room temperature with the
Auzs(CCAr)ig cluster, even at a short time scale. This result contrasts a previous report by Zheng
and co-workers where addition of free thiol to the Au24Ag20(2-SPy)4(PA)20Cl2 cluster results only
in thiolate-for-halide exchange and not in thiolate-for-acetylide exchange.?* The difference
between these results and the results reported herein may be attributed to differences in metal
doping (single metal versus mixed), ligand identities (homoleptic versus mixed ligand layers,
aliphatic thiolate versus aromatic thiolate), or acetylide binding motifs (p2 versus p3).

Recent works by Pradeep and Biirgi have demonstrated that thiolate-protected gold clusters
readily undergo intercluster exchange of ligands.* As such, we attempted to determine if
intercluster exchange occurs between thiolate- and acetylide-protected clusters. Multiple
intercluster ligand exchange products derived from Auxs(PET)is and Aus(PA)ss are observed
within five minutes of mixing, indicating that thiolate-for-acetylide intercluster exchange is a

similarly facile process like thiolate-for-thiolate intercluster exchange (Figure 3.4).

Augg(PA)2g Augg(PA)28.x(PET)x
——
Augs(PET)qg Augs(PET)1g.x(PA)x

A) B)
3 2 1 0 0o 1 2

7200 7300 7400 7500 11000 11100 11200 11300
miz miz

Figure 3.4. Positive ion MALDI mass spectra of the product clusters A) Auzs(PET)isx(PA)x and
B) Auss(PA)23x(PET)x after mixing Auoxs(PET)1s with Au44(PA)2g for 5 minutes, where x is equal
to the number of ligands exchanged.
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Combined, the failure of phenylacetylene-for-thiolate exchange with the success of
thiolate-for-acetylide, lithium phenylacetylide-for-thiolate and gold(I)-phenylacetylide-for-
thiolate exchanges suggest that the net exchange reaction may be described as a metathesis reaction
involving cluster, thiolate, acetylide, and hydrogen when present. Three versions of this metathesis

reaction are shown in Figure 3.5.
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Figure 3.5. Balanced reactions and net change in bond energies for exchange reactions with
terminal alkynes, terminal acetylides, and thiols.

Net bond enthalpies for each metathesis reaction can help rationalize observed reaction
successes and failures. Given that reported bond energies suggest that the carbon-hydrogen bond
in an alkyne is 46 kcal/mol stronger than the sulfur-hydrogen bond and that previous computational
results suggest the gold cluster-alkynyl bond is 6-20 kcal/mol stronger than the gold-thiolate bond,
the enthalpic favorability of the overall metathesis reaction accounting for thiol-for-acetylide
exchange is between -26 and -40 kcal/mol.'>1%2° The reverse reaction of phenylacetylene

exchanging onto thiolate-protected clusters would be enthalpically unfavorable by the same value



(i.e. between +26 and +40 kcal/mol) and thus should not occur). The predicted favorability for
these reactions matches with our experimental results.

The bond enthalpies of lithium-acetylide and gold(I)-acetylide are presently unknown. As
such, we are unable to estimate the enthalpies of the overall metathesis reactions involving gold(I)-
phenylacetylide and lithium phenylacetylide. However, the success of the metathesis reaction with
thiolate-protected clusters when these are used as incoming ligands suggests that the differences
between lithium-acetylide/lithium-sulfur and gold(I)-acetylide/gold(I)-sulfur bonds are much
smaller than the enthalpy difference between hydrogen-alkyne/hydrogen-sulfur bonds.

3.4 Conclusion

We report herein the apparent criteria for successful incorporation of acetylides into
thiolate-protected clusters. The present work suggests that acetylide-protected clusters are more
susceptible to exchange with thiolates than previously assumed and/or computationally predicted,
and that intercluster exchange of thiolate-for-acetylide ligands is also spontaneous at room
temperature. These results may be rationalized by considering reactions as metathesis reactions

rather than traditional cluster ligand exchange reactions.
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CHAPTER 4: ENHANCED SURFACE STABILIZATION OF Auzo(SR)15
THROUGH DIGLYME COORDINATION*

4.1 Synopsis

We report the synthesis of Auxo cluster monomers protected by a combination of thiolates
and diglyme (yield: 40%). A combination of NMR spectroscopy, mass spectrometry, IR
spectroscopy, optical absorption spectroscopy and thermal analysis shows the empirical molecular
formula of the compound as [Au2o(PET)i5(DG)2]-4[DG] (PET = phenylethanethiol, DG =
diglyme). This cluster exhibits enhanced thermal stability compared to an all-thiolate analogue,
Auz0(PET)16. We also observe evidence for a stacking motif between surface-bound and excess
diglyme surrounding the cluster. Notably, this cluster is resistant to dimerization/polymerization
unlike previously reported metal-thiolate-glyme assemblies.
4.2 Introduction

Atomically-precise thiolate passivated gold nanoclusters represent a sub-set of metal
cluster chemistry subject to intense contemporary research.! The ease of handling these species
relative to other metal clusters enables downstream applications that depend on their robustness.
Most work on thiolate protected gold nanoclusters follows the facile Brust-Schiffrin synthesis and
related derivatives.> The strength of the gold-sulfur bond (~40 kcal/mol) combined with the
flexibility of gold® has successfully enabled a wide array of cluster nuclearities ranging from a few
dozen to hundreds of gold atoms.*!!

In addition to thiolates, a wide range of ligands such as phosphines, N-heterocyclic

carbenes (NHCs), acetylides, and halides are also used to ligate gold clusters.'>"!* Since the ligand

* The work presented herein is a collaboration between the C. J. Ackerson and C. M. Aikens labs which has been
submitted to Nanoscale and is pending further peer review. Ian D. Anderson’s contributions include experimental
design, data gathering & interpretation, and preparation of the manuscript. Computations were done by Y. Wang.
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shell imparts solubility, stability and reactivity, the introduction of non-thiolate ligands in
traditional syntheses can unlock products with properties inaccessible with thiolate ligands
alone.'®!® Regiochemical control within the ligand shell is also of interest for catalysis, optics,
magnetic data storage, bioimaging, theranostics, and sensing applications.!*! In particular,
studies employing bidentate ligands (e.g. NHCs, diphosphines, dithiolates) have demonstrated a
number of advantageous properties such as enhanced optical response, surface rigidity, and self-
assembly into larger nanoscale materials.?>’

Coordinating solvents are well known for their ability to direct syntheses and
transformations, sometimes to surprising effect.”®3* Glycol ethers, more commonly referred to as
glymes, are a class of coordinating solvents comprised of saturated non-cyclic polyethers.*3
Glymes typically share a myriad of properties® which make them attractive for both research and
commercial settings. There remains significant untapped potential in the use of coordinating
solvents towards development of simpler formation pathways for mono-functional clusters, which
are commonly used in biolabeling.?” Recent works by Wilson and Owen have demonstrated the
size-focusing ability of glymes when applied in the synthesis of lead chalcogenide
nanocrystals.*®3° Incorporation of glymes into the final products were not reported in these cases,
however.

Our group has investigated the role of glymes in the synthesis, assembly, and optical
properties of gold nanoclusters. We previously found that when diglyme is used as a synthetic co-

solvent, it both acts as a size-focusing facilitator and is incorporated as a ligand in the resulting

products. In the case of Auxo(PET)15(DG)1, we previously reported a dynamic equilibrium between

$ Glymes have miscibility with both water and various organic solvents; a wide liquid range (> 200 °C); low viscosity;
high chemical/thermal stability; relatively low vapor pressure and low toxicity (versus common organic solvents).
Cleaning products, inks, adhesives, coatings, batteries, and pharmaceutical formulations are among some of the many
products for which glymes have already seen use in.
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this cluster monomer and its dimer Auxo(PET)5-DG-Auxo(PET);5.4° A modified Brust-Schiffrin
synthesis in a mixture of diglyme/tetrahydrofuran produced this unique cluster, whose
dimerization was mediated by the weak gold-oxygen (~2 kcal/mol) interactions between the cluster
surfaces and DG. The dimer dissociation constant was determined to be 20.4 uM. Subsequent
femtosecond transient absorption spectroscopic measurements of this dimer revealed distance-
dependent intercluster electronic coupling.*! Increasing the n-glyme length (n = di, tri, tetra)
resulted in smaller time constants for electronic relaxation, indicative of stabilization of the dimer-
specific excited states.

Our group also synthesized a water-soluble cluster Auxs(p-MBA)17(DG)1 (p-MBA = para-
mercaptobenzoic acid), which exhibited diglyme-gold interactions strong enough to resist ligand
exchange by incoming thiolates.** Unlike Auao(PET);5(DG)1, there was no evidence for cluster
dimers or larger diglyme-connected structures. This was attributed to the enhanced pi-pi stacking
ability of PET versus p-MBA, as well as steric hindrance and charge repulsion from the carboxylic
acid groups on the latter.

The surprisingly robust interaction of DG to gold in Auzs(p-MBA)17(DG): evokes other
recent findings within citrate-capped gold colloid chemistry. Detailed surface characterization of
large (~40 nm) gold colloids by Park and Shumaker-Parry revealed that instead of a monolayer,
citrates stack as chains which result in a ligand network strong enough to resist displacement by
thiolates. Shumaker-Parry concludes that a ligand exchange reaction previously considered
spontaneous due to the large difference in gold-sulfur and gold-oxygen bond energies is, in fact,
substantially incomplete on citrate passivated gold nanoparticles.***

Here we report on a new heteroleptic diglyme-thiolate Auyo cluster monomer, discovered

through testing the synthetic conditions of the Auzo dimer-monomer system. Characterization
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reveals diglyme-gold and diglyme-thiolate interactions to be more robust than expected based on
simple bond dissociation energy arguments. Interestingly, this cluster exhibits a similar degree of
resistance to dimerization/polymerization as Auzs(p-MBA)17(DG)1, despite use of the PET ligand.
A comparative analysis to previous synthetic studies as well as Park and Shumaker-Parry’s
findings provides insight into the formation requirements and stability origin of this new class of
atomically-precise gold nanoclusters.
4.3 Results and Discussion

Figure 4.1 shows the MALDI-MS spectrum of the obtained synthetic product. Full details
regarding the synthesis can be found within Appendix C. In comparison to our previous dimer-
monomer synthesis involving Au2o(PET)5(DG)1, the major difference is that in this current work
reduction with NaBHy is initiated before dilution with a gross excess of diglyme. The parent peak
at 6266 m/z is in excellent agreement with the formula Au2o(PET)15(DG): (calculated mass: 6266.2
Da). The inset of Figure 4.1 shows possible alternative assignments, as well as expected fragments.
None of the observed fragments can be associated with the loss of units containing diglyme. This
is in notable contrast to the Auxo(PET)15(DG)1 monomer-dimer system, wherein the single diglyme

is bound too weakly to remain bound to the intact cluster under MALDI conditions.*

i) Formula Mass (Da) | Observed?
AuolPET)y 5997.9 X
Auy(PET)5(0G), 6132.0 X

T prrT

Au(PET) 4(DG), 6400.4
Auy(PET)5(DG), 6534.6

X
X

ii) Fragment Mass A (Da) | Observed?

- AU (PET), 5932.0 v

- AU(PET), 5597.8 v
-DG 6132.0 X

- Auy(DG), 5935.1 X

T T T T T T T T T T
6200 6210 6220 6230 6240 6250 6260 6270 6280 6290
m/z

Figure 4.1. Positive ion MALDI mass spectrum of the Auzo synthetic product, with its parent peak
indicated by the green dashed line. Inset table 1) lists alternative formulae close in mass to the best
match (highlighted in green). Inset table ii) lists potential fragments of primary interest. The label
* refers to a combination fragment/adduct peak related to Auxo(PET)15(DG)o.
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NMR spectroscopy is a powerful analytical tool for clusters in providing evidence of purity,
structure, dynamic surface interactions, and magnetism at high spectral resolution.* " Figure 4.2
shows the '"H NMR spectrum of the cluster sample versus that of unbound PET and DG. The
broadening of peaks is characteristic of ligands closely associated with a gold cluster surface. This

suggests a ligation-type interaction for both PET and DG.%

<) W

8.0 7.5 7.0 6.5 4.5 4.0 3.5 3.0 2.5

Chemica Shit (ppm)
Figure 4.2. 'H NMR spectra of a) free PET, b) free DG, and c) the Auyo synthetic product in
CD,ClI» with peak assignments for clarity. Peaks labelled with * appear to correspond with diglyme
but cannot be unambiguously assigned.

The cluster preparation was washed extensively with excess methanol, which is expected
to remove diglyme acting as solvent (e.g., not directly interacting with the cluster). Despite this,
peak magnitudes for DG are similar to those for the ethylene linker of PET. Furthermore, the
ethylene linker protons are shifted downfield by approximately 0.3 ppm from the chemical shift
observed for a comparable fully-thiolated gold cluster, Auxs(PET)1s (Appendix C, Figure C1). We
attribute this de-shielding effect to the surface-bound DG causing a lowering of the overall electron

density on the ethylene linker through the shared gold surface. Intriguingly, the PET phenyl ring

protons remain in the same relative position as those on the surface of Au2s(PET)is. Combined,
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these data suggest that the ligated DG is interacting more closely with the ethylene linker than the
phenyl ring.

Because the cluster product fails to crystallize (facilitating total structure determination),
we computationally modelled several possible structures of a Auo(SCH3)1sDG model system.
Multiple isomers of the cationic Auz0(SCH3)15DG system were optimized and the lowest energy
structure is shown in Figure 4.3. Overall, the diglyme displays a crown-like structure bound to the

surface of the gold cluster.

Figure 4.3. The fully optimized BP86/TZP structure for Auzo(SCH3)1sDG*. Atoms 117 and 118
are the two hydrogen atoms with the most upfield and most downfield chemical shifts, respectively.
Hydrogen atom 111 is the hydrogen atom which is connected to the same carbon atom as atom
118. Gold = gold, carbon = gray, sulfur = yellow, oxygen =red and hydrogen = white. Coordinates
provided in Appendix C.

Table 4.1 displays the 'H NMR shielding calculations performed for all hydrogen atoms
within the diglyme molecule. Interaction with the Auxo(SCH3)1s cluster increases the chemical
shifts of several hydrogen atoms in the diglyme molecule. We observe that hydrogen atom 117 has
the most upfield chemical shift at 3.79 ppm; this atom is oriented away from the gold nanocluster.

Hydrogen atom 118 has the highest chemical shift, which is very downfield (6.81 ppm); this

hydrogen atom is oriented towards the Au atoms. Hydrogen atom 111 is connected to the same
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carbon atom as hydrogen atom 118, but this atom is not oriented towards the gold core. Atom 111
has a calculated chemical shift of 4.43 ppm. Therefore, unlike pure diglyme (Appendix C, Table
C1), the chemical shift is not dominated by the proximity to neighbouring oxygen and carbon
atoms; these atoms do not dominate the chemical shifts nearly as much as the proximity to the Au
atoms.

Table 4.1. Calculated 'H NMR chemical shifts for the hydrogen atoms of diglyme in
Auzo(SCH3)15DG.

hydrogen atom chemical shifts (ppm])
105 .06
106 3.93
107 495
108 411
105 4.97
110 3.92
111 4.43
112 4.02
113 3.88
114 5.55
115 4,43
116 4,10
117 3.79
118 6.81

Figure 4.4 shows the 'H-'H COSY NMR spectrum of the cluster. We observe no
interaction between the phenyl ring protons of PET and the DG protons. However, we observe
strong correlation between the PET ethylene linker and DG protons. This suggests that the DG

ligands are in a closer vicinity to the ethylene linker than the phenyl ring.
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Figure 4.4. '"H-'H COSY spectrum of the Auzo synthetic product in CD2Cl,. Off-diagonal signal
is indicative of spin-spin coupling between different ligand environments.
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Due to the dynamic behaviour of cluster ligand layers in solution,>'~>3

we would expect
some observable degree of spin-spin coupling between DG and the phenyl ring if DG were ligated
in a monodentate fashion. A multidentate arrangement would enhance the overall strength of the
gold-diglyme interaction, and the chelating ability of DG and other glymes is well documented.?$*

Based on the high signal strength of the DG protons relative to the PET protons from NMR
analysis, we hypothesized that more than two diglyme molecules were present per formula unit.
In order to test this hypothesis, we performed Thermal Gravimetric Analysis (TGA) on the cluster
monomer in dry powdered form. Figure 4.5 shows the TGA curve of the powdered cluster.
Differential thermal analysis revealed the precise onset of the two weight loss events (Appendix
C, Figure C2). The final weight % is representative of the proportion of the cluster consisting of
gold. Conversely, the total weight % loss should match closely with the proportion consisting of
the ligands. Assuming a cluster of formula Auxo(PET)15(DG). the ligand loss is equivalent to
37.1%, which is significantly different from the observed total loss of 45.8%. Furthermore, this

formula does not account for the initial weight loss event of 8%.

100 frmm—

8.0 % (0.163 mg)

90 A
80 +

100 156°c 37.8% (0.767 mg)
70 A g5
90 138 °C
60 4 85

130 140 150 160 170

Weight (%)

50

25 50 75 100 125 150 175 200 225 250 275 300 325 350
Temperature (°C)

Figure 4.5. TGA curve of powdered [Au2o(PET)15(DG)2]-4[DG]. Inset provides a clearer view of
the onset temperatures for the two weight loss events.

A significantly better match to the TGA data is obtained by considering the full formula:

[Au20(PET)15(DG)2]-4[DG] (calculated mass: 6803 Da). We propose that this ‘excess’ diglyme is
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not directly bound to the gold surface and is therefore easier to remove. The loss of 4 DG molecules
is equivalent to a 7.8% loss and the subsequent loss of (PET)15(DG): is equivalent to 34.2% (total
= 42%). It is possible that this ‘excess’ diglyme is unevenly distributed within the powdered
sample, which could help explain the discrepancy between observed and calculated weight loss
values.

The onset of decomposition for the all-thiolate Au2o(PET)i6 cluster under comparable
thermal conditions is at approximately 125 °C.>* This is considerably lower than
[Au20(PET)15(DG)2]-4[DG], whose inner ligand shell does not desorb until approximately 156 °C.
Similarly, Auxo(PET)i5-DG-Au20(PET)15 does not begin to shed its ligand shell until
approximately 150 °C.*’ It is therefore evident from both our previous and current work that the
coordination of diglyme to thiolate-protected gold nanoclusters results in a significant
enhancement of surface stability. The calculated binding energies between Auxo(SCH3)15* and the
first diglyme is around 147 kJ/mol (Appendix C, Table C2), which is consistent with the
experimental observation for the strong diglyme-gold interaction.

The linear absorption spectrum of [Au2o(PET)i5(DG)2]-4[DG] is comprised of a single
broad peak centered at 512 nm (Appendix C, Figure C3). This is less complex than the absorption
spectra of Auxo(PET)16and Auxo(PET)15-DG-Auzo(PET);s, but is similar to Auzo(PET)15(DG);.40>*
Based on the presence of multiple diglyme per formula unit and their novel arrangement, we expect
electron relaxation dynamics unique from that of the single-diglyme monomer.

Solution-phase FT-IR analysis of the cluster shows a lack of vibrations in the region of
2000-1750 cm™ (Appendix C, Figure C4). This set of vibrations is observable within the dimer

Aux0(PET)15-DG-Aux0(PET);5, arising from strong ligand-layer vibrational coupling between the
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two Auzo monomer units.*’ We find no compelling evidence for such interactions within this new
cluster, therefore establishing it as a purely monomeric species.

[Au20(PET)15(DG)2]-4[DG] can be repeatedly dried and re-suspended up to three times
without any indication of decomposition. The low vapor pressure and wide liquid range of diglyme
appears to help facilitate this degradative resistance. Furthermore, the solution-phase shelf life is
remarkable, with no significant decomposition following storage in chloroform at 0 °C for up to
18 months. To test whether [Au2o(PET)15(DG)2]-4[DG] is capable of hierarchical assembly, we
performed a series of heating experiments. Highly-concentrated chloroform solutions of the cluster
monomer were set in water baths ranging from 30-60 °C and allowed to equilibrate at each
temperature for up to one hour; additional experiments involving a gross excess of diglyme were
also conducted (Appendix C, Figure CS). Overall, we observed no change in the absorption profile
of [Aux0(PET)15(DG)2]-4[DG] over the course of these experiments, demonstrating that it is highly
resistant to dimerization/polymerization.

Modification of the reducing agent addition step is known to greatly influence the product
distribution in Brust-type gold nanocluster syntheses.’>>° It is also well-known that clusters only
begin to form once a significant electron reservoir (i.e. the reducing agent) is introduced. The
synthetic conditions to obtain [Auxo(PET)15(DG)2]-4[DG] are nearly identical to that for the dimer-
monomer system, with the exception of this step.

As mentioned previously, the dimer-monomer synthesis introduces the reducing agent after
diluting the reaction solution with a gross excess of diglyme (523.7 eq relative to HAuCls- 3H,0).%
Our modified synthesis reverses the order, instead adding the reducing agent prior to the dilution
step. Cluster formation therefore begins with a significantly lower diglyme content: 87.3 eq for

[Au20(PET)15(DG).]-4[DG] versus 611 eq in the case of the dimer-monomer system. Notably,
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Aus(p-MBA)17(DG); also formed using a lower diglyme content (74.2 eq).*> Combined, our
results indicate that modification of the diglyme content directly influences the final cluster
product identity.

It is interesting that gold-thiolate nanocluster syntheses have a propensity for incorporation
of glymes within the final products, unlike in the case of lead chalcogenide nanocrystals where
they appear to only control the size.*”*® We posit that the different predominant formation
pathways for lead chalcogenide nanocrystals (nucleation and growth) and gold-thiolate
nanoclusters (etching) play a significant role in this difference of outcome. Further mechanistic
studies in both of these areas need to be performed in order to fully appreciate the directing role of
glymes in synthesis.

