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ABSTRACT

THE USE OF COORDINATING SOLVENTS IN GOLD CLUSTER SYNTHESIS

Monolayer-protected clusters (MPCs) are nanoparticles ca. 1-3 nm in diameter composed
of a metal core and an organic monolayer shell. In this size range MPCs are larger than metal-
ligand complexes but too small to exhibit a surface plasmon resonance. The electronic structures
of particles in this size regime resemble discrete molecular orbital energy levels as opposed to
the band-like behavior observed in larger, plasmonic nanoparticles. MPCs are composed of ten
to a few hundred atoms and can be characterized as simple chemical compounds with discrete
molecular formulae as opposed to average particle diameters. In these systems, addition or
removal of a single metal atom profoundly affects stability and observed properties. This
phenomenon gives rise to an exceptionally diverse class of materials with seemingly endless
potential evolving from minute compositional changes.

Thiolate-protected gold clusters are exemplary MPCs due to their intrinsic high stability
that allows for long-term studies and post-synthetic modification. These clusters exhibit unique
physiochemical properties that allow for potential applications in electronics, catalysis,
biomedicine, and sensing. The past two decades since their discovery brought about a significant
body of research regarding the origin of Au cluster properties and total structure elucidation.
However, modern approaches for Au cluster synthesis produce polydisperse mixtures of clusters
that must undergo extensive postreaction ripening or fractionalization to obtain a pure, single
product.  New synthetic approaches for monodisperse Au clusters in high yield must be

developed before their applications may be realized.
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The motivation behind this work was to explore the issue of polydispersity in Au cluster
synthesis. Through combinatorial screening of synthetic co-solvent systems we find that
synthesis in coordinating solvents (i.e., glymes) greatly enhances the monodispersity of Au
cluster products. During synthesis, glyme chelates the metal in the metallopolymer precursor
and modifies the surface of the resulting particle, resulting in a new series of metastable Au
clusters. The synthetic methods presented herein result in pure, single products in high yield.
The surface modification brought about by diglyme potentially renders the clusters available for
single-ligand functionalization to tailor cluster properties for desired functionality. The products

are evaluated for biomedical and sensing applications.
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CHAPTER 1

An Introduction to Thiolate-Protected Gold Nanoclusters

1.1 Synopsis:

The overarching theme of this dissertation is the synthetic development of thiolate-
protected gold nanoclusters. Traditional Au cluster synthesis results in polydisperse products
that must be purified, etched, annealed, or size-focused to give atomically precise clusters. New
synthetic approaches for monodisperse Au clusters in high yield must be developed before their
applications in electronics, catalysis, biomedicine, and sensing may be realized.

The goal of this work is the development of a direct-synthesis approach for pure Au
clusters by optimizing solvent composition for narrow product dispersion. The primary
hypothesis is that synthesis in coordinating solvents (i.e., glymes) greatly enhances the
monodispersity of Au cluster products. During synthesis, glyme is expected to chelate the metal
in the metallopolymer precursor and modify the surface of the resulting particle. These
combined effects establish a new series of stable Au cluster “magic” sizes capable of forming in

high yield through a direct-synthesis approach.

1.2 Research Approach:

1) Chapter 2 presents a combinatorial screen of organic solvents and solvent concentration to
explore unexpected roles of solvent in Au cluster synthesis. Two modes of solvent effects are
observed: coordination ability of the solvent and cluster solubility in the solvent. Coordinating

solvents yield monodisperse products, and alcohols selectively precipitate clusters once they



grow to a certain size. This behavior is observed with three separate ligands, which suggests that
these solvent effects are general among water-soluble ligands.
- O. Andrea Wong, W. Scott Compel, Christopher J. Ackerson. Combinatorial

Discovery of Cosolvent Systems for Production of Narrow Dispersion Thiolate-Protected

Gold Nanoparticles. ACS Combinatorial Science, 17(1), 11-18, 2015.

2) In Chapter 3 the study of coordinating solvents is limited to the role of glyme in
metallopolymer formation, which constitutes the first step of cluster synthesis. Glyme chelates
the metal in the metallopolymer backbone, which prevents metallopolymer crystallization and
results in a wholly amorphous entangled polymer network. Varying glyme chain length and
water content dictates the extent of polymer interaction and affects the mechanical and optical
properties of the material. Overall, glyme is found to play a critical role in the metallopolymer
network architecture.

- W. Scott Compel. Metallogels Through Glyme Coordination. Dalton Transactions,

2016, 45,4509-4512.
3) The biological circulation properties of Au clusters are discussed in Chapter 4. The
absorption, distribution, metabolism, and excretion (ADME) and pharmokinetic (PK) properties
of Au clusters are characterized. An atomistic model was constructed to test in vivo properties
for six well-defined Au clusters, including ones synthesized in glyme with glutathione as the
ligand. To rationalize the unexpected distribution and excretion properties we defined a set of
atomistic structure-activity relationships, including hydrodynamic diameter, net charge,
hydrophobic surface area, and surface charge density. Overall, small changes in particle
formulation are found to provoke dramatic yet potentially predictable changes in ADME/PK, and

biodistribution is shown to depend critically upon the surface structure of the particle.