Even at the minimum laser intensity, the high energy conditions of MALDI-MS are more
than sufficient to ablate weakly-interacting ligands from the surfaces of gold nanoclusters.*>’ It
is remarkable that two molecules of diglyme are strongly bound enough to remain on the intact
cluster. The only other example of such a phenomenon to date is from our own report on Au2s(p-
MBA);7(DG)1.*? In addition, the diglyme-diglyme interactions of [Auxo(PET);5(DG).]-4[DG] are
notably stronger than the gold-sulfur interactions of the all-thiolate analogue within a thermal
decomposition context (desorption at 138 °C versus 125 °C).>*

As Park and Shumaker-Parry’s studies initially revealed, oxygen-containing coordinating
ligands can exhibit remarkably strong surface chemistry due to inter-ligand stacking networks.*>*
In the case of citrates, one of the prominent intermolecular forces was identified as van der Waal

attractions between neighbouring chains via proximal CH> moieties. Our work extends this unique

surface chemistry to atomically-precise clusters with glymes.
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The strong hydrogen-bond acceptor ability of diglyme is well-documented.>® Attraction
between CH, moieties within PET and diglyme is evident from our '"H-'H NMR spectral data.
Furthermore, the difference in formulation between mass spectrometry and TGA suggests that at
least two configurations of diglyme with significantly different binding strengths are at play. Our
current working hypothesis is that the ‘excess’ 4[DG] is stacked in a similar fashion to what is
observed in Park and Shumaker-Parry’s citrate-capped colloids. Based on the observed lack of
correlation with the PET phenyl ring, the specific diglyme stacking arrangement must be ‘buried’
alongside the ethylene linkers of PET. To our knowledge, this is the first example of such a
protecting motif in gold nanoclusters. Assuming an even distribution between the two directly
surface-bound diglyme, [Au2(PET)5(DG)2]-4[DG] should therefore have two groups of three-
diglyme long stacks.

Thus far, [Au20(PET)15(DG)2]-4[DG] has proven resistant to hierarchical assembly. This
may be due to suboptimal positioning of the outermost diglyme, although the presence of a gross
excess of diglyme in our thermal activation study should be able to serve as ‘bridges’ between
adjacent clusters.*® We posit that the strength of the diglyme-diglyme interaction decreases the
further it gets from the cluster surface, eventually reaching a point of diminishing returns which
make longer diglyme stacks energetically unfavourable.

One open question which remains is the precise orientation of both the inner DG ligands
and the outer excess DG. We have some insight from theory as well as the 'H and 'H-'H spectra
with regard to the former, but this has yet to be unambiguously confirmed through crystallography.
Simulated structures of gas-phase bare Auxg as well as empirical data on phosphine-protected Auzo

arrange all gold atoms within a highly stable tetrahedral structure (i.e. all gold is exposed to the
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surface).’% If true, this would create a scenario wherein up to five gold atoms are not directly
coordinated to one of the 15 thiolate ligands, freeing them up for potential chelation with glymes.
4.4 Conclusion

The use of coordinating cosolvents such as glymes in Brust-type syntheses is relatively
unexplored, and represents a handle for modification of cluster surface chemistry. It is likely that
through careful tuning of reaction conditions, a series of diglyme-ligated gold nanoclusters can be
produced. Whether all nuclearities would have enhanced surface stability remains a point of
conjecture, as the curvature of the cluster surface necessarily plays a significant role in the
orientation of diglyme. For [Auxo(PET)15(DG)2]-4[DG], post-synthetic modification studies on
traditional ligand exchange and intercluster metal/ligand exchange are of immediate interest. If the
ligated DG exhibit resistance to exchange by incoming thiolates, a 100% diglyme-protected gold
nanocluster may be completely shielded from intercluster exchange (typically a facile process).

We anticipate that excited state absorption measurements of this cluster monomer will
provide a detailed view of its electronic energy landscape, which may help to explain its resistance
to hierarchical assembly. X-ray absorption experiments could offer more insight into the various
coordination environments unique to this cluster, if a crystal structure is not forthcoming. The
strong stabilizing effect of diglyme, in addition to the myriad existing research and commercial
applications of glymes, makes heteroleptic clusters such as [Auxo(PET)i5(DG):]-4[DG]

exceptional models with which to probe glyme-cluster interactions with atomic precision.
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CHAPTER 5: SYNTHETIC BASIS FOR ATOMICALLY PRECISE DITHIOLATE
PROTECTED GOLD NANOCLUSTERS WITH SOME STRUCTURAL INSIGHTS

5.1 Synopsis

The fundamental chemistry of soluble metal particles is deeply influenced by the ligand
shell. A majority of atomic-level knowledge in this area is owed to monothiolate protected gold
nanoclusters (NCs). Access to additional coordination modes beyond monodentate is essential to
the further development of nanoscience but has proved elusive. We herein present a practical
approach for the synthesis of homoleptic dithiolate protected gold NCs. In a screen of 14
commercially available ligands, seven were found to produce stable NCs as observed by mass
spectrometry and linear absorbance spectroscopy. Reaction successes and failures are attributed to
differences in overall ligand rigidity and the relative proximity of sulfur headgroups. Some NCs
exhibit spontaneous assembly into hierarchical structures. Lastly, we demonstrate a resistance of
dithiolate NCs against exchange with 2-Phenylethanethiol (PET) under both free ligand and
intercluster exchange conditions. Rapid metal exchange between clusters is still found to occur,
however.
5.2 Introduction

Monolayer protected transition metal nanoclusters (NCs) are a fascinating class of
materials consisting of discrete collections of metal atoms stabilized by a ligand shell.!® Their
unique size between small molecular complexes and larger colloidal particles grants them a
combination of properties reminiscent of both regimes.** The task of studying metal NC chemistry
was substantially eased by the advent of the Brust-Schiffrin synthesis for thiolate protected gold
clusters and colloids.® These species of comparatively high stability (relative to other NCs) are

formed under ambient conditions and can be handled in a manner similar to small molecules.”*
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Gold-thiolate NCs, therefore, have attracted considerable interest for a wide variety of
contemporary research objectives. Among these is included the structure and dynamics of the
ligand-metal interface, which plays a central role in determining solubility and assembly
properties.” 1

While much progress has been made with respect to this research aim, the overall stability
of monolayer protected gold NCs could be improved in some contexts. Intercluster metal/ligand
exchange was recently identified as a spontaneous process, even between clusters of the same
metal as evidenced through isotopic labelling.'*"'® Different thiolate ligand conformations exhibit
low barriers to stereoisomerization,'” and there is compelling crystallographic evidence for the
migration of ligands over time.?*?? Several downstream applications, in particular those related to

biological systems,?* %’

rely on clusters operating as truly distinct species. The identification of a
ligand set capable of hindering or entirely resisting such processes is of immediate concern.
Previous work by several groups have recognized the potential of dithiolate ligands to
suppress displacement. The chelate effect provides enhanced surface stabilization, resulting in
more controlled packing density on self-assembled monolayers (SAMs) and a resistance against
ligand exchange on colloidal particles.?®* Post-synthetic partial ligand exchange studies on gold
NCs demonstrate a similar degree of enhancement, as well as stabilization against
stereoisomerization in the case of chiral dithiolates.**** Depending on the mode of attachment,
certain ligands can induce hierarchical assembly through covalent linkages between individual
clusters or colloids.*™*

The majority of post-synthetic and synthetic studies thus far, however, have been limited

to incomplete heteroleptic protecting modes involving a combination of dithiolates with
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monothiolates or phosphines.>> Existing synthetic pathways produce large/polydisperse colloids
or involve custom-made ligands that offer minimal insight into the general formation process.>’ 7*

Herein we report our findings on the establishment of a straightforward methodology for
the production of fully dithiolate protected gold NCs. All of the candidate ligands are commercially
available and share certain structural similarities in order to obtain a more nuanced understanding
of which features appear to encourage NC formation. Furthermore, we observe new surface

chemical behavior in alignment with both resistance against exchange and a tendency towards

hierarchical assembly.

5.3 Results and Discussion

NCs were synthesized using a modification of the conditions for the single phase Brust-
Schiffrin procedure.”” Complete details can be found in Appendix D. Briefly, gold (IIT) chloride
trihydrate was co-dissolved in tetrahydrofuran with tetraoctylammonium (TOA) bromide. The
candidate dithiolate was subsequently added and allowed to mix overnight in order to form highly
monodisperse gold-dithiolate oligomers.”® Following this, a freshly prepared aqueous solution of
sodium borohydride was added to induce reduction to metallic NC species which were allowed to
react for a full 24 hours.

Figure 5.1 outlines which of the candidate ligands were successful in producing stable
NCs. To our knowledge, eight of these 14 candidate ligands have been applied in previous studies.
These include the five basic alkane dithiols as well as 4, 6, and 11.3%3%°666 With the exception of
6 and 11, prior to this work these were strictly examined within the context of post-synthetic
treatments. It is therefore particularly interesting that only half of these previously used ligands are
found to produce stable fully dithiolate protected NCs (1, 2, 4, and 6) under the explored conditions.

The subtraction or addition of a single methylene group between 1 and 12 (or 2 and 14) yielded
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significantly different results. Too long or short of a linker length between sulfhydryl groups
produces irreversibly cross-linked agglomerates of clusters/particles. For the alkane dithiols we

attribute this to the variable binding modes possible for such conformationally flexible ligands.*

Cluster-Forming Ligands

1 2 3 SH 4 SH
HS\/\/\SH HS A~ ~SH ©:SH -
Cl
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SH
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Cl
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8 9 10 1" SH
SH
HS\/\SH HS\/\O/\/SH ©::SH Q/
SH

12 13 14
HS AU SH  HS g SH HS A~~~y

Figure 5.1. Reaction outcome versus ligand type (success = blue, failure = red).

Both 9 and 13 produced insoluble agglomerates, despite only differing from 2 by
substitution of the central methylene group with either an oxygen or sulfur atom. These atom types
can interact more strongly with gold surfaces (relative to methylene), which may result in a
preference for low-curvature colloids.”””® Alternatively, the reduced dispersive force may inhibit
interactions with solvent or other ligands, rendering cluster formation entropically unfavorable.
The majority of cluster-forming ligands contain aromatic rings (3-7), which are well-documented
in gold NC chemistry for their stabilizing ability.”®! Ligands 3-5 share the same number of carbon
centers between sulfhydryl groups as 8. We attribute two main contributing factors to the observed
difference in outcome: the presence of favorable n-m interactions and the steric hindrance provided
by the phenyl group.

A comparison between 6 and 10 offers further insight on the influence of steric hindrance.

Additional methyl groups on 6 result in a wider cluster cone angle, thereby restricting the possible
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number of inter-ligand configurations.®> The ineffectiveness of 10 is likely due to cross-linking
interactions made possible through the absence of methyl groups. Both 1 and 6 contain four carbon
centers between sulfhydryl groups, although the latter conformationally restrains each group to be
considerably closer. Ligands 7 and 2 exhibit a similar spacing relationship but with a greater
overall sulfthydryl separation than the previous comparison, given the meta positioning of the
methanethiol groups.

The identity and distribution of successful reactions were assessed by matrix-assisted laser
desorption/ionization (MALDI) mass spectrometry. Figure 5.2 shows that ligand 1 produces three
general cluster nuclearities. Despite a high degree of fragmentation, each bracketed region matches
well with the calculated masses for Auzs5(C4sHsgS2)9 (6006 Da), Auss(CsHgS2)14 (10.35 kDa), and
Aui30(CsHsgS2)25 (28.61 kDa). The Gaussian-like peak distribution is a common feature amongst
all dithiolate NC products in this study, which persists even at minimal laser fluence. Based on
relative peak intensities and the measured absorption profile (vide infra), we find the nuclearity
Aups to be the major product for 1. Further in-depth fragment analysis, including that of 2-7, can

be found in Appendix D (Figures D1-D7).

Au,
5 % " «
1 Basic Binding Modes of 1
Aug, Auy3,
.
T T T T T T
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m/z

Figure 5.2. Negative-ion MALDI mass spectrum of 1. Inset: three possible binding modes on the
Aups structure.
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The conformational flexibility of alkane dithiols such as 1 and 2 presents a number of
potential binding modes. This ranges from simple monodentate (Figure 5.2a), intra-staple
bidentate (Figure 5.2b), to inter-staple bidentate (Figure 5.2¢). The latter binding mode may
involve one or two alkane dithiol molecules, depending on the number of methylene linkers. The
theoretical basis of inter- versus intra-staple binding was established in a previous study by Jupally
and coworkers involving post-synthetic alkane dithiolate-for-monothiolate exchange.** Optimized
computational models of Auzs(C4HsS2)9” found that bidentate inter-staple binding is more
energetically favorable by 18 kcal/mol versus intra-staple.

Having observed up to six exchanges experimentally (i.e. 12 of the 18 possible sites),
Jupally and coworkers proposed that binding occurred between the middle site of one RS-Au-SR-
Au-SR unit and one terminal site of a neighboring staple (i.e. middle-terminal coupling). In terms
of the complete alkane dithiolate coverage observed in our study, the three specific modes of
middle-terminal, middle-middle, and terminal-terminal coupling cannot be unambiguously
discounted without a crystal structure. The reversible assembly of samples of 1 and 2 into
amorphous superclusters (Appendix D, Figure D8) is suggestive of dangling or otherwise labile
sulthydryl groups which can act as covalent cross-linkers between individual NCs. We therefore
posit that a combination of different binding modes exist for these two alkane dithiolate ligands.

Table 5.1 describes the product distribution for ligands 1-7. In light of these synthetic
outcomes, it is clear that this set of conditions favors certain cluster nuclearities over others (e.g.
Auzs, Ausg, and Auss). The relationship between ligand identity and cluster surface is similar to
that of a lock and key.®*> We therefore propose that ligands 8-14 may prove effective in the future,
given the appropriate conditions. The presence of TOA bromide produces a size-focusing effect in

gold NC syntheses, which generally favors AussLis as a major product for monothiolates.* ¢ This
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can help explain the preponderance of this nuclearity across the successful set of ligands. Other

parameters such as duration of the gold-ligand precursor formation step also serve important roles

in product identity and dispersity.”®

Table 5.1. NC products for successful ligands, as observed by mass spectrometry.

Ligand Observed Peak Range Matching General Formula Mass Range
Entry (m/z) Formula (Da)
1 4.044-6,760 Aus(Dy (x = 9-15) 6,006-6,728
8,325-12,050 Aug(1)x (x = 14-28) 10,350-12,033
28,500-31,620 Auysp(1)x (x = 25-50) 28,612-31,618
2 3.397-6,960 As(2)c (X = 9-15) 6,132-6,938
3 10,030-14,900 Aus(3)x (x = 16-32) 12,486-14,730
4 5.000-9,900 Aus(4)s (x =9-18) 6.312-7,701
Ausg(4)x (x = 12-16) 9.336-9,953
5 29.875-29,960 Au14Sx(5)6 (x = 0-3) 29,861-29,957
6 4,470-8,460 As(6)« (X = 9-18) 6,691-8,458
8.660-10,720 Ausg(6)x (x = 12-16) 9,841-10,626
10,930-12,170 Aug(6)x (x = 14-18) 11,415-12,200
7 4,690-7,450 Aus(7)x (x = 9-15) 6.439-7,448
7,600-10,120 Auzg(7)x (x = 12-15) 9,504-10,009

10,300-14,000

Aug(7)x (x = 14-28)

11,022-13,379

To better understand the reaction pathway, we performed a series of variations of the
synthesis with 1 (see Appendix D). We find that stable NC products fail to form when TOA
bromide is not included. Moreover, shortening the gold-ligand precursor step from 15 hours to 30
minutes leads to a similar result. We note that a majority of previous synthetic studies included
TOA bromide or some other size-focusing agent.”’"* The major difference from these studies and
our own is the duration of the gold-ligand precursor step, which were typically on the order of
several minutes to half an hour. Our findings indicate that dithiols are especially sensitive to this
step in gold NC synthesis.

Figure 5.3 shows a comparison between the linear absorption profiles of 1, 2, and 6. The
preponderance of Aups within these samples is readily apparent based on their high similarity to
the absorption profile of crystal-pure Auxs(PET)is (PET = 2-phenylethanethiol) as seen in

Appendix D, Figure D9. The greater relative amount of other nuclearities present in 6 results in
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overall diminished peak intensities due to broad overlap of features from different molecular NC
species. 1 and 2 are nearly indistinguishable, aside from slight differences in peak center for the
feature attributable to the HOMO-LUMO transition (near 650-750 nm). From this analysis it
appears that the electronic structure of Auzs remains relatively unchanged when conformationally

flexible alkane dithiols are used, in agreement with previous observations from partial exchange.*

Absorbance (arb.)

350 400 450 500 550 600 650 700 750

Wavelength (nm)

Figure 5.3. UV/Visible absorption spectra for 1 (black trace), 2 (blue trace), and 6 (red trace) in
dichloromethane.

Absorption profiles of the remaining ligand entries can be found in Appendix D (Figures
D10-D13). Most noteworthy is that of 3, which both produces a highly monodisperse NC product
and apparently significantly alters its electronic structure. Previously the monothiolate Aus2(SR)32
was exclusively accessible through post-synthetic etching of a polydisperse mixture of
Aux(TBBT)y (TBBT = 4—tert—butylbenzenethiol).87 The feature attributable to the HOMO-LUMO
transition is considerably blueshifted, from 800-850 nm to 600-650 nm.*¥ This may indicate a
complete reordering of the cluster shape to accommodate restrictive S-Au-S angles imposed by
the proximity of the sulfhydryl groups.

Furthermore, 3 is found to spontaneously form dendritic crystalline material in large
patterned networks (Appendix D, Figures D14-D15). Work is ongoing within our lab to obtain

high-quality single crystals for X-ray diffraction studies. Although 5 also forms a similar material
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(Appendix D, Figure D16), 4 thus far does not exhibit this ability. We posit that whatever aromatic
interactions responsible for such ordering are disrupted by the presence of the methyl group on 4.
It is interesting that the two chlorides on S do not interfere in this manner, possibly due to the much
larger cluster formed by 5 (versus 4) possessing a less curved surface which can better
accommodate the functional groups.®*! The relatively greater degree of monodispersity found in
3 and S may also help explain their comparative ease of crystallization.

We performed a series of preliminary exchange reactions involving mixing both free PET
and Auxs(PET)s with the dithiolate protected NCs (see Appendix D). Figure 5.4 shows that no
incorporation of dithiolates into Auys(PET)s is observed over a period of 24 hours when mixed

with NC samples of 1-7.

Auy(PET),g
unreacted

7200 7250 7300 7350 7400 7450 7500
m/z

Figure 5.4. Positive-ion MALDI mass spectra resulting from Au2s(PET)s samples being mixed
with NCs of 1-7 for 24 hours at room temperature in dichloromethane.

Further analysis of these samples after storage at 4 °C for one week produces the same
result (Appendix D, Figure D17). This is in contrast to previous reports of free dithiols rapidly

34-44

exchanging with monothiolate protected gold NCs, suggesting that bound dithiolates are
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considerably less reactive in this regard. We observe a similar lack of exchange between free PET
and NCs of 1-7 (Appendix D, Figures D18-D24).

We also tested the reactivity of 1-7 towards metal exchange, through mixture of each
dithiolate NC sample with Ags(DFTP)39 (DFTP = 3.,4-difluorothiophenol). Unlike in the above
cases for monothiolate ligands, we observe a rapid and extensive exchange of gold atoms into
Agas(DFTP)30 as evidenced by the shift of its corresponding peak envelope to higher m/z ratios
(Appendix D, Figures D25-D31). Recent kinetics studies on intercluster metal exchange have
proposed that the process occurs through a transient dimer which briefly connects the cores of the
two NCs.!8 This introduces the possibility that two incompatible ligand shells (e.g. mono- and di-
thiolate) may still exchange metal atoms if portions of the NC core are solvent-exposed. It is also
possible that the greater electron-withdrawing nature of the DFTP ligands (versus PET) renders
exchange more likely.

To this end, there is a considerable body of evidence regarding the interplay between
structural rigidity, sterics, and the propensity for exchange between clusters.!* 13924 The observed
resistance towards ligand exchange and proclivity towards metal exchange in our study underpins
the complex nature of structure-reactivity relationships found in atomically precise NCs. We
propose that further investigation of multidentate ligands, including those with three or more
potential coordination sites, may provide the means necessary to completely shut down all
intercluster exchange processes.

5.4 Conclusion
In summary, we identify a general synthetic route to fully dithiolate protected gold NCs
and establish a rationale for reaction successes and failures. We determine the importance of both

TOA bromide and the gold-ligand precursor step in forming cluster products. There is a clear
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preference for certain linker lengths and sulthydryl group proximities, which we envision can be
altered based on the exact reaction environment. These new NCs exhibit a strong resistance to
monothiolate ligand exchange, yet remain susceptible to metal exchange. Furthermore, amorphous
or dendritic crystalline assemblies are observed for some of the cluster samples. Overall, we offer

a new experimental basis for studying the surface chemistry of gold NCs.

98



REFERENCES

Aiken, J. D.; Finke, R. G. A Review of Modern Transition-Metal Nanoclusters: Their
Synthesis, Characterization, and Applications in Catalysis. J. Mol. Catal. A-Chem. 1999,
145 (1), 1-44.

Hogarth, G.; E. Kabir, S.; Nordlander, E. Cluster Chemistry in the Noughties: New
Developments and Their Relationship to Nanoparticles. Dalton Trans. 2010, 39 (27), 6153—
6174.

Ciabatti, I.; Femoni, C.; lapalucci, M. C.; Ruggieri, S.; Zacchini, S. The Role of Gold in
Transition Metal Carbonyl Clusters. Coord. Chem. Rev. 2018, 355, 27-38.

Chevrier, D. M.; Raich, L.; Rovira, C.; Das, A.; Luo, Z.; Yao, Q.; Chatt, A.; Xie, J.; Jin, R.;
Akola, J.; Zhang, P. Molecular-Scale Ligand Effects in Small Gold—Thiolate Nanoclusters.
J. Am. Chem. Soc. 2018, 140 (45), 15430-15436.

Liu, Z.; Li, Y.; Shin, W.; Jin, R. Observation of Core Phonon in Electron—Phonon Coupling
in Auzs Nanoclusters. J. Phys. Chem. Lett. 2021, 1690—1695.

Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R. Synthesis of Thiol-
Derivatised Gold Nanoparticles in a Two-Phase Liquid—Liquid System. J. Chem. Soc.,
Chem. Commun. 1994, 0 (7), 801-802.

Bethell, D.; Brust, M.; Schiffrin, D. J.; Kiely, C. From Monolayers to Nanostructured
Materials: An Organic Chemist’s View of Self-Assembly. J. Electroanal. Chem. 1996, 409
(1), 137-143.

Jin, R.; Zeng, C.; Zhou, M.; Chen, Y. Atomically Precise Colloidal Metal Nanoclusters and

Nanoparticles: Fundamentals and Opportunities. Chem. Rev. 2016, 116 (18), 10346—-10413.

99



10.

11.

12.

13.

14.

15.

16.

Salassa, G.; Sels, A.; Mancin, F.; Biirgi, T. Dynamic Nature of Thiolate Monolayer in
Auzs(SR)18 Nanoclusters. ACS Nano 2017, 11 (12), 12609—-12614.

Salorinne, K.; Malola, S.; Wong, O. A.; Rithner, C. D.; Chen, X.; Ackerson, C. J.; Hékkinen,
H. Conformation and Dynamics of the Ligand Shell of a Water-Soluble Auio> Nanoparticle.
Nat. Commun. 2016, 7, 10401.

Wang, Z.-Y.; Wang, M.-Q.; Li, Y.-L.; Luo, P.; Jia, T.-T.; Huang, R.-W.; Zang, S.-Q.; Mak,
T. C. W. Atomically Precise Site-Specific Tailoring and Directional Assembly of
Superatomic Silver Nanoclusters. J. Am. Chem. Soc. 2018, 140 (3), 1069-1076.

Cao, Y.; Fung, V.; Yao, Q.; Chen, T.; Zang, S.; Jiang, D.; Xie, J. Control of Single-Ligand
Chemistry on Thiolated Auzs Nanoclusters. Nat. Commun. 2020, 11 (1), 5498.

Sharma, S.; Yamazoe, S.; Ono, T.; Kurashige, W.; Niihori, Y.; Nobusada, K.; Tsukuda, T.;
Negishi, Y. Tuning the Electronic Structure of Thiolate-Protected 25-Atom Clusters by Co-
Substitution with Metals Having Different Preferential Sites. Dalton Trans. 2016, 45 (45),
18064—-18068.

Krishnadas, K. R.; Ghosh, A.; Baksi, A.; Chakraborty, 1.; Natarajan, G.; Pradeep, T.
Intercluster Reactions between Auzs(SR)i1s and Agss(SR)30. J. Am. Chem. Soc. 2016, 138
(1), 140-148.

Krishnadas, K. R.; Baksi, A.; Ghosh, A.; Natarajan, G.; Pradeep, T. Manifestation of
Geometric and Electronic Shell Structures of Metal Clusters in Intercluster Reactions. ACS
Nano 2017, 11 (6), 6015-6023.

Krishnadas, K. R.; Ghosh, D.; Ghosh, A.; Natarajan, G.; Pradeep, T. Structure—Reactivity
Correlations in Metal Atom Substitutions of Monolayer-Protected Noble Metal Alloy

Clusters. J. Phys. Chem. C 2017, 121 (41), 23224-23232.

100



17.

18.

19.

20.

21.

22.

23.

24.

Chakraborty, P.; Nag, A.; Natarajan, G.; Bandyopadhyay, N.; Paramasivam, G.; Panwar, M.
K.; Chakrabarti, J.; Pradeep, T. Rapid Isotopic Exchange in Nanoparticles. Science
Advances 2019, 5 (1), eaau7555.

Neumaier, M.; Baksi, A.; Weis, P.; Schneider, E. K.; Chakraborty, P.; Hahn, H.; Pradeep,
T.; Kappes, M. M. Kinetics of Intercluster Reactions between Atomically Precise Noble
Metal Clusters [Ag2s(DMBT)ig]” and [Auxs(PET)8]” in Room Temperature Solutions. J.
Am. Chem. Soc. 2021, 143 (18), 6969-6980.

Knoppe, S.; Dolamic, I.; Biirgi, T. Racemization of a Chiral Nanoparticle Evidences the
Flexibility of the Gold—Thiolate Interface. J. Am. Chem. Soc. 2012, 134 (31), 13114-13120.
Carney, R. P.; DeVries, G. A.; Dubois, C.; Kim, H.; Kim, J. Y.; Singh, C.; Ghorai, P. K.;
Tracy, J. B.; Stiles, R. L.; Murray, R. W.; Glotzer, S. C.; Stellacci, F. Size Limitations for
the Formation of Ordered Striped Nanoparticles. J. Am. Chem. Soc. 2008, 130 (3), 798—799.
Boal, A. K.; Rotello, V. M. Radial Control of Recognition and Redox Processes with
Multivalent Nanoparticle Hosts. J. Am. Chem. Soc. 2002, 124 (18), 5019-5024.

Hosier, C. A.; Ackerson, C. J. Regiochemistry of Thiolate for Selenolate Ligand Exchange
on Gold Clusters. J. Am. Chem. Soc. 2019, 141 (1), 309-314.

Lee, J. W.; Choi, S.-R.; Heo, J. H. Simultaneous Stabilization and Functionalization of Gold
Nanoparticles via Biomolecule Conjugation: Progress and Perspectives. ACS Appl. Mater.
Interfaces 2021, 13 (36), 42311-42328.

Song, X.; Zhu, W.; Ge, X.; Li, R.; Li, S.; Chen, X.; Song, J.; Xie, J.; Chen, X.; Yang, H. A
New Class of NIR-II Gold Nanoclusters Based Protein Biolabels for In Vivo Tumor-

Targeted Imaging. Angew. Chem. Int. Ed. 2021, 60 (3), 1306-1312.

101



25.

26.

27.

28.

29.

30.

31.

32.

Krpetié, Z.; Nativo, P.; Porta, F.; Brust, M. A Multidentate Peptide for Stabilization and
Facile Bioconjugation of Gold Nanoparticles. Bioconjugate Chem. 2009, 20 (3), 619-624.
Duchesne, L.; Wells, G.; Fernig, D. G.; Harris, S. A.; Lévy, R. Supramolecular Domains in
Mixed Peptide Self-Assembled Monolayers on Gold Nanoparticles. ChemBioChem 2008, 9
(13), 2127-2134.

Heinecke, C. L.; Ackerson, C. J. Preparation of Gold Nanocluster Bioconjugates for
Electron Microscopy. In Nanoimaging: Methods and Protocols; Sousa, A. A., Kruhlak, M.
J., Eds.; Methods in Molecular Biology; Humana Press: Totowa, NJ, 2013; pp 293-311.
Rieley, H.; Kendall, G. K.; Zemicael, F. W.; Smith, T. L.; Yang, S. X-Ray Studies of Self-
Assembled Monolayers on Coinage Metals. 1. Alignment and Photooxidation in 1,8-
Octanedithiol and 1-Octanethiol on Au. Langmuir 1998, 14 (18), 5147-5153.

Park, J.-S.; Vo, A. N.; Barriet, D.; Shon, Y.-S.; Lee, T. R. Systematic Control of the Packing
Density of Self-Assembled Monolayers Using Bidentate and Tridentate Chelating
Alkanethiols. Langmuir 2005, 21 (7), 2902-2911.

Park, C. S.; Lee, H. J.; Jamison, A. C.; Lee, T. R. Robust Maleimide-Functionalized Gold
Surfaces and Nanoparticles Generated Using Custom-Designed Bidentate Adsorbates.
Langmuir 2016, 32 (29), 7306-7315.

Inkpen, M. S.; Liu, Z.-F.; Li, H.; Campos, L. M.; Neaton, J. B.; Venkataraman, L. Non-
Chemisorbed Gold—Sulfur Binding Prevails in Self-Assembled Monolayers. Nat. Chem.
2019, 71 (4), 351-358.

Sakunkaewkasem, S.; Gonzalez, M. A.; Marquez, M. D.; Lee, T. R. Olefin-Bridged
Bidentate Adsorbates for Generating Self-Assembled Monolayers on Gold. Langmuir 2020,

36 (36), 10699-10707.

102



33.

34.

35.

36.

37.

38.

39.

40.

Celik, U.; Lee, H. J.; Keel, T.; Swartz, L. A.; Van Zijll, M.; Chalker, C. J.; Lee, T. R.; Liu,
G. Molecular Level Structural Characterization of Self-Assembled Monolayers of
Functionalized Bidentate Aromatic Thiols. J. Phys. Chem. C 2021, 125 (43), 24162-24169.
Chen, S. Self-Assembling of Monolayer-Protected Gold Nanoparticles. J. Phys. Chem. B
2000, 7104 (4), 663-667.

Joo, S. W.; Han, S. W.; Kim, K. Multilayer Formation of 1,2-Ethanedithiol on Gold:
Surface-Enhanced Raman Scattering and Ellipsometry Study. Langmuir 2000, 16 (12),
5391-5396.

Kim, J.; Lee, D. Electron Hopping Dynamics in Ausg Nanoparticle Langmuir Monolayers
at the Air/Water Interface. J. Am. Chem. Soc. 2006, 128 (14), 4518-4519.

Si, S.; Gautier, C.; Boudon, J.; Taras, R.; Gladiali, S.; Biirgi, T. Ligand Exchange on Au»s
Cluster with Chiral Thiols. J. Phys. Chem. C 2009, 113 (30), 12966—12969.

Fields-Zinna, C. A.; Parker, J. F.; Murray, R. W. Mass Spectrometry of Ligand Exchange
Chelation of the Nanoparticle [Auzs(SCH2CH2C6Hs)15]'™ by CH3C¢H3(SH)2. J. Am. Chem.
Soc. 2010, 132 (48), 17193—-17198.

Jupally, V. R.; Kota, R.; Dornshuld, E. V.; Mattern, D. L.; Tschumper, G. S.; Jiang, D.;
Dass, A. Interstaple Dithiol Cross-Linking in Auzs(SR)1s Nanomolecules: A Combined
Mass Spectrometric and Computational Study. J. Am. Chem. Soc. 2011, 133 (50), 20258—
20266.

Tang, Z.; Ahuja, T.; Wang, S.; Wang, G. Near Infrared Luminescence of Gold Nanoclusters
Affected by the Bonding of 1,4-Dithiolate Durene and Monothiolate Phenylethanethiolate.

Nanoscale 2012, 4 (14), 4119-4124.

103



41.

42.

43.

44.

45.

46.

47.

48.

49.

Knoppe, S.; Biirgi, T. The Fate of Au5(SR)ig Clusters upon Ligand Exchange with
Binaphthyl-Dithiol: Interstaple Binding vs. Decomposition. Phys. Chem. Chem. Phys. 2013,
15 (38), 15816-15820.

Knoppe, S.; Michalet, S.; Biirgi, T. Stabilization of Thiolate-Protected Gold Clusters
Against Thermal Inversion: Diastereomeric Ausg(SCH2CH2Ph)24 2x(R-BINAS)x. J. Phys.
Chem. C 2013, 117 (29), 15354-15361.

Molina, B.; Sdnchez-Castillo, A.; Knoppe, S.; Garzon, 1. L.; Biirgi, T.; Tlahuice-Flores, A.
Structures and Chiroptical Properties of the BINAS-Monosubstituted Auszs(SCH3)24 Cluster.
Nanoscale 2013, 5 (22), 10956-10962.

Varnholt, B.; Oulevey, P.; Luber, S.; Kumara, C.; Dass, A.; Biirgi, T. Structural Information
on the Au-S Interface of Thiolate-Protected Gold Clusters: A Raman Spectroscopy Study.
J. Phys. Chem. C 2014, 118 (18), 9604-9611.

Chen, S. Two-Dimensional Crosslinked Nanoparticle Networks. Advanced Materials 2000,
12 (3), 186—-189.

Chen, S. Langmuir—Blodgett Fabrication of Two-Dimensional Robust Cross-Linked
Nanoparticle Assemblies. Langmuir 2001, 17 (9), 2878-2884.

Drake, P.; Youngs, L. Dielectric Properties of Gold Nanoparticles Cross-Linked with Dithiol
Spacers. Materials Science and Technology 2002, 18 (7), 772-776.

Guarise, C.; Pasquato, L.; Scrimin, P. Reversible Aggregation/Deaggregation of Gold
Nanoparticles Induced by a Cleavable Dithiol Linker. Langmuir 2005, 21 (12), 5537-5541.
Abdelrahman, A. I.; Mohammad, A. M.; El-Deab, M. S.; Okajima, T.; Ohsaka, T. Bisthiol-

Assisted Multilayers’ Self-Assembly of Gold Nanoparticles: Synthesis, Characterization,

104



50.

51.

52.

53.

54.

55.

56.

Size Control and Electrocatalytic Applications. Macromolecular Symposia 2008, 270 (1),
74-81.

Yao, H.; Yaomura, S. Emergence of Large Chiroptical Responses by Ligand Exchange
Cross-Linking of Monolayer-Protected Gold Clusters with Chiral Dithiol. Langmuir 2013,
29 (21), 6444-6451.

Deffner, M.; Schulz, F.; Lange, H. Impact of the Crosslinker’s Molecular Structure on the
Aggregation of Gold Nanoparticles. Zeitschrift fiir Physikalische Chemie 2017, 231 (1), 19—
31.

Nayak, S.; Horst, N.; Zhang, H.; Wang, W.; Mallapragada, S.; Travesset, A.; Vaknin, D.
Ordered Networks of Gold Nanoparticles Crosslinked by Dithiol-Oligomers. Particle &
Particle Systems Characterization 2018, 35 (8), 1800097.

Sels, A.; Salassa, G.; Cousin, F.; Lee, L.-T.; Biirgi, T. Covalently Bonded Multimers of
Auys(SBut)is as a Conjugated System. Nanoscale 2018, 10 (26), 12754—12762.

Luan, Z.; Salk, T.; Abelson, A.; Jean, S.; Law, M. Reversible Aggregation of Covalently
Cross-Linked Gold Nanocrystals by Linker Oxidation. J. Phys. Chem. C 2019, 123 (38),
23643-23654.

Gautier, C.; Taras, R.; Gladiali, S.; Biirgi, T. Chiral 1,1’-Binaphthyl-2,2'-Dithiol-Stabilized
Gold Clusters: Size Separation and Optical Activity in the UV—Vis. Chirality 2008, 20 (3—
4), 486—493.

Aljuhani, M. A.; Bootharaju, M. S.; Sinatra, L.; Basset, J.-M.; Mohammed, O. F.; Bakr, O.
M. Synthesis and Optical Properties of a Dithiolate/Phosphine-Protected Auzg Nanocluster.

J. Phys. Chem. C 2017, 121 (20), 10681-10685.

105



57.

38.

59.

60.

61.

62.

63.

Brust, M.; Schiffrin, D. J.; Bethell, D.; Kiely, C. J. Novel Gold-Dithiol Nano-Networks with
Non-Metallic Electronic Properties. Advanced Materials 1995, 7 (9), 795-797.

Negishi, Y.; Tsukuda, T. One-Pot Preparation of Subnanometer-Sized Gold Clusters via
Reduction and Stabilization by Meso-2,3-Dimercaptosuccinic Acid. J. Am. Chem. Soc. 2003,
125 (14), 4046-4047.

Abad, J. M.; Mertens, S. F. L.; Pita, M.; Fernandez, V. M.; Schiffrin, D. J. Functionalization
of Thioctic Acid-Capped Gold Nanoparticles for Specific Immobilization of Histidine-
Tagged Proteins. J. Am. Chem. Soc. 2005, 127 (15), 5689-5694.

Roux, S.; Garcia, B.; Bridot, J.-L.; Salomé, M.; Marquette, C.; Lemelle, L.; Gillet, P.; Blum,
L.; Perriat, P.; Tillement, O. Synthesis, Characterization of Dihydrolipoic Acid Capped
Gold Nanoparticles, and Functionalization by the Electroluminescent Luminol. Langmuir
2005, 21 (6), 2526-2536.

Srisombat, L.; Park, J.-S.; Zhang, S.; Lee, T. R. Preparation, Characterization, and Chemical
Stability of Gold Nanoparticles Coated with Mono-, Bis-, and Tris-Chelating Alkanethiols.
Langmuir 2008, 24 (15), 7750-7754.

Zhang, S.; Leem, G.; Srisombat, L.; Lee, T. R. Rationally Designed Ligands That Inhibit
the Aggregation of Large Gold Nanoparticles in Solution. J. Am. Chem. Soc. 2008, 130 (1),
113-120.

Hou, W.; Dasog, M.; Scott, R. W. J. Probing the Relative Stability of Thiolate- and
Dithiolate-Protected Au Monolayer-Protected Clusters. Langmuir 2009, 25 (22), 12954—

12961.

106



64.

65.

66.

67.

68.

69.

70.

Tang, Z.; Xu, B.; Wu, B.; Germann, M. W.; Wang, G. Synthesis and Structural
Determination of Multidentate 2,3-Dithiol-Stabilized Au Clusters. J. Am. Chem. Soc. 2010,
132 (10), 3367-3374.

Fratoddi, 1I.; Venditti, I.; Battocchio, C.; Polzonetti, G.; Bondino, F.; Malvestuto, M.;
Piscopiello, E.; Tapfer, L.; Russo, M. V. Gold Nanoparticle Dyads Stabilized with Binuclear
Pt(II) Dithiol Bridges. J. Phys. Chem. C 2011, 115 (31), 15198-15204.

Tang, Z.; Robinson, D. A.; Bokossa, N.; Xu, B.; Wang, S.; Wang, G. Mixed Dithiolate
Durene-DT and Monothiolate Phenylethanethiolate Protected Auizo Nanoparticles with
Discrete Core and Core-Ligand Energy States. J. Am. Chem. Soc. 2011, 133 (40), 16037—
16044.

Tang, Z.; Xu, B.; Wu, B.; Robinson, D. A.; Bokossa, N.; Wang, G. Monolayer Reactions of
Protected Au  Nanoclusters with  Monothiol  Tiopronin and  2,3-Dithiol
Dimercaptopropanesulfonate. Langmuir 2011, 27 (6), 2989-2996.

Wallner, A.; Jafri, S. H. M.; Blom, T.; Gogoll, A.; Leifer, K.; Baumgartner, J.; Ottosson, H.
Formation and NMR Spectroscopy of ®-Thiol Protected a,w-Alkanedithiol-Coated Gold
Nanoparticles and Their Usage in Molecular Charge Transport Junctions. Langmuir 2011,
27 (14), 9057-9067.

Tlahuice-Flores, A.; Santiago, U.; Bahena, D.; Vinogradova, E.; Conroy, C. V.; Ahuja, T.;
Bach, S. B. H.; Ponce, A.; Wang, G.; José-Yacaman, M.; Whetten, R. L. Structure of the
Thiolated Auizo Cluster. J. Phys. Chem. A 2013, 117 (40), 10470-10476.

Ueno, R.; Yao, H. On the Surface Structure of 1,3-Dithiol-Protected Gold Nanoparticles
Interpreted by the Size Effect of IR Absorption Properties. Colloids and Surfaces A:

Physicochemical and Engineering Aspects 2013, 426, 39—46.

107



71.

72.

73.

74.

75.

76.

7.

78.

Hassinen, J.; Pulkkinen, P.; Kalenius, E.; Pradeep, T.; Tenhu, H.; Hikkinen, H.; Ras, R. H.
A. Mixed-Monolayer-Protected Auzs Clusters with Bulky Calix[4]Arene Functionalities. J.
Phys. Chem. Lett. 2014, 5 (3), 585-589.

Naeem, S.; Serapian, S. A.; Toscani, A.; White, A. J. P.; Hogarth, G.; Wilton-Ely, J. D. E.
T. Ring-Closing Metathesis and Nanoparticle Formation Based on Diallyldithiocarbamate
Complexes of Gold(I): Synthetic, Structural, and Computational Studies. Inorg. Chem. 2014,
53 (5), 2404-2416.

Ahuja, T.; Wang, D.; Tang, Z.; Robinson, D. A.; Padelford, J. W.; Wang, G. Electronic
Coupling between Ligand and Core Energy States in Dithiolate-Monothiolate Stabilized Au
Clusters. Phys. Chem. Chem. Phys. 2015, 17 (29), 19342—-19349.

Zhu, J.; Lu, Q.; Chen, C.; Hu, J.; Liu, J. One-Step Synthesis and Self-Assembly of a
Luminescent Sponge-like Network of Gold Nanoparticles with High Absorption Capacity.
J. Mater. Chem. C 2017, 5 (28), 6917-6922.

Parker, J. F.; Weaver, J. E. F.; McCallum, F.; Fields-Zinna, C. A.; Murray, R. W. Synthesis
of Monodisperse [OctsN*][Au25(SR)1s7] Nanoparticles, with Some Mechanistic
Observations. Langmuir 2010, 26 (16), 13650—13654.

Goulet, P. J. G.; Lennox, R. B. New Insights into Brust—Schiffrin Metal Nanoparticle
Synthesis. J. Am. Chem. Soc. 2010, 132 (28), 9582-9584.

Compel, W. S.; Wong, O. A.; Chen, X.; Yi, C.; Geiss, R.; Hiakkinen, H.; Knappenberger, K.
L.; Ackerson, C. J. Dynamic Diglyme-Mediated Self-Assembly of Gold Nanoclusters. ACS
Nano 2015, 9 (12), 11690-11698.

Ma, Y.; Chechik, V. Aging of Gold Nanoparticles: Ligand Exchange with Disulfides.

Langmuir 2011, 27 (23), 14432-14437.

108



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Price, R. C.; Whetten, R. L. All-Aromatic, Nanometer-Scale, Gold-Cluster Thiolate
Complexes. J. Am. Chem. Soc. 2005, 127 (40), 13750-13751.

Weerawardene, K. L. D. M.; Aikens, C. M. Effect of Aliphatic versus Aromatic Ligands on
the Structure and Optical Absorption of Au20(SR)16. J. Phys. Chem. C 2016, 120 (15), 8354—
8363.

Sakthivel, N. A.; Dass, A. Aromatic Thiolate-Protected Series of Gold Nanomolecules and
a Contrary Structural Trend in Size Evolution. Acc. Chem. Res. 2018, 51 (8), 1774-1783.
Mingos, D. M. P. Steric Effects in Metal Cluster Compounds. Inorg. Chem. 1982, 21 (1),
464-466.

Zhuang, S.; Liao, L.; Zhao, Y.; Yuan, J.; Yao, C.; Liu, X.; Li, J.; Deng, H.; Yang, J.; Wu,
Z. Is the Kernel-Staples Match a Key—Lock Match? Chem. Sci. 2018, 9 (9), 2437-2442.
Jin, R.; Qian, H.; Wu, Z.; Zhu, Y.; Zhu, M.; Mohanty, A.; Garg, N. Size Focusing: A
Methodology for Synthesizing Atomically Precise Gold Nanoclusters. J. Phys. Chem. Lett.
2010, 7 (19), 2903-2910.

Kang, X.; Chong, H.; Zhu, M. Auxs(SR)1s: The Captain of the Great Nanocluster Ship.
Nanoscale 2018, 10 (23), 10758-10834.