- Wong, O. Andrea; Hansen, Ryan J.; Ni, Thomas W.; Heinecke, Christine L.; Compel,

W. Scott; Gustafson, Daniel L.; Ackerson, Christopher J. Structure-activity relationships

for biodistribution, pharmacokinetics, and excretion of atomically precise nanoclusters in

a murine model. Nanoscale, 5(21), 10525-10533, 2013.

4) In Chapter 5 the study of glymes on Au clusters is expanded to non-aqueous systems. We
find that a mixture of 3:1 diglyme:THF is capable of forming a novel Au,,(SR),s cluster that lies
outside of the magic number series. This cluster spontaneously assembles into a dimer bound by
a single molecule of diglyme. The interaction between diglyme and the cluster is weak and
renders the assemblies highly responsive to the environment. This phenomenon is expected to
be generalizable across metal nanoparticles and shows that the effect of coordinating solvents is
not limited to aqueous systems.

- W. Scott Compel, O. Andrea Wong, Xi Chen, Chongyue Yi, Roy Geiss, Hannu

Hiékkinen, Kenneth L. Knappenberger, Jr., Christopher J. Ackerson. Dynamic Diglyme-

Mediated Self-Assembly of Gold Nanoclusters. ACS Nano, 2015, 9(12), 11690-11698.

1.3 Research Background:

Metal nanoparticles are an area of intense research due to their remarkable optical,
electronic, and chemical properties. They exhibit properties markedly different from their bulk
forms and are highly dependent on the size, shape, and surface chemistry of the particle."”
Notably, the electronic bandgap of metal nanoparticles is directly dependent on particle size;’
electronic structures become increasingly complex and begin to resemble discrete molecular
orbital energy levels as the particles decrease in size’ (Figure 1). Particle shape also drastically

affects properties; for example, rods, prisms, and cubes will scatter light differently due to highly



localized charge polarizations at the edges and corners of the surface of the particles.” The

fundamental understanding of how structure and composition of these particles alter optical,

electronic, catalytic, and magnetic properties represents a large area of modern research.>***
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Figure 1. Disintegration of electronic band structure into discrete molecular orbital transitions
with decreasing nanoparticle size.

Gold is of special interest to the metal nanoparticle community due to its remarkable
chemical stability and processability.'”'" Although Au nanoparticles have been synthesized for
over 2000 years'? their structures and properties have only relatively recently been studied. This
was primarily brought about in 1951 when Turkevich reported a citrate reduction method for the
formation of aqueous gold colloids that range from 10-50 nm in size.” This method was unique
in that citrate plays two vital roles, simultaneously reducing the gold and acting as stabilizing

agents. The resulting particles contain a zero-valent Au core protected by a monolayer of citrate.



Subsequent modifications to the Turkevich method led to Au nanoparticles passivated by an
array of organic molecules and consequently exhibit different surface chemistries (see examples

in Figure 2).

CH,

CH,

Figure 2. Examples of organic molecules commonly used to passivate a Au nanoparticle
surface.

For the past half century, these colloids have found use in a very diverse range of
applications, from cosmetics, drug delivery, electronics, sensing, and pollution remediation.”®%'*
However, these applications require monodisperse (i.e., within a few nanometers) particle sizes
in large quantities.” Purification of products within a narrow size range from crude mixtures
proved difficult, and focus quickly shifted to understanding the nature of Au nanoparticle

formation and its effect on particle characteristics.'>"*

This task is inordinately complicated by
the intimate linkage between thermodynamic and kinetic parameters that collectively govern

nanoparticle synthesis.’



Varying synthetic conditions such as reactant concentration, synthetic solvent, capping
agent, and reaction temperature eventually resulted in the development of monodisperse Au
nanoparticles in good yield.”'>"> Although this led to control over nanoparticle size, shape, and
dispersity,”'* the ordinary synthetic products were within the 10 — 100 nm range. Additionally,
the Au nanoparticles are unstable to precipitation and slowly agglomerate in solution to increase
in dispersity.'® Collectively, these issues motivated research for the development of entirely new
synthetic preparations for highly stable, sub-10 nm Au particles.

In 1994, Brust and Schiffrin demonstrated the landmark synthesis for sub-10 nm Au
nanoparticles.'® In this reaction, dodecanethiol is mixed with organic-phase AuCl,, followed by
BH, reduction to form thiolate-protected clusters predominantly in the 1-3 nm range."”” These
products were especially interesting because electronic structures in this size regime resemble
discrete molecular orbital energy levels that impart unique physiochemical properties.” Shortly
thereafter, this synthetic approach was found to be general among organo-soluble thiolates and
led to the production of a vast array of monolayer-protected clusters (MPCs) (see examples in
Figure 3). Unlike their citrate-protected colloidal gold predecessors, MPCs are highly stable and
robust enough to survive post-synthetic functionalization.! This exceptional stability, together
with unique physiochemical properties, allowed MPCs to be realized in a wide variety of

applications, including electronics, catalysis, biomedicine, and sensing.**'*'®
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Figure 3. Examples of thiols commonly used to passivate a Au MPC surface.