Tofanelli, M. A.; Salorinne, K.; Ni, T. W.; Malola, S.; Newell, B.; Phillips, B.; Hékkinen,
H.; Ackerson, C. J. Jahn—Teller Effects in Auzs(SR)1s. Chem. Sci. 2016, 7 (3), 1882—1890.
Zeng, C.; Chen, Y.; Liu, C.; Nobusada, K.; Rosi, N. L.; Jin, R. Gold Tetrahedra Coil up:
Kekulé-like and Double Helical Superstructures. Science Advances 2018, 1 (9), e1500425.
Zeng, C.; Chen, Y.; lida, K.; Nobusada, K.; Kirschbaum, K.; Lambright, K. J.; Jin, R. Gold
Quantum Boxes: On the Periodicities and the Quantum Confinement in the Auzs, Auze, Auas,

and Aus> Magic Series. J. Am. Chem. Soc. 2016, 138 (12), 3950-3953.

109



89.

90.

91.

92.

93.

94.

Zeng, C.; Chen, Y.; Das, A.; Jin, R. Transformation Chemistry of Gold Nanoclusters: From
One Stable Size to Another. J. Phys. Chem. Lett. 2015, 6 (15), 2976-2986.

Nimmala, P. R.; Theivendran, S.; Barcaro, G.; Sementa, L.; Kumara, C.; Jupally, V. R,;
Apra, E.; Stener, M.; Fortunelli, A.; Dass, A. Transformation of Aui4(SCH>CH2Ph)eo to
Aui33(SPh-TBu)s> Nanomolecules: Theoretical and Experimental Study. J. Phys. Chem.
Lett. 2015, 6 (11), 2134-2139.

Kang, X.; Zhu, M. Transformation of Atomically Precise Nanoclusters by Ligand-Exchange.
Chem. Mater. 2019, 31 (24), 9939-9969.

Zhang, B.; Salassa, G.; Biirgi, T. Silver Migration between Auzg(SC2H4Ph)24 and Doped
AgxAuss—x(SC2H4Ph)24 Nanoclusters. Chemical Communications 2016, 52 (59), 9205-9207.
Zhang, B.; Biirgi, T. Doping Silver Increases the Auss(SR)24 Cluster Surface Flexibility. J.
Phys. Chem. C 2016, 120 (8), 4660—4666.

Kazan, R.; Miiller, U.; Biirgi, T. Doping of Thiolate Protected Gold Clusters through

Reaction with Metal Surfaces. Nanoscale 2019, 11 (6), 2938-2945.

110



CHAPTER 6: ADAPTING BRUST-TYPE METHODS TO NON-COINAGE METALS

6.1 Synopsis

Variations on the original Brust-Schiffrin synthesis for gold have successfully produced
atomically precise NCs of both silver and copper. Extension of similar methods to elements beyond
group 11 is particularly enticing given the high degree of ease and tunability Brust-type methods
offer relative to other cluster synthetic protocols. However, this has proven a difficult task with a
current dearth of successful reports. Herein we summarize our efforts in this area for three non-
coinage metals and offer guidelines for future exploratory work.
6.2 Introduction

As detailed in chapter 1, the original study of metal clusters was stymied by a lack of
synthetic methods. This was first addressed through breakthroughs involving carbonyl protected
clusters, although the strict requirement of inert conditions rendered these pathways generally
unaccommodating beyond a limited window of products.! The foundation laid by Brust and
Schiffrin has subsequently proven to be the most robust means of producing stable metal NCs thus
far.?

Contemporary research has succeeded in broadening the scope of Brust-type syntheses to
include new ligand groups such as acetylides,® N-heterocyclic carbenes (NHCs),* hydrides,’
glymes,® and very recently dithiolates. An array of alloy NCs comprised of gold, silver, and/or
copper have also been identified, among other mixtures including late transition metals from
groups 9, 10, and 12.7 It naturally follows, therefore, to assert the possibility of accessing new

metal NCs through the further extension of Brust-type methods. Favorable redox chemistry is the
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most important aspect of a candidate metal, given the prerequisite for more mild reducing agents
capable of being used outside of a glovebox.

This area remains considerably unexplored, with several major fundamental questions left
open. These include: which of the non-coinage metals are capable of forming NCs under ambient
conditions? What are the structural patterns (i.e. geometric stabilization)? Can their electronic
stabilization be easily understood through superatom theory, or is some other framework more
appropriate? To what extent can these syntheses be tuned relative to the gold-based method?

In 2016 S. Bhat and coworkers reported the first successful synthesis of thiolate protected
iridium NCs through a solid phase adaptation of the typical Brust conditions.® Around the same
time, we were beginning to explore a similar reaction space in the solution phase. Our attempts to
follow their procedure initially produced insoluble aggregates. Following extensive
correspondence with S. Bhat and various modifications we discovered that the solid phase
synthesis is highly sensitive to the local climate. A rough imitation of the tropical environment of
southern India through the use of a steam bath is able to produce an observable amount of the
iridium NCs.

Overall we establish that the comparatively dry, cold environmental setting of northern
Colorado is much better suited to reactions performed in the solution phase, as far as iridium is
concerned. Our most recent attempts have addressed the issue of reproducibility, although we have
yet to identify a matrix that offers sufficiently low fragmentation for observation by matrix-assisted
laser desorption/ionization (MALDI) mass spectrometry. Electrospray ionization (ESI) has also
proven ineffective but successful conditions for either or both may be found in the future.
Characterization efforts include linear absorption spectroscopy, nuclear magnetic resonance

(NMR), and transmission electron microscopy (TEM).
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Results from other late transition metals have generally proven less agreeable. We have
documented in great detail the case of rhodium (see appendix A), which forms a series of
chemically inert crown complexes upon interaction with thiols. Other ligands such as acetylides
appear capable of producing large rhodium colloids, but so far have not been shown to form
smaller sizes within the cluster regime. Palladium behaves analogous to rhodium with respect to
thiols, as previous studies have outlined.’ In the case of platinum, cadmium, mercury, ruthenium,
rhenium, and tungsten we have unfortunately only managed to compile a set of failed strategies.

Osmium has exhibited a small degree of potential, in that it does not produce aggregates
and its thiolated form appears indefinitely stable. One primary concern of continued work is the
possible formation of highly poisonous OsO4 from the reaction of osmium metal with atmospheric
oxygen. If appropriate caution is taken, this should be avoidable. Very recently we have also
identified the post transition metal bismuth as a viable NC-forming candidate through the use of
water-soluble thiolates. Bismuth is comparatively much safer and possesses some interesting
possible applications in biological contrast imaging.'® Furthermore, the valence p-shell orbitals
should impart an electronic structure unique from the primarily s- and d-shell interactions present
in late transition metals.

This chapter is intended to serve as a guide for future members of the Ackerson lab seeking
to continue the pursuit of Brust-type methods for non-coinage metal NCs, although it should also
prove useful as a template for general exploratory nanochemistry. In the interest of brevity only
the three most promising metals (iridium, osmium, and bismuth) are outlined herein. Each
procedure is associated with a particular notebook page, with any corresponding rough data
immediately following said entry. This should aid in streamlining any reference to the source

material.
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6.3 General Experimental Procedures

All reactions were performed with commercially available reagents without any further
purification. UV/Visible spectra were collected on a Thermo Fisher NanoDrop spectrophotometer
and analyzed in Microsoft Excel. NMR data was collected on a Bruker Neo400 using 5-10 mg of
sample dissolved in minimal deuterated solvent. MNova was used for subsequent analysis of the
NMR spectra. TEM data was collected on a JEOL JEM-2100F with samples dropcast on carbon-
coated copper grids. Micrograph analysis was done using ImageJ.
6.4 Iridium

IA-001-005

IrCl3- 1.5H20 (50 mg, 0.154 mmol, 1.00 eq) was dissolved in a 3.5 mL acetonitrile solution
of tetraoctylammonium bromide (104 mg, 0.189 mmol, 1.23 eq). The solution became completely
homogeneous after stirring for five minutes, upon which 2-phenylethanethiol (111 pL, 0.833 mmol,
5.41 eq) was added and stirring continued for 1.5 hours. A freshly prepared solution of sodium
borohydride (59 mg, 1.55 mmol, 10.08 eq) in 1.25 mL of cooled 0 °C water was then added in one
portion. The reaction was allowed to stir overnight (approx. 17 hours), after which the solution
appeared clear with brown agglomerates. Excess methanol was added and the mixture was
transferred to a conical tube for centrifugation. The solid precipitate was washed with additional
methanol to completely remove excess thiol. Re-suspension in dichloromethane yielded a solution
of large colloidal particles, based on the observed plasmon band near 350 nm in the linear
absorbance spectrum.

IA-001-006 (based on R. Vankayala et al. J. Mater. Sci. Mater. Med. 1993, 24, 1993-2000)

IrClz- 1.5H20 (50 mg, 0.154 mmol, 1.00 eq) was dissolved in a 6 mL toluene solution of

tetraoctylammonium bromide (104 mg, 0.189 mmol, 1.23 eq). The solution became completely
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homogeneous after stirring for ten minutes, upon which 2-phenylethanethiol (111 pL, 0.833 mmol,
5.41 eq) was added and stirring continued for 30 minutes. A freshly prepared solution of sodium
borohydride (59 mg, 1.55 mmol, 10.08 eq) in 1.5 mL of cooled 0 °C water was then added in one
portion. Following a 2 hour stirring period at room temperature, the reaction vessel was heated to
100 °C using an oil bath and refluxed for 30 minutes. This produced a dark brown solution, which
was washed repeatedly with methanol via centrifugation in conical tubes until excess thiol was
completely removed from the precipitate. Most of the isolated solid remained soluble in toluene.
The re-suspended washed sample was passed through a toluene SEC column and subsequently
analyzed by TEM (see [A-001-012, digital copy unavailable). Result: large particles which
fragmented easily under the electron beam.

IA-001-052 (1*" attempt of S. Bhat et al. RSC Adv. 2016, 6, 26679-26638)

IrCl3- 1.5H20 (20 mg, 0.061 mmol, 1.00 eq) and 2-phenylethanethiol (33 uL, 0.25 mmol,
4.00 eq) were mixed together by grinding in a small agate mortar and pestle. Following roughly
ten minutes the paste mixture had turned yellow from the initial black, indicating the formation of
iridium thiolates. To this was added solid sodium borohydride (55.4 mg, 1.46 mmol, 24.0 eq),
which upon grinding changed the color to a light brown. Once the mixture was mixed to
homogeneity (roughly five minutes), extraction with toluene was performed which was then
washed with water using a separation funnel. Increased reactivity was observed upon toluene
addition. The toluene solution was concentrated via rotary evaporation and washed repeatedly with
methanol via centrifugation until excess thiol was completely removed from the precipitate.
Result: very low yield of presumably larger particles, although not confirmed due to lack of signal

from both MALDI-MS and UV/Vis spectroscopy.
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IA-001-089 (variation #1 of S. Bhat et al. procedure)

Same general procedure as IA-001-052, except for the extraction being performed with
dichloromethane instead of toluene. A noticeable further increase in reactivity was observed during
the extraction step with this solvent variation. Result: greater amount of final products, which
appear to be a mixture of small clusters based on the lack of a plasmon band or other distinguishing
peaks by UV/Vis spectroscopy. Absorption profile has a similar slope to that of S. Bhat and

coworkers. MALDI-MS failed to provide any observable peaks despite same conditions as report.

Absorbance (arb.)

250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 6.1. Linear absorbance spectrum of IA-001-089 in dichloromethane.

IA-001-139 (variation #2 of S. Bhat et al. procedure)

IrCl3- 1.5H20 (50 mg, 0.154 mmol, 1.00 eq) and 2-phenylethanethiol (82 pL, 0.614 mmol,
4.00 eq) were mixed together by grinding in a small agate mortar and pestle. Following roughly
ten minutes the paste mixture had turned yellow from the initial black, indicating the formation of
iridium thiolates. To this was added solid sodium borohydride (139.6 mg, 3.69 mmol, 24.0 eq),
which upon grinding changed the color to a light brown. Once the mixture was mixed to
homogeneity (roughly five minutes), extraction with toluene was performed which was then

washed with water using a separation funnel. Increased reactivity was observed upon toluene

addition. The toluene solution was concentrated via rotary evaporation and washed repeatedly with
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methanol via centrifugation until excess thiol was completely removed from the precipitate.
Result: scaling the original reaction by 2.5 times yields an observable amount of products by
UV/Vis spectroscopy, which appears similar to IA-001-089. Both dichloromethane and toluene as
initial extraction solvents seem to aid in the formation of a similar set of products, although the

former offers a noticeably higher yield.

Absorbance (arb.)
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Figure 6.2. Linear absorbance spectrum of IA-001-139 in dichloromethane.

IA-001-141 (variation #3 of S. Bhat et al. procedure)

Changed formula for iridium salt to anhydrous as per S. Bhat’s suggestion. IrCl3 (20 mg,
0.067 mmol, 1.00 eq) and 2-phenylethanethiol (36 puL, 0.268mmol, 4.00 eq) were mixed together
by grinding in a small agate mortar and pestle. To simulate the average room temperature in
southern India, the reaction vessel was placed atop a heat plate set to 34 °C and allowed to
equilibrate for 30 minutes, half of which was spent grinding into the typical yellow paste. To this
was added solid sodium borohydride (60.9 mg, 1.61 mmol, 24.0 eq), which upon grinding changed
the color to a light brown. Once the mixture was mixed to homogeneity (roughly five minutes),
extraction with toluene was performed which was then washed with water using a separation
funnel. Increased reactivity was observed upon toluene addition. The toluene solution was

concentrated via rotary evaporation and washed repeatedly with methanol via centrifugation until
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excess thiol was completely removed from the precipitate. Result: increased temperature aids in
the formation of a greater amount of products, which appear similar by UV/Vis spectroscopy to

previous successful variations.

Absorbance (arb.)
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Figure 6.3. Linear absorbance spectrum of IA-001-141 in dichloromethane.

[A-002-067 (variation #4 of S. Bhat et al. procedure)

Same general conditions as [A-001-141, with the exception of the heat plate. Instead, the
mortar and pestle were exposed to steam evolving from a heated water bath. This served as a means
to approximate both the heat and humidity of southern India. Given the paste-like nature of the
iridium thiolate mixture, the reaction vessel (i.e. mortar) could be inverted over the steam bath for
complete exposure without any loss. Alternating intervals of inversion and grinding were on the
order of roughly one minute for the full extent of the reaction. The initial addition of the solid
sodium borohydride was performed with the mortar in an upright position and the pestle imbued
with moisture from the steam bath. Result: the inclusion of hot steam throughout the reaction also
appears to aid in formation of the desirable products, as judged by solution optical density and

matching UV/Vis spectrum.
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Figure 6.4. Linear absorbance spectrum of IA-001-067 in dichloromethane.

IA-002-078 (variation #5 of S. Bhat et al. procedure)

Followed the same basic procedure of the initial report with S. Bhat’s recommended
formula for the iridium salt and without any special heating conditions. Instead, the equivalents of
2-phenylethanethiol was increased from 4 to 10. Result: unlike previous observations for gold
thiolate NCs, a change in ligand feed ratio does not noticeably affect the outcome for this solid
phase reaction. Extremely low yield as was observed with IA-001-052.

IA-003-038 (variation #6 of S. Bhat et al. procedure)

Similar method as previous entry, except with equivalents unchanged from initial report
(i.e. 1.00 eq IrCls, 4.00 eq PET, 24.0 eq NaBH4). Sodium borohydride was introduced to the
reaction vessel as a solution in 1 mL of water as opposed to a solid. This caused a significantly
greater degree of reactivity. Subsequent extraction with dichloromethane did not exhibit increased
reactivity as had been previously observed, presumably due to the prior addition of solvent. Result:
incorporation of water without any heat also yields the desired products as judged by UV/Vis

spectroscopic measurements. Based on this and previous results from heat and/or steam inclusion,
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the mass diffusion limitations of the solid phase relative to solution phase clearly introduces further

complications to NC synthesis.
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Figure 6.5. Linear absorbance spectrum of IA-003-038 in dichloromethane.

IA-003-047 (single phase solution version #1)

IrClz (60 mg, 0.201 mmol, 1.00 eq) was added to 6 mL of tetrahydrofuran in a 25-mL
roundbottom flask and sonicated until fully dissolved. 2-phenylethanethiol (108 pL, 0.804 mmol,
4.00 eq) was then added and the mixture stirred for 1 hour. Over this time the initial dark brown
solution gradually turned a light green followed by a faint yellow. A freshly prepared room
temperature solution of sodium borohydride (182.4 mg, 4.82 mmol, 24.0 eq) in 3 mL of water was
then added carefully in one portion, which turned the reaction mixture a deep brown/black. After
an additional hour of stirring, dichloromethane and water were added to separate the organosoluble
and water-soluble species respectively. This water wash was performed using a separation funnel
and repeated once before concentrating the dichloromethane solution via rotary evaporation.
Precipitation of the solid products and further washing was performed through the addition of
excess methanol to this concentrated solution and subsequent centrifugation in conical tubes. Once

no excess thiol was apparent within the isolated solid, it was dried and re-suspended in

dichloromethane. Result: significantly larger quantity of products formed which more closely
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match the absorption profile of S. Bhat’s initial report. Issues persist with mass spectrometric
characterization due to fragmentation. Proton NMR analysis shows a broadening of peaks
attributable to 2-phenylethanethiol, which is generally indicative of ligands bound on a

cluster/particle surface.
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Figure 6.6. Linear absorbance spectrum of IA-003-047 in dichloromethane.
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Figure 6.7. "H NMR spectrum of IA-003-047 in DCM-d>.

IA-003-054 (single phase solution version #2)
Same general procedure as IA-003-047, but allowed the reaction to stir for 20 hours
following the addition of sodium borohydride (increased from 1 hour). Results: exhibits similar

characteristics to previous entry from linear absorption and NMR spectroscopy. TEM shows a
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tight dispersion in the cluster size range of 1-2 nm. D-spacing measurements of the lattice planes

yielded an average value of 0.65 nm.
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Figure 6.8. Linear absorbance spectrum of IA-003-054 in dichloromethane.
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Figure 6.9. '"H NMR spectrum of IA-003-054 in DCM-d>.

Figure 6.10. Representative TEM image of 1A-003-054.
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IA-003-074 (single phase solution version #3)

Same general procedure as [A-003-047, but allowed the reaction to stir for 48 hours
following the addition of sodium borohydride. Results: UV/Vis and TEM data are comparable to
IA-003-054 despite doubling the reduction time. Appears that etching either does not occur for

this system or is much faster than in the case of gold thiolate NCs.
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Figure 6.11. Linear absorbance spectrum of IA-003-074 in dichloromethane.

Figure 6.12. Representative TEM image of IA-003-074.
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6.5 Osmium

IA-001-094 and IA-001-096 (3 conditions)

The equivalents of 2-phenylethanethiol were varied across 3 reactions: 2.00 equivalents
(17 puL, 0.124 mmol), 4.00 equivalents (33 pL, 0.248 mmol), and 6 equivalents (50 uL, 0.372
mmol). OsCl3-1.5H20 (20 mg, 0.062 mmol, 1.00 eq) and 2-phenylethanethiol were mixed together
by grinding in a small agate mortar and pestle for approximately ten minutes until a yellow paste
formed. To this was added solid sodium borohydride (56 mg, 1.48 mmol, 24.0 eq), which upon
grinding changed the color to a dark black. Once the mixture was mixed to homogeneity (roughly
five minutes), extraction with dichloromethane was performed which was then washed with water
using a separation funnel. Increased reactivity was observed upon dichloromethane addition. The
solution was concentrated via rotary evaporation and washed repeatedly with methanol via
centrifugation until excess thiol was completely removed from the precipitate. Results: similar
absorption profile as that observed in S. Bhat’s initial report for iridium NCs. Lack of a prominent
plasmon band is suggestive of smaller clusters/particles. UV/Vis spectrum does not appreciably

differ between different ligand feed ratios, unlike typical gold thiolate NC syntheses.

—6.00 eq PET
—4.00 eq PET

—2.00 eq PET
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Figure 6.13. Stacked linear absorbance spectra of IA-001-094 2.00 eq, IA-001-094 4.00 eq, and
IA-001-096 6.00 eq PET in dichloromethane.
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IA-001-148 (decreased NaBH4 equivalents)

The same general procedure as previous entries was followed, except for the equivalents
of NaBH4 being reduced to 5.00 from the typical 24.0 eq. Result: initial extraction with
dichloromethane did not yield a considerable product, however subsequent extraction of the
remaining crude paste with methanol afforded increased reactivity. This methanol extract was
dried, washed with water several times, and then re-suspended in dichloromethane whereupon
unique absorption features became observable by UV/Vis spectroscopy. These features may be

attributable to clusters, small complexes or a combination thereof.
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Figure 6.14. Linear absorbance spectrum of IA-001-148 in dichloromethane.
6.6 Bismuth

TA-004-063

Bi(NOs3)-5H>20 (100 mg, 0.206 mmol, 1.00 eq) and para-mercaptobenzoic acid (127.2 mg,
0.825 mmol, 4.00 eq) were combined with 6.5 mL of a 0.3 M NaOH solution in a 20-mL
scintillation vial. This was vortexed to form a cloudy, bright orange mixture which was
subsequently set in an ice bath and stirred for 15 minutes. A freshly prepared solution of sodium
borohydride (1.56 mg, 0.041 mmol, 0.20 eq) in 2 mL of cooled 0 °C water was then added in two

I-mL doses via glass pipette. This turns the reaction mixture a deep black. After 1 hour of stirring,

125



excess ethanol was added and the solution was transferred to a conical tube and centrifuged. The
precipitate was washed once more with ethanol and re-suspended in water. The UV/Vis profile
lacks the characteristic plasmon band of bismuth colloids near 460 nm,!! suggesting the sample is

comprised of smaller clusters and/or complexes.
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Figure 6.15. Linear absorbance spectrum of 1A-004-063 in water.
6.7 Conclusion

The composite works outlined above illustrate both some promising pathways to non-
coinage metal NCs as well as the primary associated difficulties. Throughout our studies we have
observed a lack of the synthetic tunability common to gold thiolate NCs in particular. Although
there does appear to be some degree of size focusing, these reactions remain largely unaffected by
changes in ligand feed ratio. Combined with the retention of size/dispersity irrespective of
reduction time observed in the case of the solution phase iridium syntheses, this suggests that
etching is not the main formation mechanism. As expected based on the various redox chemistries,
the equivalents of reducing agent were noticeably more impactful. Lower NaBH4 feed ratios
appear favorable for both bismuth and osmium, whereas iridium thus far benefits most from higher

ratios.
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For almost all of the explored conditions, we intentionally limited the ligand scope to 2-
phenylethanethiol (PET), whose substantial representation in Brust-type coinage metal NC
products speaks to its general applicability. The presence of an aromatic ring also produces a
greater degree of order within the ligand shell, which can lead to single crystal formation.
Extension to other ligands, particularly those with similar crystal-forming potential, is of
immediate interest for future exploratory reactions in this area. The ligand para-mercaptobenzoic
acid (p-MBA) is one of the best candidates for this purpose in water-soluble syntheses.

Our general screen of various MALDI matrices failed to produce any data of reasonable
quality. These included DCTB (the traditional coinage metal NC matrix), sinapinic acid, 2,5-
dihydroxybenzoic acid, and a-cyano-4-hydroxycinnamic acid. We encountered marginally worse
outcomes with ESI mass spectrometry using cesium acetate. Despite this, we managed to obtain
good insight into reaction products through a combination of linear absorption spectroscopy, NMR
spectroscopy, and TEM imaging. The latter is expensive and so does not serve as a good method
for high-throughput characterization.

NMR spectroscopy is comparatively cheap and has seen revived use in NC research in
recent years. Both UV/Vis and NMR spectroscopy can serve as reliable handles for assessing
general product identity and purity. Other techniques such as photoelectron spectroscopy can also
provide information on local chemical environment. Once sufficiently pure as deemed through
these techniques, the sample may yield single crystals which effectively negate the necessity for
mass spectrometric identification.

Overall, we find that the synthesis of certain non-coinage metal NC products under ambient
conditions is possible with appropriate conditions. This proof-of-concept is currently limited to

only a few metals but should technically be achievable with other late and post transition metals.
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The tendency of early transition metals to form oxides renders them generally unfavorable for
these studies. Future research should focus on the screening of additional ligand types, air-stable
reducing agents, and solvents. Other methods for achieving size focusing, particularly those from
the Ackerson lab involving coordinating solvents, may ultimately yield the desired atomically

monodisperse products.
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CHAPTER 7: SUMMARY AND CONCLUDING REMARKS

The research reported in this dissertation describes a series of advancements in both
synthetic and post-synthetic methods for atomically precise metal NCs with an emphasis on gold.
Herein we will readdress the major findings from each chapter alongside the cutting edge of
general metal cluster chemistry. In Chapter 2, careful selection of the appropriate counterion
enabled a rare view of a new rhodium-gold cluster alloy which exhibited unexpectedly robust
intermolecular attraction with co-synthesized species. Compelling evidence was observed for the
electron-withdrawing nature of open d-shell dopants, in contrast with the previously assumed
isoelectronic substitution model. We anticipate that further study of related cluster alloys will lead
to the development of new pathways in nanoscale material design. Other open d-shell dopants such
as iridium, ruthenium, and osmium should prove more accessible through our synthetic approach.

Chapter 2 also highlights the adaptability of the superatom concept, which will most likely
remain the dominant qualitative model for describing electronic stability. Considerable progress
has been made within computational cluster chemistry such that non-spherical geometries can now
be treated as superatom complexes, albeit with different magic numbers.! Very recently this theory
has also been expanded to include group 10 (e.g. platinum, palladium, and nickel) carbonyl
protected clusters,? through a view intriguingly analogous to our own for rhodium. The metal core
is considered to gain s-shell bonding character through the withdrawal of electrons from the
carbonyl ligand shell.

This naturally has some exciting implications for future work in the area of air-stable non-
coinage metal clusters. Based on this and our findings from Chapter 6, a set of conditions which

discourage metal oxide formation while simultaneously introducing electron-donating ligands
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should have a particularly heightened chance of enabling cluster formation. Coincidentally, carbon
monoxide has recently demonstrated its cluster-forming ability for gold.> Although the less
favourable redox chemistry of non-coinage metals may preclude complete reduction to metallic
clusters by carbon monoxide, it may offer the intermediate protection necessary to inhibit oxides
outside of a glove box setting. Other currently underutilized coordination methods, such as the
heavier phosphine analogue stibine,* may also provide the requisite stabilization.

Use of heavier metals in the periodic table are now at the early stages of development,
similar to the state of transition metal cluster chemistry in the first half of the 20" century. The
first isolable ligand protected thorium cluster containing extremely rare actinide-actinide bonds
was reported in the summer of 2021.° Contrary to theoretical simulations which predict a localized
scheme, this cluster features a three-center two-electron c-aromatic bond resulting in a closed-
shell diamagnetic ground state. The same authors have also established how the reactivity of the
precursor thorium source determines whether cluster formation occurs or not.> Although this
synthesis is currently restricted to the glove box, it remains an important first step in better
understanding the actinide chemistry central to the safe and efficient operation of nuclear power
plants.”

Chapters 3-5 presented greater emphasis on the ligand monolayer than the metal core. In
certain aspects, gold NC ligand chemistry is both more approachable than alloy chemistry as well
as more aligned with immediate applications.® One of the most pressing issues which this area may
address, as best outlined in Chapter 5, is through the control of atom migration. Acting as
somewhat of a barrier to the outside world, judicious choice of an appropriate ligand type should

be capable of entirely preventing undesired intercluster exchange.
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In our own work we have found that metals can still exchange rapidly between NCs even
when the ligands do not. Furthermore, as highlighted in Chapter 3, the unexpected non-innocence
of certain ligand types such as acetylides remains an open problem. The extension of detailed
exchange studies to other new ligand types (e.g. glymes, N-heterocyclic carbenes [NHCs]) is
therefore of immediate interest, to reveal the true extent to which gold NCs can be treated as
distinct species. We also expect that further investigation into dithiolates will prove useful for this
purpose.

There are also some major questions to be addressed with both newer and more traditional
ligands. First, the mechanism behind size/shape cluster transformations induced by certain
thiolate-for-thiolate exchanges remains poorly understood at a molecular level.” Similarly, there is
a lack of precise mechanistic information for the traditional Brust-Schiffrin synthesis and related
Brust-type methods.!” While the general process of radical-mediated etching has been revealed,'!
more detailed speciation studies are necessary in order to gain a level of synthetic insight
concomitant to that found within organic chemistry.!> We expect that utilization of the modern
tools found in high-resolution separation,'® mass spectrometry,'* ion-mobility experiments,'> X-
ray absorption, ' and nuclear magnetic resonance!” will help in clarifying these processes.

In the case of NHCs, which have only very recently been used in gold NC synthesis, '® the
above questions apply all the more strongly. Whether formation still occurs through etching as it
does for thiolates remains a point of active debate. The organic radical nature of NHCs may alter
or altogether remove the role of radical oxygen,'” but this has yet to be experimentally verified.
There is also a dearth of knowledge with regard to cluster transformations possible with NHCs,
with the only existing examples being NHC-for-phosphine.? The comparatively substantial steric

bulk of NHCs versus thiolates should result in dramatic changes to the NC structure.

133



Glymes are substantially underexplored, with published research currently limited to
within the Ackerson group.?!~2* Although their size-focusing ability has been clearly demonstrated,
a fully glyme protected gold NC has not yet been identified. The gross molar excess of glyme
present within the currently-explored set of conditions should enable formation of such a species.
Fundamental experiments, such as post-synthetic ligand exchange and systematic reduction of the
thiolate (or other co-ligand) feed ratio, remain open to exploration.

Dithiolates are comparatively much more widely studied, although prior to our
investigation their cluster-forming ability was obscure. The sound foundation we have provided
enables more comprehensive research for both this and other future multi-dentate ligands. Overall,
the original research outlined in this dissertation spans a considerable range of modern gold cluster

chemistry and will serve as a good resource for future work.
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APPENDIX A: SUPPLEMENTAL TO CHAPTER 2

Section 1: Experimental Methods

All starting materials were purchased from Sigma Aldrich or Thermo Fisher Scientific and,
unless otherwise stated, were > 98% pure. Rhodium(III) chloride hydrate (Sigma, CAS #20765-
98-4) was used as received, but in calculations was treated as anhydrous RhCl;. Water was
nanopure (from an in-house filtration system, 18 MQ -cm), ethanol was 200-proof (i.e. absolute);
all other solvents were reagent grade. Conical tubes used for centrifugation were purchased from
Falcon, and the centrifuge speed was 4000 rpm, or 2845 G (radius of rotation = 158.8 mm).
1. RhAu24(PET);s synthesis with [TOA][Br]:

In a 20-mL scintillation vial, HAuCls-3H>O (100 mg, 0.254 mmol, 1 eq) was dissolved in
a solution of [TOA][Br] (219.3 mg, 0.401 mmol, 1.58 eq) in 7.5 mL of THF and stirred for 30
minutes. During this time, a THF solution of RhCl3 (15.5 mg in 2.5 mL, 0.074 mmol, 0.29 eq) and
an aqueous chilled (0 °C) solution of NaBH4 (123.9 mg in 2.5 mL, 3.27 mmol, 12.9 eq) were
prepared. Once 30 minutes had passed, PET (261 pL, 1.95 mmol, 7.67 eq) was added and the
resulting mixture was stirred for 15 minutes. Then, the RhCl; solution was added in one portion
followed immediately by the NaBH4 solution, which was added via pipet over a period of 1 minute.

In order to maintain comparable preparation/addition times for NaBH4 across multiple runs,
a conventional digital timer was used during these steps. The preparation time for the NaBH4
solution was kept to 30 minutes, i.e. the solid NaBH4 was added to the chilled H>O precisely 30
minutes prior to its addition. This is critical for maintaining comparable reducing power across
different syntheses. 2-uL aliquots were taken at various times and mixed with a 10 mg/mL solution

of DCTB for analysis by MALDI-MS. The reaction was typically quenched with an excess (40
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mL) of methanol and re-suspended in THF (10 mL) following at least 2 additional methanol
washes.
II. RhAu24(PET);s synthesis with [TBA][PFs]:

In a 20-mL scintillation vial, HAuCls-3H>O (100 mg, 0.254 mmol, 1 eq) was dissolved in
a solution of [TBA][PFs] (155.4 mg, 0.401 mmol, 1.58 eq) in 7.5 mL of THF and stirred for 30
minutes. During this time, a THF solution of RhCl3 (15.5 mg in 2.5 mL, 0.074 mmol, 0.29 eq) and
an aqueous chilled (0 °C) solution of NaBH4 (123.9 mg in 2.5 mL, 3.27 mmol, 12.9 eq) were
prepared. Once 30 minutes had passed, PET (125 pL, 0.93 mmol, 3.67 eq) was added and the
resulting mixture was stirred for 15 minutes. Then, the RhCl; solution was added in one portion
followed immediately by the NaBH4 solution, which was added via pipet over a period of 1 minute.

In order to maintain comparable preparation/addition times for NaBH4 across multiple runs,
a conventional digital timer was used during these steps. The preparation time for the NaBH4
solution was kept to 30 minutes, i.e. the solid NaBH4 was added to the chilled H>O precisely 30
minutes prior to its addition. This is critical for maintaining comparable reducing power across
different syntheses. 2-uL aliquots were taken at various times and mixed with a 10 mg/mL solution
of DCTB for analysis by MALDI-MS. The reaction was typically quenched with an excess (40
mL) of methanol and re-suspended in THF (10 mL) following at least 2 additional methanol
washes.
III. Separate reduction of precursor salts:

The same general procedure was used here as in those described immediately above, with
the exception that exclusively one of the two metal precursor salts (HAuCls or RhCl3) were

involved for a given reaction. This was done to assess what products form when only HAuCly4 or
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RhCl; are individually exposed to PET and NaBHas. In both reactions the metal precursor salt was
added at the very beginning to ensure an equal amount of exposure time to PET.
IV. [TOA][Auzs(PET)8] synthesis:

In a 300 mL roundbottom flask, HAuCl4-3H>0 (1 g, 2.54 mmol, 1.00 eq) was dissolved in
a solution of [TOA][Br] (1.56 g, 2.85 mmol, 1.56 eq) in 70 mL of THF. After 30 minutes of stirring,
PET (1.8 mL, 13.4 mmol, 5.27 eq) was added and the solution was stirred until colorless
(approximately 2-3 hours). A freshly-prepared and chilled (0 °C) aqueous solution of NaBH4 (0.97
g in 24 mL, 25.5 mmol, 10.03 eq) was then added in one portion under vigorous stirring. The
reaction was then covered and stirred for 2 days. Following this, any remaining water was removed
and the remaining solution was concentrated by rotary evaporation, forming an oily mixture. The
precipitate was washed 4 times with 100 mL of methanol and isolated by centrifugation. Crystals
of [TOA][Au2s(PET)13] were obtained by slowly adding ethanol to a toluene solution of the
product until the precipitate contains Auzs (as judged by UV/Vis spectroscopy) followed by slow
cooling (-20 °C) over an average period of 2 weeks.

V. [Na][Auzs5(CCAr);s] synthesis:

In a foil-wrapped 20 mL scintillation vial, 200 mg chloro(dimethylsulfide)gold(I) was
added to 10 mL acetone under vigorous stirring. 126 pL 3,5-bis(trifluoromethyl)phenylacetylene
(CCAr) and 99 pL triethylamine were then added sequentially, and this mixture was stirred for 2
hours. The resulting precursor Au(I)-CCAr was isolated by drying the solution under rotary
evaporation and washing twice with water. 208 mg Au(I)-CCAr was subsequently added to 30 mL
of a chloroform:methanol mixture (5:1) in a 100 mL foil-wrapped roundbottom flask under
vigorous stirring. A freshly-prepared aqueous solution of sodium borohydride (5.4 mg in 4.7 mL

water) was added dropwise followed by 94 uL triethylamine. The mixture was allowed to stir for
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20 hours, where-upon a dark solid was obtained following rotary evaporation. This solid was
extracted in methanol, which after brief centrifugation gave crude Auzs(CCAr);s in the supernatant.
For crystallization, this crude was dried and re-suspended in 1:1 dichloromethane:toluene and
layered with hexanes in 20 mL scintillation vials. Crystals of [Na][Au2s(CCAr)13] were observed
in a few days at room temperature.

VI. Rhodium Phenylethanethiolate (Rh-PET), solid phase synthesis:

In an agate mortar (6.4 cm basin diameter), RhCl3 (20 mg, 0.10 mmol, 1 eq) was added
and crushed into a fine powder using a pestle. Then, PET (54 puL, 0.40 mmol, 4 eq) was added and
the mixture was mixed by grinding for 10 minutes. After this, NaBH4* (90.8 mg, 2.40 mmol, 24
eq) was added and mixed by grinding for an additional 10 minutes. A dichloromethane (DCM)
extraction was performed and washed 4 times with water. The final product(s) could be
precipitated from solution by addition of excess (typically 5:1 or greater) methanol and re-
suspended in common organic solvents.

*The addition of NaBH4 does not affect the final product identity.
VII. Rh-PET, solution phase synthesis:

A 20-mL scintillation vial was charged with an ethanolic solution of RhCl3 (20 mg in 5
mL, .02 mM, 1 eq). Then, PET (54 uL, 0.40 mmol, 4 eq) was added and the cloudy orange mixture
was allowed to stir for 30 minutes. Rh-PET was precipitated and washed several times with excess
(typically 5:1 or greater) methanol to remove excess PET. The dark orange powder obtained in
this way exhibits the same UV/Vis, IR, and XPS signatures as the Rh-PET obtained through the

solid-phase procedure.
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VIII. Exchange reaction between [TOA][Auzs(PET)s] and Rh-PET:

To a 20-mL scintillation vial containing crystals of [TOA][Auz2s(PET)is] (typically 1-3 mg),
a volume of THF or toluene was added to set the resulting solution concentration at 1 mg/mL.
Then, an equivalent mg amount of solid Rh-PET was added and the resulting mixture was covered
and allowed to stir for up to 48 hours. For some iterations of the exchange reaction, a slight excess
of PET (50 pL) or NaBH4 (20 mg) was added. 2-uL aliquots were taken at various times and
mixed with a 10 mg/mL DCM solution of DCTB for analysis by MALDI-MS.

IX. [TBA][PFs] co-reduction synthesis of RhAu4(PET);s with [TMA][BH4]:

A similar procedure was followed for this synthesis as is described above under subsection
II. The only difference is the use of [TMA][BH4] (336.4 mg in 2.5 mL H>O, 3.78 mmol, 14.9 eq)
over NaBHa.

X. General purification methods:

The following purification methods are based on previous work found in the NC literature.!
Extractions of the crude product were conducted using the following solvents: THF, DCM, toluene,
hexanes, acetonitrile, and ethanol (200-proof). Size exclusion chromatography (SEC) was
performed using S-X1 styrene divinylbenzene beads (exclusion range: 600-14000 Da) with a
mobile phase of THF or toluene; fractions were collected in 2-3 mL amounts. Selective
decomposition was explored through exposure of the crude product to the following conditions:
excess PET, excess NaBHs, heightened temperature, 30 wt% H>O> (aqueous), as well as
combinations of heightened temperature and the other conditions. For silica column
chromatography purification, the initial mobile phase was a 1:1 mixture of tetrahydrofuran (THF)
and hexanes. The ratio of THF:hexanes was incrementally increased until the mobile phase

consisted of 100% THEF; this gave the best resolution.
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XI. Exposure of RhAuz4(PET)1s/Auzs(PET)18/Rh-PET to Ion Exchange Resins:

Both AmberLite® IRA900 chloride form and Amberlyst® A26 hydroxide form resins (both
from Sigma) were tested for their ability to remove Aus(PET)is!" from the
RhAu24(PET)18/Auzs(PET)18/Rh-PET product mixture. In a typical experiment, a 20-mL
scintillation vial containing said mixture (in acetonitrile) was charged with the resin beads at
various load amounts ranging from 10 mg (a few beads) to 200 mg. The vial was then sealed and
secured upon a vortexer within a refrigerator, wherein it was left to mix at 4 °C for a period of up
to 24 hours. Each sample was checked periodically by both UV/Vis absorption and MALDI-MS
measurements. Control experiments confirmed that neither IRA900 nor A26 resin beads degraded
within acetonitrile under the stated conditions. We observed no change in the product mixture by
these measurements over the course of these experiments, which was performed using samples
from both the [TOA][Br] and [TBA][PFs] methods. Additional experiments involving an increase
in solution temperature failed to produce positive results.

XII. Instrumentation:

Ultraviolet/Visible (UV/Vis) absorption spectroscopy measurements were performed on a
NanoDrop 2000c instrument in the range of 190-840 nm. The absorption data were normalized by
finding the maximum value in the range of 300-840 nm. Centrifugation was performed on an
Eppendorf 5810 R. Fourier Transform Infrared (FT-IR) spectroscopy measurements were
conducted on a Nicolet iS-50 in the range of 500-3500 cm!. IR samples were analyzed as solutions.

Matrix-Assisted Laser Desorption/lonization mass spectrometry (MALDI-MS)
measurements were collected on a Microflex LRF from Bruker with a TOF detector. Matrix
concentrations were kept constant at 10 mg/mL, and the sample to matrix ratio was 1:100. The

matrix trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile (aka DCTB) was
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used unless otherwise stated. The sample/matrix mixture was applied to a steel plate and air-dried.
Mass spectra were typically collected in both linear positive and negative mode, and all compared
spectra (unless otherwise stated) were obtained at the same laser power. Negative mode spectra
were of consistently lower quality than that of the positive mode, and failed to capture the full
content of the sample (i.e. no observable RhAux4(PET):sg).

X-ray Photoelectron Spectroscopy (XPS) measurements were performed on a PE-5800
using a monochromatic Al Ka source (hv = 1486.6 eV). Samples were drop cast onto HF-etched
silica wafers prior to analysis, and binding energies were calibrated to the C 1s peak at 284.8 eV.
Curve fitting was performed on the in-house software CasaXPS by applying symmetric Gaussians

to each peak following background subtraction.

Section 2: MALDI-MS Control Experiments

Various experiments were performed to further assess the conditions under which
RhAu24(PET)18 might form. First, mixtures of separately-reduced Au/Rh species (as described in
subsection III of section 1 above) were analyzed by MALDI-MS (Figure A1). This was done to
determine whether RhAu24(PET)is forms within the instrument as a result of some
fragmentation/recombination process between Rh-PET and Auxs(PET)1s. Rh-PET does not give
appreciable signal above baseline noise in the region of interest. No additional peaks attributable
to RhAu24(PET);s or other RhxAuzs.x(PET)1s species were observed over a range of laser intensities.
We therefore conclude that RhAu4(PET)s exclusively forms through the co-reduction method

and not within the MALDI-MS instrument.
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Figure A1. MALDI mass spectra of a mixture of Rh-PET and Auys(PET);g taken at varying laser
intensities (increasing in order from black, red, orange traces). Inset shows the region where the
parent peak of Auxs(PET);s 1s located, with clear indication of the absence of RhAu24(PET);s.
Next, we assign some fragmentation/recombination peaks local to the RhAu24(PET):g and
Auzs(PET)g parents (Figure A2). We show a representative MALDI mass spectrum of a sample

obtained from the [TOA][Br] co-reduction method, as it gives the greatest clarity at threshold laser

intensity.
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Figure A2. MALDI mass spectrum of a sample containing the RhAux4(PET)18/Au2s(PET)1s/Rh-
PET product mixture. Peaks labeled B/f correspond to the Auos(PET)is parent and related
fragments, respectively. Those peaks labeled A/a correspond to the RhAu24(PET)1s parent and

related fragments/adducts, respectively. The peak labeled a* (7104 m/z) refers to the loss of one
gold atom from RhAu4(PET);s.
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RhAw4(PET)1s is more prone to fragmentation than Auzs(PET)is within the MALDI
instrument, as evidenced by the number of peaks attributable to RhAu24(PET):s fragments/adducts.
The association of Rh-PET on the surface of RhAu24(PET)1s may encourage this greater degree of
fragmentation.

There are a series of peaks attributable to adducts containing a single Rhi(PET); unit. The
peak centered at 7344 m/z is assigned as the Rhi(PET); adduct of the fragment peak located at
7104 m/z (obs. = 240 m/z, calc. = 240.1 Da; labelled as o* in Figure S11). This fragment peak
corresponds to the loss of one gold atom from RhAu24(PET)1s, whose peak is observed at 7302
m/z (obs. = 198 m/z, calc. = 196.9 Da). The peak centered at 7062 m/z corresponds to the loss of
Aui(PET); from Aus(PET)is, which is a commonly observed fragment for this NC (obs. = 334
m/z, calc. = 334.1 Da).

The peak at 6968 m/z is precisely 94 m/z away from the aforementioned fragment peak;
the same degree of separation as between the parent peaks for RhAu24(PET) s and Auzs(PET)is.
We therefore assign this peak to the loss of Aui(PET); from RhAu24(PET):s (obs. = 334 m/z, calc.
= 334.1 Da). The peak centered at 6907 m/z is assigned as corresponding to the loss of two gold
atoms from RhAu24(PET)s (obs. = 395 m/z, calc. = 393.8). Lastly, the wider peak centered near
7160 m/z is thought to be two peaks overlapping one another; the loss of PET from RhAu24(PET)1s
and the Rhi(PET); adduct of the 6907 m/z fragment peak. This would explain the strange shape of
the peak. The observation of these Rhi(PET); adduct peaks suggests a significant degree of
attraction between Rh-PET and RhAu24(PET)s within the MALDI instrument flight path, and

agrees with our working hypothesis of a stabilizing surface interaction.
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Previous reports on thiolated alloy gold NCs have employed a variety of post-synthetic
treatments to isolate the desired novel product.! These include processes such as solvent extraction,
column chromatography, and selective decomposition. When applied to the
RhAu24(PET)18/Auzs(PET)18/Rh-PET system, none of these treatments yielded complete
purification. Instead, successful treatments resulted in an enrichment of the relative content of
RhAu4(PET)13s versus Aups(PET)13, as determined by mass spectrometry. Selective
decomposition with excess ligand, NaBH4, H>O», elevated temperatures or relevant combinations
thereof resulted in degradation of RhAu24(PET)1s over Auzs(PET)s. Herein we will present only
those purification treatments in detail which yielded neutral (no change) or positive (enrichment)
results.

Throughout the extraction screening process we found no single solvent or mixture that
showed selectivity for removal of Auas(PET)s!” (which should be the native charge state). By
passing the RhAu4(PET)i8/Auxs(PET)1s/Rh-PET mixture through a silica gel column, we
expected the complete oxidation of Auas(PET)is!". Auas(PET)is” should therefore be separable
from a charged RhAu24(PET):s species following solvent extraction. As discussed within chapter
2, subsequent fractions beyond the leading fraction gave the enriched RhAux4(PET)is. The
enriched fraction could not be enriched beyond a peak ratio of 1:2 following iterative silica gel

columns (Figure A3).
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Figure A3. Stack plot of MALDI mass spectra obtained from iterative silica gel column runs of

the RhAu24(PET)18/Au2s(PET)18/Rh-PET mixture (blue trace: run 1; green trace: run 2; red trace:
run 3).

Leading fractions contained exclusively Auxs(PET);s’, as indicated by MALDI-MS and
UV/Vis absorption (Figure A4). Significantly smaller amounts of Auxs(PET);s’ were obtained as
leading fractions from these iterative columns, until the 3" where no separated Auzs(PET);s’ was

observed.
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Figure A4. MALDI mass spectrum (main figure) and UV/Vis absorption spectrum (inset) of the
leading fraction obtained from silica gel column chromatography of the product mixture
RhAu,4(PET)1s/Auzs(PET)1s/Rh-PET, indicative of molecularly pure Auxs(PET)s.
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In the [TOA][Br] co-reduction route, which requires short reduction times to prevent loss
of RhAu24(PET);s, size exclusion chromatography (SEC) was successful in removing larger-sized
NCs from the crude product. RhAu24(PET)s and Auxs(PET);s are inseparable by SEC given their
identical hydrodynamic radius, and thus elute as a mixture with Rh-PET. The [TBA][PF¢] co-
reduction route is capable of much longer reduction times without significant loss of
RhAu24(PET)s. This allows for size-focusing of the crude product, giving a final mixture of
predominantly RhAu4(PET)13/Aus(PET)1s/Rh-PET similar to that obtained by SEC through the
[TOA][Br] route (Figure AS). It is worth noting that through the [TOAB][Br] route, multiple SEC
runs are necessary to achieve the same degree of purity as that obtained synthetically through the

[TBA][PF¢] route.
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Figure AS. MALDI mass spectrum showing the predominance of RhAu24(PET)s and Aus(PET)-
18 cluster products (main figure) as obtained through the [TBA][PFs] co-reduction method. Inset
shows the area of interest for the two clusters, as depicted in Figure 2.1c within chapter 2.

To confirm the role of the [PFs]'" anion, we performed control reactions using [TBA][X],

where [X] = [BF4]'" and [F]"". Figure A6 shows that the bulky, weakly-coordinating [BF4]'" anion

yields a similar enrichment in RhAu24(PET);s content as in the case of [PFs]!". On the other hand,
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the fluoride anion (which is small and highly-coordinating) fails to produce RhAu24(PET)1s in
observable quantities. If this anion had no role in the formation of RhAu24(PET)s we would not

expect such a drastic difference.

LN

7290 7320 7350 7380 7410
m/z
Figure A6. MALDI mass spectra of RhAu24(PET)18/Auzs(PET)18/Rh-PET detailing the difference
in RhAu24(PET)s content (relative to Auzs(PET)13) when [TBA][BF4] (green trace) or [TBA][F]
(red trace) is used in the co-reduction synthesis.

We attempted to synthesize RhAu24(PET)ig using a tetrabutylammonium salt of the
dodecaborate dianion, [Bi2Hi2]*>. The dodecaborate dianion is far bulkier and more weakly-
coordinating than [PFs]"" or [BF4]"", and has been used to stabilize reactive cationic species.
[TBA]2[Bi2Hi2] was formed through the facile exchange between [TBA][I] and K>[Bi2Hi2] in
water. [TBA]2[B12Hi2] precipitates as a white powder; the water filtrate was confirmed to contain
KI through the addition of AgNOs3 and resulting precipitation of Agl. Unfortunately, this reaction
variation failed to produce any gold NCs, as the presence of [TBA]>[B12H12] appears to drastically
alter intermediate formation.

Alternative syntheses which replaced the rhodium salt precursor RhCl; with other salts
failed to produce positive results. Syntheses performed using Rh(PPh3)3Cl and Rh(PPh3)2(CO)CI
yielded no gold NC product, likely due to a similar reason as that of the dodecaborate dianion (i.e.,

change in precursor speciation). Use of rhodium (II) acetate dimer, Rho(OAc)4, appears to inhibit
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the production of gold NCs as evidenced by the low-intensity signal seen for Auzs(PET)1s (Figure
A7). No RhAu24(PET);s is observed through this synthetic route. This is especially noteworthy as
palladium (II) acetate, Pd(OAc),, was the precursor salt used in the recent synthesis of
PdAux(PET);s reported by our lab.2 We hypothesize that this is due to their differing structures;
Rh2(OAc)s 1s an octahedral dimer whereas both molecular and polymeric Pd(OAc). exist in a
square planar coordination environment. This enables greater accessibility to the metal center in

the case of Pd(OAc)s.
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Figure A7. MALDI mass spectrum taken in the area of interest of a sample taken following the
[TBA][PFs] co-reduction procedure with Rh2(OAc)s instead of the typical RhCls. No
RhAu24(PET);5 is observed.

We assessed the dependence of the RhCls equivalents on the formation of RhAu24(PET)1s.
Figure A8 shows the stark contrast in RhAux4(PET)s content when 0.09 equivalents of RhCl; are
used instead of the typical 0.29 equivalents. This difference is more noticeable when [TBA][PFs]

is used instead of [TOA][Br], given the increased preferential formation of the desired product

through ion-pairing.

151



[TOA][Br] . ) [TBA][PF]

,_.//. \' __ ///\ » = =/
7290 7320 7350 7380 7410 7290 7320 7350 7380 7410
m/z m/z

Figure A8. MALDI mass spectra detailing the effect of changing RhCl3 equivalents on the relative
amount of observed RhAu24(PET)s for both the [TOA][Br] (left) and [TBA][PFs] (right) co-
reduction procedures. For both procedures, the red trace refers to 0.29 equivalents of RhCl3, while
the blue trace refers to 0.09 equivalents.

Section 3: Synthesis of Rhodium Thiolates (Rh-PET)

In an effort to synthesize a rhodium NC, we adapted the mortar-and-pestle grinding method
from the synthesis of Irg(PET)s.> 2-Phenylethanethiol (PET) was used for a majority of syntheses,
although the ubiquity of the process has been confirmed with various other thiols (e.g. butanethiol,
hexanethiol, dodecanethiol). The descriptor Rh-PET refers to the rhodium-phenylethanethiolate
species both before and after exposure to NaBH4 (see subsections VI and VII of section 1 above).

The absorbance spectrum of Rh-PET shows a single broad, sloping peak centered at 360
nm (Figure A9, left). The insolubility of RhCl3 in solvents such as dichloromethane (DCM) or
toluene is good evidence for the replacement of chloride with PET. It is worth noting that a similar
broad, sloping absorption feature was reported for Irg(PET)s. Absence of the S-H stretch peak (at

ca. 2566 cm™') on the FT-IR spectrum, in addition to the presence of peaks associated with C-H

stretching (2800-3100 cm™), is further indication that PET is bound to thodium (Figure A9, right).
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Figure A9. (Left) UV-Visible absorbance spectrum of Rh-PET. (Right) Absorbance FT-IR
spectrum of Rh-PET (black trace) vs that of free PET (red trace). The blue star indicates the peak
related to the S-H stretching frequency. In both instances, the sample was suspended in DCM.
When dissolved in acetonitrile, the orange solution of Rh-PET becomes cloudy upon
addition of [TMA][CI1] or [TMA][BH4]. Centrifugation results in the precipitation of an orange
powder with a completely clear, colorless supernatant. Re-suspension of this orange powder in
DCM and analysis by UV/Vis absorption confirms its identity as Rh-PET. As discussed within the
main text this quality of Rh-PET enabled its separation from the RhAu24(PET)18/Aus(PET)1s/Rh-

PET product mixture when [TMA][BH4] was employed in the co-reduction procedure. The

following section details further experimental characterization of Rh-PET.

Section 4: XPS Characterization of Rh-PET and RhAu24(PET)1s/Au2s(PET)1s/Rh-PET

An XPS survey of Rh-PET detected rhodium, carbon, sulfur, and oxygen (Figure A10).
The presence of oxygen peaks are due to the fresh oxide layer produced by the HF treatment of
the silica wafer. No peaks attributable to chlorine were observed. High-resolution scans were taken

in the rthodium 3d and sulfur 2p regions to further assess the chemical state of these elements.
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Figure A10. XPS survey spectrum of a drop-cast sample of Rh-PET.

The sulfur 2p pair of peaks (Figure A11) have closely-spaced spin-orbit splitting (1.16 eV)
but could not be fit to the expected area ratio of 1:2 (for 2pi2:2p32). This is attributed to the
presence of an intermediate shoulder peak, which could be a result of two chemically-similar
bonding environments. The binding energy of the S 2ps/2 peak at 162.8 eV is indicative of metal-

sulfur bonding, in agreement with FT-IR measurements.
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Figure A11. High-resolution photoelectron spectrum of Rh-PET in the S 2p region (solid black
trace), alongside fits for the 2pi/2 (dotted green trace) and 2p3/2 (dotted blue trace) peaks.

The Rh 3d pair of peaks (Figure A12) have well-separated spin-orbit splitting (4.7 eV),
with a 3ds2 binding energy of 308.6 eV. Based on the binding energy reported by NIST for RhCl3

(310 eV), the rhodium present in Rh-PET is of a lower oxidation state than the starting material.
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If a thiolated rhodium NC had formed, the presence of substantial metal-metal bonding should
result in a 3ds. binding energy close to that of metallic thodium. In the case of Iro(PET)s, the Ir
4f7 peak is within 0.1 eV of I (60.9 eV).? NIST reports a binding energy of 307 eV for metallic

rhodium, making it unlikely for Rh-PET to contain any Rh°,

3133 eV 308.6 eV

32;.6 3i5 3;[4 32ILS 3]I.2 3;[1 32;.0 3[IJ9 3(I)8 3(;7 366
Binding Energy (eV)
Figure A12. High-resolution photoelectron spectrum of Rh-PET in the Rh 3d region.

These data suggest that Rh-PET is not a canonical thiolated NC species, but instead some
form of Rh! thiolates. It is worth noting that these measurements do not appreciably change when
Rh-PET is synthesized in solution-phase or without NaBH4 present. This has led us to conclude
that: 1) the formation of Rh-PET occurs without further assistance upon combination of RhCl3 and
PET; ii) the resulting presumptive Rhx(PET)m species are robust enough to resist further reduction
by a relatively strong reducing agent.

We also performed a series of XPS experiments on the RhAux4(PET)18/Auzs(PET)18/Rh-
PET system as discussed in chapter 2. Figure A13 below shows the full survey spectrum of that
shown in Figure 2.3, and indicates the presence of the expected elements Au, Rh, S, C, N, P, O,

and F. The O peaks are attributed to the cleaning method applied to the silica wafers prior to sample

deposition, which produces a fresh oxide layer on the wafer surface.
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Figure A13. XPS survey spectrum of a drop-cast sample of RhAu24(PET)s, Au25(PET):s, and Rh-
PET.

Figure A14 shows the high-resolution spectrum of the Au 4f region, with corresponding
fit traces. The 4f7,, peak centered at 84.0 eV matches with previous XPS studies on Auzs(PET)s
and related gold clusters, and corresponds with metallic gold.*® The 4fs/, peak centered at 87.7 eV

has well-separated spin-orbit splitting from the 4f7,> peak (3.7 eV).
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Figure A14. High-resolution XPS spectrum of the Au 4f region for the sample containing
RhAu24(PET)18/Auas(PET)1s/Rh-PET.

Section 5: Treatment of Gold Nanoclusters as Superatom Complexes

Superatom theory treats metal clusters as a single spherical complex containing the
delocalized valence electrons of the metal atoms.” Previously, Knight and coworkers determined
via mass spectrometry experiments that gas-phase, bare metal clusters with specific electron counts

of n* =2, 8, 18, 34, 58, and so on were especially abundant.® These counts were proposed to be
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associated with electronically closed shells, which are considered analogous to atomic noble gas
electron configurations. The following equation was previously developed by Walter and
coworkers (reference 9) for determining the shell-closing electron count n* of Aux(SR)m”* NCs:
n*=Nva—-M-z

where N is the # of metal atoms, va is the metal atom valence, M is the # of electron-withdrawing
(or electron-localizing) ligands, and z is the overall charge of the NC. Thiolate ligands are
considered to withdraw one electron each from the metal core. Applying equation 1 to
Aus(PET)s!, we find that the complex satisfies an electronically closed shell of n* = 8. These
electrons fill into superatomic orbitals (e.g. 1S, 1P, 1D, etc.) which obey the same rules as their
atomic analogues, giving a configuration of 1S%1P°.

In the case of heterometal doping, the predictive value of equation 1 has been demonstrated
for a number of group 10-12 closed d-shell metals. Jiang and Dai predicted a series of
MAu4(SR)1s* NCs prior to their experimental synthesis and characterization.” Their analysis
applied the concept of isoelectronic substitution to Auzs(SR)is'", i.e. the value for n* remained
fixed at 8 in their calculations. In order to keep this value fixed, the overall NC charge z was
adjusted as the heterometal valence removed (e.g. Pd, Pt) or added (e.g. Cd, Hg) electrons.

Empirically, no group has proven that isoelectronic substitution is operative in the case of
open d-shell heterometals. Both RhAux4(SR)1s and IrAu»4(SR)1s are predicted by isoelectronic
substitution to have a large net negative charge (-3). The observation that Ir3Aux2(SR)1s and
RhAu24(SR)1g appear to be of net neutral and positive charge, respectively, strongly suggests that
the same principles applied to closed d-shell heterometals cannot be applied to those with an open
d-shell. As covered in the main text, our observations combined with the recent findings of Hirai

and coworkers appear to agree that group 9 metals (e.g. Ir, Rh) subtract a single electron from the
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overall superatomic electron count in order to fill their d-shells.!® Additional studies involving
these and other open d-shell heterometals are necessary to further confirm the ubiquity of this

process.

Section 6: Post-Synthetic Exchangeability of Rhodium with AuzsLis (L = Thiolate, Acetylide)

A series of exchange reactions were performed using Rh-PET as the rhodium source. Given
the non-metallic nature of Rh-PET, this type of post-synthetic exchange cannot truly be classified
as an ICR process. Rather, AGR is a more apt description since this route typically involves
interaction between the Au NC and the heterometal in a nonmetallic oxidation state. Other groups
have previously found success with doping of Auz5(PET);s using oligomeric heterometal thiolates
via AGR.!!

[TOA][Auz5(PET)18] (TOA = tetraoctylammonium) was synthesized according to the
Brust-Schiffrin one-phase procedure.'? Crystals were obtained through slow cooling of a mixed
toluene/ethanol solution. In a typical exchange reaction, these crystals were then mixed with an
equal amount of Rh-PET dissolved in DCM. Aliquots of the reaction mixture were taken
subsequently over a period of 48 hours and analyzed by MALDI-MS. A number of variations of
this general reaction were explored, including dissolution in THF or toluene, increased/decreased
amounts of Rh-PET, and the addition of PET or NaBH4 in slight excess.

Over the course of these post-synthetic exchange studies, no products attributable to
RhxAuzsx(PET)1s species were observed under any conditions. A representative MALDI-MS
spectrum of an aliquot taken at 48 hours is shown in (Figure A15). The calculated mass difference
between gold and rhodium is 94.06 Da, which is well outside the range of prominent Auzs(PET)1s
fragment peaks. No peaks with a similar m/z difference from the parent peak were observed over

a period of 48 hours. Similar to the cases of palladium and platinum, it appears that no exchange

158



occurs between rhodium and Auzs(PET)1s post-synthetically. Unless in a mass ratio higher than

1:1, no noticeable degradation of Auzs(PET):s is observed.
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Figure A1S. Representative MALDI mass spectrum resulting from the mixture of Rh-PET and
crystalline Auxs(PET);g in a 1:1 mass ratio. Dotted lines indicate expected peak positions of the
exchange products RhxAuzs.x(PET)1s, with the labels 1-4 representing the value x.
Acetylide-protected Au NCs such as [Na][Auxs(CCAr)s] (CCAr = 3.5-
bis(trifluoromethyl)phenylacetylene) have been isolated in recent years and described as more
stable analogues of thiolated Au NCs.!* These stability arguments are primarily based on a greater
resistance to oxidation or degradation under oxidative conditions. Our lab recently revealed a
surprising metathesis-like exchange between lithium- or gold-acetylides and thiolated Au NCs.'*
In addition to this acetylide-for-thiolate exchange, thiolate-for-acetylide exchange was observed
by mixing free thiol with [Na][Au2s(CCAr)13]. Both directions of exchange were observed
simultaneously in a novel ICR between Auzs(PET) s and Aus44(PA)28 (PA = phenylacetylene). The
facile nature and short timescales of these exchange reactions prompted us to assess the
exchangeability of Rh-PET with Auxs(CCAr)is'. Given the solubility of Auxs(CCAr)is" in
methanol, we were also able to perform exchange reactions with the RhCl3 starting material.

Auns(CCAr) 15" was prepared and crystallized based on the report by Li and coworkers.'?

The exchange conditions applied here are the same as those described for Auzs(PET)1s. Over the
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course of 48 hours, no exchange products were observed for Rh-PET or RhCl3 (Figure A16). Since
no AGR methods have thus far been applied to Auxs(CCAr)1s", we cannot with complete certainty
attribute the failure to exchange solely on the rhodium sources. It is possible that the greater
resistance to oxidation significantly hinders any exchange via AGR, as it is considered a redox-
mediated process. Based on the existing data, however, we hypothesize that for the case of Rh-
PET its demonstrated inertness is the primary factor contributing to its failure to exchange. Even
in the presence of excess PET, the mixture of Auss(CCAr)is'~ and Rh-PET exclusively yields
Aups(PET)x(CCAr)1sx"~ species. At mass ratios greater than 1:10 RhCls:Auzs(CCAr)sh,

significant degradation of Au,s(CCAr)1s'~ was observed.
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Figure A16. Representative MALDI mass spectrum resulting from the mixture of Rh-PET and
crystalline Aups(CCAr)is!™ in a 1:1 mass ratio. Dotted lines indicate expected peak positions of the
exchange products RhxAuzsx(CCAr)18”, with the labels 1-4 representing the value x (z = charge).
The smaller peak on the shoulder of the parent Auas(CCAr)is!™ peak is a fluoride adduct.
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APPENDIX B: SUPPLEMENTAL TO CHAPTER 3

Section 1: Experimental Methods

Gold (III) chloride trihydrate (Sigma-Aldrich, ACS reagent, >49.0% Au basis),
chloro(dimethylsulfide)gold(I) (TCI America, >97% Purity) tetra-n-octylammonium bromide
(Acros Organics, 98% purity), sodium borohydride (Sigma-Aldrich, >98.0% purity), 2-
phenylethanethiol (Sigma-Aldrich, >99% Purity), phenylacetylene (Alfa Aesar, 98+% Purity),
lithium phenylacetylide (Sigma-Aldrich, 1.0M in THF), 3,5-bis(trifluoromethyl)phenylacetylene
(Sigma-Aldrich, 97%), tetrahydrofuran (Fisher Scientific, certified, stabilized with 0.025%
butylated hydroxytoluene), dichloromethane (Sigma-Aldrich, ACS grade, >99.5%, stabilized with
40-150 ppm amylene), toluene (Sigma-Aldrich, ACS reagent, >99.5%), methanol (Fisher
Scientific, certified ACS, 99.9% assay), acetone (Industrial Chemical Corporation, tech grade),
chloroform (EMD Millipore, >99.8% assay, stabilized with ethanol), ethanol (Pharmco-Aaper, 200
proof), and trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenyliden]malononitrile  (Sigma
Aldrich, >99.0% [HPLC]) were all used without further purification. Triethylamine (Fisher,
>99.0%), pyridine (Fisher, >99.0%), and diethyl ether (Fisher, >99.0%, BHT stabilized) were
purified using a SG Water USA glass contour solvent system prior to use. Water was obtained
using a Thermo Scientific Barnstead Nanopure set to 18.2 MQ-cm.
1. MALDI-MS data collection:

2 mg trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile ~ was
dissolved in 0.2 mL dichloromethane. To this solution was added 2.0 uL of nanocluster sample
dissolved in dichloromethane. 0.2 puL of the combined solution was spotted on a metal plate for

MALDI-MS and allowed dry for one hour. Data was collected using a Bruker Microflex LFR

163



MALDI-TOF. Positive mode spectra were collected as they provided better signal-to-noise ratios
relative to negative mode spectra.
1. Synthesis of Auzs(PET)sTOA:

A previously published method was adapted for the synthesis of Au,s(PET);sTOA.! In brief,
2.0 g HAuCl4*3H20 and 3.12 g tetra-n-octylammonium bromide were added to 140 mL
tetrahydrofuran in a 300 mL roundbottom flask. The solution was stirred for 30 minutes until a
dark orange color was observed. 3.6 mL of 2-phenylethanethiol was then added to flask, and the
resulting solution was stirred overnight. A separate solution containing 1.94 g sodium borohydride
and 48 mL H>O was produced in a 125 mL Erlenmeyer flask. This solution was cooled to 0 °C
prior to adding it to the gold-containing solution. The combined solutions were then stirred for 48
hours, followed by separation and evaporation of the organic layer. The resulting brown oil was
re-dissolved in several milliliters of dichloromethane and separated into four 50 mL conical vials.
The conical vials were filled with methanol and placed in a centrifuge at 4000 RPM for 30 minutes.
The supernatant was decanted and the precipitate was washed twice more by addition of methanol
and centrifugation. The final product was extracted from the resulting powder using
dichloromethane and evaporated to dryness.
II1. Synthesis of gold(I)-phenylacetylide:

Conditions were utilized from a previously published report.”? In brief, 100 mg
chloro(dimethylsulfide)gold(I) was added to 10.0 mL dichloromethane, 47.8 puL phenylacetylene,
and 60.3 pL triethylamine in a 20 mL scintillation vial and stirred in the dark for two hours. The
solution was then evaporated to approximate dryness and the resulting powder was washed with

excess water, ethanol, and diethyl ether.
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1V. Gold(1)-phenylacetylide exchange reactions on Auxs(PET);s:

Ligand exchange was performed on Aus(PET)isTOA by adding 12.0 mg (1.53 pmol)
Auas(PET)1sTOA to 3.03 mL dichloromethane in a 20 mL scintillation vial at room temperature.
0.450 mg (1.53 pmol) gold(I)-phenylacetylide was added to the solution containing the Auas
cluster and stirred for 30 minutes, after which the solvent was evaporated. The crude product was
then extracted using dichloromethane to remove any remaining gold(I)-phenylacetylide and
evaporated to dryness. A similar procedure was used to generate a higher amount of ligand
exchange but using 4.50 mg (15.3 pmol) or 450 mg (153 umol) of gold(I)-phenylacetylide.

V. Exchange of lithium phenylacetylide with Auzs(PET);s:

Ligand exchange was performed by purging a sealed 20 mL scintillation vial containing
20.0 mg (2.54 umol) Auzs(PET)1sTOA and a stir bar with argon for 30 minutes. To this vial was
added 25.4 puL (25.4 umol) lithium phenylacetylide. The solution was stirred for 30 minutes under
argon at room temperature, after which a 2.0 pL aliquot of the solution was removed for MALDI-
MS analysis.

VI. Synthesis of [Na][Auxs(CCAr);s]:

Conditions were adapted from a previously published report.® In a foil-wrapped 20 mL
scintillation vial, 200 mg chloro(dimethylsulfide)gold(I) was added to 10 mL acetone under
vigorous stirring. 126 puL 3,5-bis(trifluoromethyl)phenylacetylene and 99 pL triethylamine were
then added sequentially, and this mixture was stirred for 2 hours. The resulting precursor Au(l)-
CCAr was isolated by drying the solution under rotary evaporation and washing twice with water.
208 mg Au(I)-CCAr was subsequently added to 30 mL of a chloroform:methanol mixture (5:1) in
a 100 mL foil-wrapped roundbottom flask under vigorous stirring. A freshly-prepared aqueous

solution of sodium borohydride (5.4 mg in 4.7 mL water) was added dropwise followed by 94 uLL
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triethylamine. The mixture was allowed to stir for 20 hours, whereupon a dark solid was obtained
following rotary evaporation. This solid was extracted in methanol, which after brief centrifugation
gave crude Auzs(CCAR);g in the supernatant. For crystallization, this crude was dried and re-
suspended in 1:1 dichloromethane:toluene and layered with hexanes in 20 mL scintillation vials.
Crystals were observed in a few days at room temperature. All characterizations and post-synthetic
modifications described herein for Auxs(CCAr)is were performed with crystal-pure sample.
MALDI-MS and UV/Visible absorbance measurements further confirm the purity of the sample
(Figures B9, B10).

VII. Thiolate ligand exchange on [Na][Au>s(CCAr);s]:

13 mg (1.41 pumol) Auxs(CCAr)is was suspended in 1 mL dichloromethane in a 20 mL
scintillation vial at room temperature. A solution of 1 pL 2-phenylethanethiol in 100 pL
dichloromethane was prepared. 19 pL of this solution, equating to 1 equivalent per cluster, was
added to the Auzs(CCAr)ig solution under vigorous stirring. An aliquot of this mixture was
removed for MALDI-MS analysis following a period of 30 minutes.

VIII. Synthesis of Aus4(PA)2s:

Conditions were adapted from a previously published report.* In brief, 44.7 mg gold(I)-
phenylacetylide was added to 4.0 mL chloroform and stirred. A solution of 0.95 mg sodium
borohydride in 1.0 mL ethanol was prepared and added to the solution containing gold(I)-
phenylacetylide. The combined solutions were stirred in the dark for 16 hours. Afterwards, 0.3 mL
phenylacetylene and 0.3 mL pyridine were added and stirred for 24 hours in the dark. The solution
was subsequently evaporated to near dryness and washed with 15 mL hexanes to afford a dark

powder. This powder was purified by size exclusion chromatography to afford the purified product.
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IX. Thiolate ligand exchange on Au44(PA )2s:

Ligand exchange was performed on Aus4(PA)2s by adding 2.8 mg (0.24 pmol) Auss(PA)2s
to 0.48 mL dichloromethane in a 20 mL scintillation vial at room temperature. 0.59 pL (0.61 mg,
4.41 pmol) 2-phenylethanethiol was added to the solution containing the Aus4 cluster and stirred
for 5 minutes, after which an aliquot of the solution was removed for MALDI-MS analysis.

X. Intercluster exchange between Auzs(PET)1s and Auqs(PA )2s:

1.16 mg (0.148 umol) Auzs(PET)isTOA and 1.70 mg (0.148 umol) Au4s(PA)g were

combined in 0.29 mL dichloromethane and stirred for five minutes. The solution was then

evaporated to dryness and re-dissolved in a minimal amount of DCM for MALDI-MS analysis.

Section 2: Supporting Figures

Au,5(PET)44

J
550 6000 6500 7000 7500 8000
m/z
Figure B1: Positive ion MALDI-MS of Auzs(PET)1s. The peak corresponding to this compound
is labelled. Other peaks correspond to fragmentation products.
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Figure B2: Positive ion MALDI-MS spectrum after mixing Auzs(PET)1s with 1 eq.
phenylacetylene in DCM for 30 minutes. The peaks are labelled as the following species: A)
Auzs(PET)1s8 B) Au2s(PET)17S1 C) Au2s(PET)17 D) Au2s(PET)16S1 E) Auas(PET) 6.
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Figure B3: Positive ion MALDI-MS spectrum after mixing Aus(PET)is with 100 eq.
phenylacetylene in DCM for 30 minutes. The peaks are labelled as the following species: A)
Auzs(PET)lg; B) Auzs(PET)nS]; C) Auzs(PET)n; D) Aqu(PET)mS]; and E) AUZS(PET)]ﬁ.

~
W
o
(=]

T L e e e I B
7100 7150 7200 7250

168



@ CAH_2.83_ 0 F1_1s
18000

7437.0516

15000+

12000+

9000+

6000

3000+

0 | . S R B LA o S T e S e R PR R R RS (R, R o R T, DU o S (R SO e, sy L B L
7100 7150 7200 7250 7300 7350 7400 7450 7500
m/z

Figure B4: Positive ion MALDI-MS spectrum after mixing Aus(PET)is with 10 eq.
phenylacetylene and 1 eq. triethylamine in DCM for 30 minutes. A sodium adduct of Auz5(PET):s
is labelled. The calculated mass spectrometry result for Auxs(PET)s-2Na* is 7437.91 m/z.
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Figure BS: Positive ion MALDI-MS spectrum after mixing Aus(PET)is with 100 eq.

phenylacetylene in toluene for 30 minutes at 60 °C. The peaks are labelled as the following species:

A) Auzs(PET)1s; B) Auas(PET)17S1; C) Auzs(PET)17; D) Auas(PET)16S1; and E) Auzs(PET) 6.
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Figure B6: Normalized positive ion MALDI-MS spectra after mixing Auzs(PET)ig with 10 eq.
gold(I)-phenylacetylide in THF for 5 minutes (black), 15 minutes (red), and 30 minutes (blue).
The peaks are labelled as the following species: A) Auxs(PET)is; B) Auxs(PET)17(PA)i; C)
Aus(PET)16(PA)2; D) Auzs(PET)15(PA)3; E) Auxs(PET)14(PA)s; F) Auas(PET)13(PA)s; G)
Auzs(PET)12(PA)s; H) Auas(PET)11(PA)7; I) Auas(PET)10(PA)g; J) Auzs(PET)o(PA); K) and
Auzs(PET)s(PA)10.
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Figure B7: Positive ion MALDI-MS spectrum after mixing Auzs(PET)1s with 100 eq. gold(I)-
phenylacetylide in DCM for 18 hours. The peak corresponding to the mass of Auxs(PA)isg is
labelled.
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Figure B8: Positive ion MALDI-MS spectrum of Auzs(PET)isx(PA)x obtained after mixing
Auz5(PET)is with 10 eq. of lithium phenylacetylide in DCM under argon for 5 minutes. Other
peaks correspond to fragmentation products.
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Figure B9: Negative ion MALDI-MS spectrum of crystal-pure Au2s(CCAr)1s. The peak
corresponding to the compound is labelled. The peak labelled # is a fragment peak corresponding
to the loss of gold from the parent cluster. The peak labelled * is an adduct peak corresponding to
the parent peak plus a fluorine.
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Figure B10: UV/Visible absorbance spectrum of crystal-pure Auxs(CCAr)is. The position and
relative intensity of absorption peaks matches well with that reported by Li et al. (reference 3).
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APPENDIX C: SUPPLEMENTAL TO CHAPTER 4

Section 1: Experimental Methods

Gold(III) chloride trihydrate (Sigma-Aldrich, ACS reagent, >49.0% Au basis), sodium
borohydride (Sigma-Aldrich, >98.0% purity), tetra-n-octylammonium bromide (Acros Organics,
98% purity), 2-phenylethanethiol (Sigma-Aldrich, >99% purity), diethylene glycol dimethyl ether
(diglyme, anhydrous, Sigma-Aldrich, 99.5%), tetrahydrofuran (Fisher Scientific, certified,
stabilized with 0.025% butylated hydroxytoluene), dichloromethane (Sigma-Aldrich, ACS grade,
>99.5%, stabilized with 40-150 ppm amylene), dichloromethane-d> (Sigma-Aldrich, 99.5 atom %
D), methanol (Fisher Scientific, certified ACS, 99.9% assay), chloroform (EMD Millipore,
>99.8% assay, stabilized with ethanol), ethanol (Pharmco-Aaper, 200 proof), and DCTB (i.e. trans-
2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenyliden]malononitrile, Sigma  Aldrich, >99.0%
[HPLC]) were all used without further purification. Water was obtained using a Thermo Scientific
Barnstead Nanopure set to 18.2 MQ-cm.
1. Synthesis of Auzs(PET);s:

A previously published method was adapted for the synthesis of Auos(PET)1sTOA.! In brief,
2.0 g HAuCl4*3H20 and 3.12 g tetra-n-octylammonium bromide were added to 140 mL
tetrahydrofuran in a 300 mL roundbottom flask. The solution was stirred for 30 minutes until a
dark orange color was observed. 3.6 mL of 2-phenylethanethiol was then added to the flask, and
the resulting solution was stirred overnight. A separate solution containing 1.94 g sodium
borohydride and 48 mL H>O was produced in a 125 mL Erlenmeyer flask. This solution was cooled
to 0 'C prior to adding it to the gold-containing solution. The combined solutions were then stirred

for 48 hours, followed by separation and evaporation of the organic layer. The resulting brown oil
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was re-dissolved in several milliliters of dichloromethane and separated into four 50 mL conical
vials. The conical vials were filled with methanol and placed in a centrifuge at 4000 RPM for 30
minutes. The supernatant was decanted and the precipitate was washed twice more by addition of
methanol and centrifugation. The final product was extracted from the resulting powder using
dichloromethane and dried in order to oxidize the cluster from its native -1 charge state to neutral.
11. Synthesis of [Auzo(PET)15(DG)2]-4[DG]:

Conditions were adapted from a previously published report.? In brief, 48 mL of THF was
added to a 250 mL Erlenmeyer flask followed by 643 uL of 2-phenylethanethiol (4.8 mmol, 3 eq).
630 mg HAuCl4*3H>0 (1.6 mmol, 1 eq) dissolved in 16 mL diglyme was added to the reaction
vessel under constant magnetic stirring. Over the course of 3 hours the initial cloudy yellow
solution transitioned to a completely opaque milky white. Approximately five minutes prior to the
end of this 3 hour period, a suspension of 15.1 mg sodium borohydride (0.4 mmol, 0.25 eq) in 4
mL diglyme was sonicated at room temperature. At the 3 hour mark this suspension was then
added dropwise over the course of 1 minute, followed by 120 mL diglyme. During the sodium
borohydride addition, the solution turned dark black but quickly transitioned to a deep orange
following the addition of the gross excess of diglyme. The reaction was stirred for an additional
hour, whereupon the solution was passed through a Biichner funnel with a medium frit to remove
insoluble byproducts. Quenching was performed by transferring this filtered solution to a 1-L
fleaker and adding methanol to 1 L. The precipitated nanocluster product was isolated as an orange
solid by passing this quenched solution through a Biichner funnel with a fine frit and further rinsing
with excess methanol. For solution-phase studies, this solid product was dried overnight and re-
suspended in either dichloromethane or chloroform. Yield was calculated with reference to the

precursor gold salt HAuCls*3H>O and the full cluster formula, including the 4 excess diglyme.
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I11. Hierarchical assembly test:

In a typical experiment, a 20 mg/mL solution of nanocluster sample in 2 mL chloroform
was stored in a 5-mL scintillation vial and covered with a thin layer of parafilm to allow for the
safe dispersal of any vapor. This vial was submerged halfway in a Biichi B-100 water bath set to
the desired temperature (30 °C, 40 °C, 50 °C, or 60 °C) and held in place by a clamp for the
duration of one hour. The vial was then removed and placed within an ice water bath in order to
rapidly cool the solution prior to analysis by UV/Vis linear absorption spectroscopy. For each
temperature, additional experiments were performed with an excess (2 mL) of diglyme added to
the 2 mL nanocluster solutions, providing a total of eight experiments.
1IV. MALDI mass spectrometry:

2 mg DCTB was dissolved in 200 puL dichloromethane. To this solution was added 2.0 uLL
of a 10 mg/mL nanocluster sample dissolved in dichloromethane. 0.2 pL of the combined solution
was spotted on a stainless steel plate for MALDI-MS and allowed to dry for one hour. Data was
collected using a Bruker Microflex LFR MALDI-TOF. Mass spectra were collected in the positive
ionization mode, as this consistently gave the best signal-to-noise ratios (versus those collected in
negative ionization mode).

V. NMR spectroscopy:

For nanocluster samples, 10 mg was dissolved in 1.0 mL dichloromethane-d>. For free

ligand samples, 100 uL was dissolved in 1.0 mL dichloromethane-d>. Data was collected using a

Bruker Neo400.
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VI. Thermal gravimetric analysis:

A TA TGA Q500 was used for data collection. Powdered nanocluster (2.0310 mg) was

placed in a platinum pan. Under constant N2 flow (55 mL/min), the temperature was increased at
10 °C/min to 00 °C.

VII. Infrared spectroscopy:

14.0 mg of nanocluster sample was dissolved in 1.0 mL chloroform, which was measured

on a Thermo Nicolet iS-50 FT-IR spectrometer using ATR on a ZnSe crystal.
VIII. UV/Vis spectroscopy:

1.0 mL of a 10 mg/mL nanocluster sample dissolved in chloroform was taken and diluted

until the absorbance output was within a reasonable range with good signal-to-noise ratio. Data

was collected on a NanoDrop 2000c spectrophotometer.

Section 2: Supporting Experimental Figures

3.1 ppm
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Figure C1. 'H spectra of Auxs(PET);s (top, blue) and [Auxo(PET)15(DG).]-4[DG] (bottom, red) in
dichloromethane-d». The central position of the peaks corresponding to the ethylene linker protons
of PET are indicated for both samples.
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Figure C2. Differential thermal analysis (DTA) plot of the TGA data for
[Au20(PET)15(DG):]-4[DG], obtained by taking the difference of every adjacent pair of weight %
values and dividing by the time change. The raw DTA values were smoothed using a Savitzky-
Golay filter with a window of 10 °C.
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Figure C3. Linear absorption spectrum of [Au2o(PET)15(DG)2]-4[DG] in chloroform. Inset shows
a 10 mg/mL solution of the nanocluster, showcasing its gold-orange hue.
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Figure C4. FT-IR spectrum of [Au2o(PET)i5(DG)2]-4[DG] in chloroform. Inset shows a zoomed-
in view of the region (2000-1750 cm™) which corresponds to intercluster ligand interactions
brought about by dimerization. These peaks are notably absent in [Au20(PET)15(DG)2]-4[DG],
further affirming its lack of dimerization/polymerization. See reference 2 for further details.
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Figure C5. Stacked linear absorption spectra of [Auxo(PET)i5(DG)2]-4[DG] when exposed to
different temperatures without (left) and with (right) excess diglyme.
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Section 3: Computatonal Methods and Associated Figures

All calculations were performed at the BPS6/TZP** level of theory with the Grimme3
dispersion correction’ using the Amsterdam Modeling Suite (AMS) 2021.102 software.® After
geometry optimization, NMR shielding calculations were performed. "H NMR calculations were
performed on hydrogen atoms in the diglyme molecule with respect to TMS (tetramethyl silane)
to be consistent with the experimental results.
1. NMR calculations:

Because the terminal methyl group of diglyme can rotate freely at room temperature, two
structures for linear diglyme, labeled diglyme-GS and diglyme-TS (Figure C6), are considered.
Diglyme-GS is the global minimum structure and diglyme-TS is a transition state related to

rotation of the terminal methyl groups. Diglyme-GS is lower in energy than diglyme-TS by 18.9

12 13 12 ¢ 13
' 17
) 18
g (' I

b “ 14¢ < C
- i5s 18 16 o “ “is ¢

kJ/mol.

diglyme-GS diglyme-TS

Figure C6. Fully optimized BP86/TZP structures for diglyme-GS and diglyme-TS. These
structures differ in the orientation of the terminal methyl groups. Hydrogen atoms are labeled 12,
13, 14, 15, 16, 17, and 18 respectively. Carbon = gray, oxygen = red, and hydrogen = white.
From Table C1, it can be noted that averaging the chemical shifts for diglyme-GS and
diglyme-TS leads to chemical shifts that are consistent with the experimental results in Figure 4.2
of chapter 4, as would be expected due to free rotation of the methyl groups. Thus, the calculated
results are consistent with a linear diglyme molecule in pure solution indergoing free methyl

rotation. Hydrogen atoms in CH; groups have chemical shifts at around 3.8 ~ 4.0 ppm, which are

only about 0.4 ppm higher than those determined experimentally.
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Table C1. Calculated "H NMR chemical shifts for hydrogen atoms 12, 13, 14, 15, 16, 17, and 18
in diglyme-GS and diglyme-TS.

hydrogen atom chemical shifts hydrogen atom chemical shifts
(ppm) (ppm)
12 3.93 12 3.83
13 3.93 13 3.83
14 3.84 14 3.98
diglyme-GS 15 3.84 diglyme-TS 15 3.08
16 3.56 16 3.97
17 3.84 17 3.26
18 3.56 18 3.97

11. Binding energy analysis:

To examine the binding strength between Auxo(SCH3)15* and diglyme, we consider the
binding of these fragments to form the full Au2o(SCH3);sDG* system. The optimized
Auo(SCH3)15DG™ coordinates (below) are split into fragments that are considered without further
optimization (i.e. frozen fragments). We also fully optimize the fragments and determine the
binding energy to form Auzo(SCH3)1sDG*. For diglyme, we consider the crown-like minimum
similar to the arrangement on the nanoparticle (crown) and its global energy minimum (linear).

Optimization of diglyme changes the energy by less than 8 kJ/mol, whereas optimization
of the Auxo(SCH3)15* fragment leads to an energy stabilization of 52.5 kJ/mol; indicating that the
binding of diglyme has resulted in a significant geometrical rearrangement of the Auyo cluster

compared to the structure without diglyme (Table C2).
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Table C2. Relative energies of Au2o(SCH3)15* and diglyme fragments before and after fragment
optimization, followed by binding energies of fragments to form Auo(SCH3)1sDG™.

Frozen fragments Optimized fragments

Relative energies Aug(SCH;z)15™ 52.5 0

(kJ/mol) DG 7.9 2.6 (Crown) 0 (Linear)

Binding energies (KJ/mol) -204.7 -146.7 -141.8

Optimized BP86/TZP coordinates for Auxo(SCH3)i1sDG™:

Au 14.241138 11.425786 -0.092579
Au 14.660912 12.251971 3.376269
Au 16.246342 13.555258 0.224274
Au 15.895334 14.373573 -2.511098
Au 14.739907 15.898072 -0.469852
Au 15.684812 18.447517 2.438385
Au 13.357622 16.638112 1.762807
Au 14.164861 18.700721 -0.380090
Au 13.615731 21.571629 -0.053126
Au 12.310963 19.366933 2.574677
Au 14.470293 15.888862 4.558413
Au 15.939093 15.543087 2.062360
Au 13.904047 12.796653 -3.800841
Au 11.244799 14.259763 -0.652962
Au 13.762272 13.931420 1.325519
Au 12.692210 18.303376 -3.258133
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APPENDIX D: SUPPLEMENTAL TO CHAPTER 5

Section 1: Experimental Methods

Gold (III) chloride trihydrate (Sigma-Aldrich, ACS reagent, >49.0% Au basis), silver
nitrate (Alfa Aesar, ACS, >99.9% Ag basis), sodium borohydride (Sigma-Aldrich, >98.0% purity),
tetra-n-octylammonium bromide (Acros Organics, 98% purity), tetraphenylphosphonium bromide
(Thermo Scientific, 99% purity), triethylamine (Fisher, >99.0%), 2-phenylethanethiol (Sigma-
Aldrich, >99% purity), 3,4-difluorothiophenol (Sigma-Aldrich, 96%), 1,2-ethanedithiol (Alfa
Aesar, >98%), 1,3-propanedithiol (Sigma-Aldrich, 99%), 1,4-butanedithiol (Sigma-Aldrich, 97%),
1,5-pentanedithiol (Sigma-Aldrich, 96%), 1,6-hexanedithiol (Sigma-Aldrich, 96%), 2,2’-
thiodiethanethiol (Sigma-Aldrich, technical grade, 90%), bis(2-mercaptoethyl) ether (Sigma-
Aldrich, 95%), 1,2-benzenedithiol (Sigma-Aldrich, 96%), 3.4-toluenedithiol (Sigma-Aldrich,
technical grade, 90%), 3,6-dichloro-1,2-benzenedithiol (Sigma-Aldrich, 95%), 4.5-
bis(mercaptomethyl)-o-xylene  aka  durene-a,ap-dithiol (TCI, >96% [GC]), 1,3-
benzenedimethanethiol (Sigma-Aldrich, 95%), 1,2-benzenedimethanethiol (Sigma-Aldrich, 95%),
1,3-benzenedithiol (Sigma-Aldrich, 99%), tetrahydrofuran (Thermo Scientific, certified, stabilized
with 0.025% butylated hydroxytoluene), ethanol (Pharmco-Aaper, 200 proof), methanol (Thermo
Scientific, certified ACS, 99.9% assay), hexanes (Thermo Scientific, certified ACS),
dichloromethane (Sigma-Aldrich, ACS grade, >99.5% stabilized with 40-150 ppm amylene),
toluene (Sigma-Aldrich, ACS reagent, >299.5%), and DCTB aka trans-2-[3-(4-tert-butylphenyl)-2-
methyl-2-propenyliden]malonitrile (Sigma-Aldrich, >99.0% [HPLC]) were all used without
further purification. Water was obtained from an in-house Thermo Scientific Barnstead Nanopure

set to 18.2 MQ-cm.
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I. Characterization methods:

UV/Visible spectroscopic measurements were made using a NanoDrop 2000c
spectrophotometer. Matrix-assisted laser desorption/ionization (MALDI) mass spectrometric
measurements were made using a Bruker Microflex LFR MALDI-TOF. For sample preparation,
2 mg DCTB was dissolved in 200 uL dichloromethane. To this was added 2.0 uL of a highly
concentrated (typically 10 mg/mL) solution of NC sample in dichloromethane, in order to achieve
an approximate sample:matrix ratio of 1:100. 0.2 uL of the combined solution was spotted on a
stainless steel plate and allowed to dry for one hour. Mass spectra for samples containing
Auys(PET) s were collected in the positive ionization mode, as this tended to provide the best
signal-to-noise ratios. For samples containing only dithiolate NCs or those containing
Agu4(DFTP)30, mass spectra were collected in the negative ionization mode for similar reasons.
11. Synthesis of dithiolate gold NCs:

In a 300 mL roundbottom flask, HAuCls-3H,O (500 mg, 1.27 mmol, 1.00 eq) was
dissolved in a solution of [TOA][Br] (776.4 mg, 1.42 mmol, 1.12 eq) in 35 mL of THF. After 30
minutes of stirring, one of the dithiols 1-7 (2.00 eq) was added and the solution was stirred
overnight (approximately 15 hours). A freshly-prepared and chilled (0 °C) aqueous solution of
NaBH4 (481.9 mg in 12 mL, 12.74 mmol, 10.03 eq) was then added in one portion under vigorous
stirring. The reaction was then covered and stirred for 24 hours. Following this, any remaining
water was removed and the remaining solution was concentrated by rotary evaporation, forming
an oily mixture. The precipitate was washed 4 times with 100 mL of ethanol and isolated by
centrifugation. Cluster products were extracted in dichloromethane and passed through a 0.22 uym

syringe filter. This solution was subsequently stored at 4 °C.
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I11. Individual observations from gold-ligand formation step for each candidate ligand:

1:

Within minutes of ligand addition, the initial red-orange solution turned a pale yellow. This
proceeded overnight to the formation of an opaque solution with white precipitates,
presumably long-chain oligomeric networks of gold with 1.

Within minutes of ligand addition, the initial red-orange solution turned a pale yellow. This
proceeded overnight to the formation of an opaque solution with white precipitates,
presumably long-chain oligomeric networks of gold with 2.

Within minutes of ligand addition, the initial red-orange solution turned a light green.
Overnight this progressed to a deep emerald green. Most likely a mixture of small
oligomers/complexes of gold with 3.

No obvious change in the initial red-orange solution was observed upon addition of 4.
Overnight, this proceeded to a moderate green color, presumably a mixture of small
oligomers/complexes of gold with 4.

Within minutes of ligand addition, the initial red-orange solution turned a light green.
Overnight this progressed to a deep emerald green. Most likely a mixture of small
oligomers/complexes of gold with .

Within minutes of ligand addition, the initial red-orange solution turned a pale yellow.
Overnight, the intensity of color lessened within the solution but retained its yellow hue.
Most likely a mixture of smaller oligomers of gold with 6.

A slower transition from the initial red-orange to a pale yellow solution was observed over
the course of roughly 30 minutes. This proceeded overnight to an opaque solution with
white precipitates, presumably a mixture of long-chain oligomeric networks of gold with

7.
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10:

11:

12:

13:

14:

Within minutes of ligand addition, the initial red-orange solution turned a cloudy orange.
Overnight this became more opaque with a retention of the orange color, alongside some
white precipitates (smaller relative population than 1 or 2). Subsequent reduction yields
large insoluble black precipitates.

Within minutes of ligand addition, the initial red-orange solution turned a pale yellow. This
progressed overnight to a colorless solution comprised of large insoluble white precipitates
(larger relative population than 1 or 2). Subsequent reduction yields large insoluble black
precipitates.

Similar solution observations as 9. Produced large insoluble black precipitates.

Similar solution observations as 9. Produced a highly viscous black gel with no discernable
UV/Vis signal or features by MALDI-MS.

Within minutes, the initial red-orange solution turned a highly cloudy yellow-white
suspension. This solution character was generally retained overnight, with a noticeable
increase in large yellow-white precipitates. Subsequent reduction yields large insoluble
black precipitates.

Within minutes, the initial red-orange solution turned a highly cloudy yellow. Overnight
this progressed to the formation of large white precipitates (larger relative population than
1 or 2). Subsequent reduction yields large insoluble black precipitates.

Within minutes, the initial red-orange solution turned a light yellow-orange. This
proceeded overnight to become a pale white solution with small white precipitates (smaller
relative population than 1 or 2). Subsequent reduction yields large insoluble black

precipitates.
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1V. Alternative dithiolate NC synthesis #1 (no TOA bromide):

Same general procedure as outlined in subsection II above, but without the inclusion of
[TOA][Br]. This was performed using the ligand 1. Result: large, insoluble black precipitates.

V. Alternative dithiolate NC synthesis #2 (increased ligand feed):

Same general procedure as outlined in subsection II above, but with 5.27 equivalents of
ligand instead of 2.00 equivalents. This was performed using the ligand 1. Result: large, insoluble
black precipitates.

VI. Alternative dithiolate NC synthesis #3 (fast gold-ligand step):

Same general procedure as outlined in subsection II above, but with a gold-ligand
formation step of only 30 minutes instead of 15 hours. This was performed using the ligand 1.
Result: large, insoluble black precipitates.

VII. Synthesis of [TOA][Auxs(PET);s]:

Based on a previous report.! In a 300 mL roundbottom flask, HAuCls-3H>O (1 g, 2.54
mmol, 1.00 eq) was dissolved in a solution of [TOA][Br] (1.56 g, 2.85 mmol, 1.56 eq) in 70 mL
of THF. After 30 minutes of stirring, PET (1.8 mL, 13.4 mmol, 5.27 eq) was added and the solution
was stirred until colorless (approximately 2-3 hours). A freshly-prepared and chilled (0 °C)
aqueous solution of NaBH4 (0.97 g in 24 mL, 25.5 mmol, 10.03 eq) was then added in one portion
under vigorous stirring. The reaction was then covered and stirred for 2 days. Following this, any
remaining water was removed and the remaining solution was concentrated by rotary evaporation,
forming an oily mixture. The precipitate was washed 4 times with 100 mL of methanol and isolated
by centrifugation. Crystals of [TOA][Au2s(PET)13] were obtained by slowly adding ethanol to a
toluene solution of the product until the precipitate contains Auos (as judged by UV/Vis

spectroscopy) followed by slow cooling (-20 °C) over an average period of 2 weeks.
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VIII. Synthesis of [PPh4]4[Ag44(DFTP)30]:

Based on a previous report.> A 50 mL mixture of dichloromethane and methanol (9:1 by
volume) in a 150-mL roundbottom flask was set in an ice bath and allowed to cool to O °C. To this
was added AgNOs3 (100 mg, 0.589 mmol, 1.00 eq), followed by 3,4-DFTP (56 uL, 0.501 mmol,
0.85 eq) and [PPh4][Br] (59.3 mg, 0.141 mmol, 0.24 eq). After a stirring period of 20 minutes, a
freshly prepared aqueous solution of NaBH4 (225.1 mg in 5 mL, 5.95 mmol, 10.1 eq) was then
added in one portion followed immediately by triethylamine (247 uL, 1.77 mmol, 3.00 eq). The
temperature was maintained overnight (approximately 12 hours) near 0 °C through transfer of the
reaction vessel and stir plate to a large refrigerated lab case. Following this, the mixture was
washed several times with water and concentrated by rotary evaporation. The concentrated product
was precipitated through the addition of 100 mL hexanes and subsequent centrifugation. Crystals
were obtained through the slow diffusion of hexanes into concentrated dichloromethane solutions
of the crude washed precipitate under low temperature (approximately -20 °C) conditions over a
period of 6 to 7 days.

IX. Attempted exchange between Auzs(PET)s and dithiolate NCs:

To a 20-mL scintillation vial containing crystals of [TOA][Au2s(PET)is] (typically 1-3 mg),
a volume of dichloromethane was added to set the resulting solution concentration at 1 mg/mL.
Then, an equivalent mg amount of dithiolate NCs were added and the resulting mixture was
covered and allowed to stir for up to 24 hours at room temperature. 2-uL aliquots were taken at
various times and mixed with a 10 mg/mL DCM solution of DCTB for analysis by MALDI-MS.

An aliquot was also taken of the mixture following a storage period of 1 week at 4 °C.
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X. Attempted exchange between [PPhy]4[Ags4s(DFTP)30] and dithiolate NCs:

To a 20-mL scintillation vial containing crystals of [PPhs]4[Agas(DFTP)30] (typically 1-3
mg), a volume of dichloromethane was added to set the resulting solution concentration at 1
mg/mL. Then, an equivalent mg amount of dithiolate NCs were added and the resulting mixture
was covered and allowed to stir for up to 24 hours at room temperature. 2-uL aliquots were taken
at various times and mixed with a 10 mg/mL DCM solution of DCTB for analysis by MALDI-MS.
XI. Attempted exchange between free PET and dithiolate NCs:

To a 20-mL scintillation vial containing a 1 mL dichloromethane solution of dithiolate NCs,
10 equivalents of 2-phenylethanethiol were added. The equivalents were determined on the basis
of the formula assigned by MALDI-MS; for samples with multiple predominant cluster
nuclearities (e.g. 6 and 7), equivalence was estimated by taking the average amount from each of
the possible formulae. Each mixture was allowed to stir at room temperature for a period of up to
4 hours. 2-uL aliquots were taken at various times and mixed with a 10 mg/mL DCM solution of
DCTB for analysis by MALDI-MS. An aliquot was also taken of the mixture following a storage

period of 1 week at 4 °C.
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Section 2: Supporting Experimental Figures

[ 8 1,4-Butanedithiolate NCs ®
A~ 240-260 m/z = disulfide (240.5 Da)
ahaeh or AuS, (261.09 Da)
300007 A =196 m/z ~ gold (196.97 Da)
e 1. A=32m/z=sulfur (32.06 Da)
200004
15000 3
10000
50001 «
4000 45|OO 50I00 55IOO GOIOO 65|00

m/z
Figure D1. Detailed view of the Au25 region of the MALDI mass spectrum for NCs of 1. Common
fragments are labelled with the closest matching elements/formula.

S 6500- 1,5-Pentanedithiolate NCs »
6000- A =32 m/z = sulfur (32.06 Da) :

55004 A =200 m/z = gold (196.9Z Da)

5000+
4500+
4000+
3500+
3000+
25OOJ
2000+
1500+
1000+

500+

6000 9000 12000 15000 18000 21000

m/z
Figure D2. MALDI mass spectrum for NCs of 2. Inset shows fragments labelled with the closest
matching elements/formula.
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5 5500 1,2-Benzenedithiolate NCs ¢
5000+
_ A =35 m/z = sulfur (32.06 Da)
4500
J _ A=200 m/z = gold (196.97 Da)
4000+ ) f A=139m/z=ligand (140.24 Da)
3500+ g g
3000+
2500+
E 3
2000+ § , , ' . ' ‘ ' ‘ ,
? 6000 7000 8000 9000 10000 11000 12000 13000 14000
1500+ =
1000+
5000 10000 15000 20000 25000 30000

m/z
Figure D3. MALDI mass spectrum for NCs of 3, with an asterisk near the envelope position
matching closely the formula of Aus2(1,2-BDT)6 (calculated: 12,486.3 Da, observed: 12,484.83
m/z). Inset shows fragments labelled with the closest matching elements/formula.

pr 3,4-Toluene Dithiolate NCs
9000- g )
6000+
5000 5500 6000 6500 7000 7500 8000 8500 9000 9500 10000
3000+ A =150 m/z = ligand (154.27 Da)
A = 240 m/z = AuS (229.3 Da)
3000 6000 9000 12000 15000 18000 21000

m/z
Figure D4. MALDI mass spectrum for NCs of 4. Inset shows fragments labelled with the closest
matching elements/formula
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s 12004 3,6-Dichloro-1,2-Benzenedithiolate NCs

900

600

PRIy FYRE P UTY
Wi ol

29700 29750 29800 29850 29900 29950 30000 30050 30100 30150

e

5000 10000 15000 20000 25000 30000
m/z

Figure D5. MALDI mass spectrum for NCs of 5. The center of the only observable envelope,
labelled in the inset at 29,915.85 m/z, matches closely with the formula for Aui24S2(DCBT)26
(calculated mass: 29,925.66 Da).

Skl o,
NI e el

300

Durene Dithiolate NCs

a.i.

5313.53

120000+

A =34 m/z = sulfur (32.06 Da)

A =198 m/z = ligand (198.34 Da)
90000+ or gold (196.97 Da)

60000+

5117.36

5937.54
597122 —F
6167.22

30000

6000 6500

i) T TR vvovomm

6000 9000 12000 15000 18000 21000
m/z

Figure D6. MALDI mass spectrum for NCs of 6. Inset shows fragments labelled with the closest
matching elements/formula.
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5 6000+ 1,3-Benzenedimethanethiolate NCs
5500+ TR WY ey
5000+ [ Iﬁ A =168 m/z ~ ligand (168.3 Da)
4500_ A =197 m/z = gold (196.97 Da)
4000+
3500- :
3000+ llb
2500- I
2000+ uj
1500- 4800 5100 5400 5700 6000 6300 6600
1000+
500+
6000 9000 12000 15000 18000 21000
m/z

Figure D7. MALDI mass spectrum for NCs of 7. Inset shows fragments labelled with the closest
matching elements/formula.

T Temperature (0-30 °C)
Sonication

Amorphous Assembly Solvated NCs

| Temperature (30-0 °C)

Figure D8. Diagram depicting the temperature-dependent solution phase assembly behavior of
alkane dithiolate NCs.
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Figure D9. Linear absorbance spectrum of crystal-pure Auzs(PET);g in dichloromethane.
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Figure D10. Linear absorbance spectrum for NCs of 3 in dichloromethane.
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Figure D11. Linear absorbance spectrum for NCs of 4 in dichloromethane.
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Figure D12. Linear absorbance spectrum for NCs of 5 in dichloromethane.
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Figure D13. Linear absorbance spectrum for NCs of 7 in dichloromethane.

Figure D14. Various images of the crystalline solid formed by NCs of 3. Top: full vial views.
Bottom: microscope images of a larger crystalline assembly (bottom left) and smaller
microcrystals (bottom right).
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Figure D15. Top: examples of the needle-like crystal growth of NCs of 3 from a saturated solution
of ethanol and dichloromethane (9:1 by volume). Bottom: microscope image of the thin square-
shaped crystals obtained from solvent layering of 1:1 ethanol and dichloromethane.

Figure D16. Microscope image of the microcrystalline solid formed by NCs of 5.
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100000- .
90000-
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80000- 5 |
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60000- (

3
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40000 1 }
30000-
200004 Aus(PET)

unreacted
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m/z

Figure D17. Full MALDI mass spectra resulting from the mixing of Au2s(PET)s with NCs of 1-
7 for a total period of 1 week. Following the initial 24 hour mixing period at room temperature,
each sample was stored at 4 °C until a full week had passed.

— 80000+
(1]
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| 4
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10000- Y, Wk
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5000 10000 15000 20000 25000 30000

m/z
Figure D18. Comparison between the MALDI mass spectra of NCs of 1 before (bottom, black)
and after (top, purple) exposure to 10 equivalents of 2-phenylethanethiol. The purple trace is
following an exposure time of 4 hours. Insets show the similarity between the two traces more
closely. As no new peaks appear, we consider the NCs to be un-reacted.
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Figure D19. Comparison between the MALDI mass spectra of NCs of 2 before (bottom, black)

and after (top, blue) exposure to 10 equivalents of 2-phenylethanethiol. The blue trace is following
an exposure time of 4 hours. Insets show the similarity between the two traces more closely. As
no new peaks appear, we consider the NCs to be un-reacted.
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Figure D20. Comparison between the MALDI mass spectra of NCs of 3 before (bottom, black)

and after (top, brown) exposure to 10 equivalents of 2-phenylethanethiol. The brown trace is
following an exposure time of 4 hours. Insets show the similarity between the two traces more
closely. As no new peaks appear, we consider the NCs to be un-reacted.
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3000+ w | MW
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Figure D21. Comparison between the MALDI mass spectra of NCs of 4 before (bottom, black)
and after (top, red) exposure to 10 equivalents of 2-phenylethanethiol. The red trace is following
an exposure time of 4 hours. Insets show the similarity between the two traces more closely. As
no new peaks appear, we consider the NCs to be un-reacted.
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Figure D22. Comparison between the MALDI mass spectra of NCs of § before (bottom, black)
and after (top, purple) exposure to 10 equivalents of 2-phenylethanethiol. The purple trace is
following an exposure time of 4 hours. Insets show the similarity between the two traces more
closely. As no new peaks appear, we consider the NCs to be un-reacted.
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Figure D23. Comparison between the MALDI mass spectra of NCs of 6 before (bottom, black)
and after (top, blue) exposure to 10 equivalents of 2-phenylethanethiol. The blue trace is following
an exposure time of 4 hours. Insets show the similarity between the two traces more closely. As
no new peaks appear, we consider the NCs to be un-reacted.
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Figure D24. Comparison between the MALDI mass spectra of NCs of 7 before (bottom, black)
and after (top, green) exposure to 10 equivalents of 2-phenylethanethiol. The green trace is
following an exposure time of 4 hours. Insets show the similarity between the two traces more
closely. As no new peaks appear, we consider the NCs to be un-reacted.
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Ag.a=1,148.96m/z
Apung =89.07 Da

\‘\ Average Exchange

dl'h 12.89 Au

S
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4000 5000 6000 7000 8000 9000 10000 11000 12000 13000
m/z

Figure D25. Comparison between the MALDI mass spectra of Ags4(DFTP)30 before (black trace)
and after (purple trace) exposure to NCs of 1 after a mixing period of five minutes. Analysis of the
peak envelope centers shows an average of 12.89 Au atoms incorporated per silver NC.

9128.36

Ay, =1,166.58m/z
Apu-ae = 89.07 Da

Average Exchange

13.09 Au
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6000- W‘W | ’

3000+
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4000 5000 6000 7000 8000 9000 10000 11000 12000 13000
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Figure D26. Comparison between the MALDI mass spectra of Ags4(DFTP)30 before (black trace)
and after (brown trace) exposure to NCs of 2 after a mixing period of five minutes. Analysis of the
peak envelope centers shows an average of 13.09 Au atoms incorporated per silver NC.
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6000+
Average Exchange
5000+ =
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Figure D27. Comparison between the MALDI mass spectra of Ags4(DFTP)30 before (black trace)
and after (blue trace) exposure to NCs of 3 after a mixing period of five minutes. Analysis of the
peak envelope centers shows an average of 13.86 Au atoms incorporated per silver NC.
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Figure D28. Comparison between the MALDI mass spectra of Ags4(DFTP)30 before (black trace)
and after (green trace) exposure to NCs of 4 after a mixing period of five minutes. Analysis of the
peak envelope centers shows an average of 14.98 Au atoms incorporated per silver NC.
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Figure D29. Comparison between the MALDI mass spectra of Ags4(DFTP)30 before (black trace)
and after (gold trace) exposure to NCs of 5 after a mixing period of five minutes. Analysis of the
peak envelope centers shows an average of 15.88 Au atoms incorporated per silver NC.
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Figure D30. Comparison between the MALDI mass spectra of Ags4(DFTP)30 before (black trace)
and after (orange trace) exposure to NCs of 6 after a mixing period of five minutes. Analysis of
the peak envelope centers shows an average of 15.03 Au atoms incorporated per silver NC.
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Figure D31. Comparison between the MALDI mass spectra of Ags4(DFTP)30 before (black trace)
and after (pink trace) exposure to NCs of 7 after a mixing period of five minutes. Analysis of the
peak envelope centers shows an average of 16.71 Au atoms incorporated per silver NC.
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Figure D32. Linear absorbance spectrum of crystal-pure [PPh4]s[Agss(DFTP)30] in
dichloromethane. Matches exactly with that reported in reference 2.

211



REFERENCES

Parker, J. F.; Weaver, J. E. F.; McCallum, F.; Fields-Zinna, C. A.; Murray, R. W. Synthesis
of Monodisperse [OctsN*][Au25(SR)1s7] Nanoparticles, with Some Mechanistic
Observations. Langmuir 2010, 26 (16), 13650—13654.

Yang, H.; Wang, Y.; Huang, H.; Gell, L.; Lehtovaara, L.; Malola, S.; Hékkinen, H.; Zheng,
N. All-Thiol-Stabilized Agss and Aui2Ags> Nanoparticles with Single-Crystal Structures.

Nature Communications 2013, 4, 2422.

212