Clusters in the 1-3 nm range fall in between small metal-ligand complexes and plasmonic
nanoparticles, which gives rise to a special class of nanomaterials.® These clusters are
composed of ten to a few hundred gold atoms and can be characterized as simple chemical
compounds with discrete molecular formulae as opposed to average particle diameters. A salient
feature of atomically defined composition is a striking correlation between metal atom count and
manifested properties; addition or removal of a single metal atom profoundly affects the stability
and physiochemical properties of MPCs. This phenomenon gives rise to an exceptionally
diverse class of materials with seemingly endless potential evolving from minute compositional
changes. However, the products of the Brust and Schiffrin synthesis are polydisperse and
contain mixtures of clusters. The mixture must undergo extensive postreaction ripening or
fractionalization to produce monodisperse samples before precise structure-property

relationships can be understood.'



Interestingly, clusters of certain atomic mass were more prominent than others in the
crude mixture. Seminal work from the Whetten group identified a series of exceptionally stable
species of 5, 8, 14, 22, and 28 kDa masses presumed to form through geometric shell closures."
It wasn’t until the electrophoretic isolation of a series of water-soluble thiolate-protected Au
clusters by the Tsukuda group that these and other “magic sizes” were assigned molecular

1920 These “magic number” clusters

formulae, notably the highly stable cluster Au,s(SR);s.
(Figure 4) are now believed to possess closed electronic shells that impart exceptional stability,”'

which naturally led to an increase of studies on relatively few, highly stable Au clusters.
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Figure 4. Magic number Au,(SR), clusters that demonstrate exceptional stability.

The single-crystal structure of Au,,,(SR),, was of paramount importance to understanding
the Au-thiol interface of Au clusters.”” As opposed to Au nanoparticle shells that consist of a
purely organic monolayer, Au MPC shells were found to be composed of Au(I)-thiol oligomers.
This shell structure is an expected remnant of the Au(I)-thiol precursor that forms when AuCl, is
mixed with thiol in the first step of the classic Brust and Schiffrin synthesis. In this case,
exogenous reductant is necessary to reduce Au(I) in the oligomer to form the Au(0) cluster core,

and remaining Au(I)-thiol oligomers form the passivating layer on the core surface. Thus, the



organic backbone of the thiol constitutes the surface of the Au cluster, which in turn governs
behavior such as solubility and reactivity (Figure 5). The appropriate thiol must be chosen

during synthesis in order to tailor desirable properties in the resulting Au cluster.

AU25(SCzH4Ph)18

Shell

>
N\ /\7
),:%ﬁ Au(l), ligands

Figure 5. The structure of a Au,s(SR),, cluster (Au orange, S yellow, C grey).

The intrinsic high stability of magic number Au clusters allows post-synthetic
modification for desired functionality. Techniques like thiol-for-thiol exchange were adopted
from classic Au nanoparticle methodology in order to functionalize a cluster surface for
fundamental studies or protein conjugation.*”* Surface modification also grants the availability
to use particles as building blocks in self-assembled systems, which is prevalent in Au
nanoparticles®*** but is inchoate in cluster systems. This is likely due to the differences in
interparticle interactions at the nanoscale (e.g., van der Waals and electrostatic) between

atomically-defined Au clusters and larger colloidal systems.*



Ultimately, the field of Au clusters is undeveloped and major fundamental problems have
yet to be addressed. Though much progress has been made in understanding the structure of Au
clusters and the origin of their properties, synthetic procedures for controlling sample dispersity
and modifying the cluster surface are lacking. The goal of this dissertation is to present a novel
approach for monodisperse Au cluster synthesis that allows for convenient post-synthetic surface

modification and assembly.
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CHAPTER 2

Combinatorial Discovery of Cosolvent Systems for Production of Narrow Dispersion

Thiolate-Protected Gold Nanoparticles®

2.1 Synopsis

The effect of aqueous solvent concentration in the synthesis of water-soluble
thiolate-protected gold nanoparticles (AuNPs) was investigated for 13 water-miscible
solvents and three thiolate ligands (p-mercaptobenzoic acid, thiomalic acid, and
glutathione). The results were analyzed by construction of heat maps that rank each
reaction result for polydispersity. When solvents were organized in the heat map
according to their Dimroth-Reichardt Er parameter (an approximate measure of polarity),
two ‘hot spots’ become apparent that are independent of the ligand used. We speculate
that one hot spot may arise in part from the metal chelation or coordination ability of
solvents that include diglyme, 1,2-dimethoxyethane, 1,4-dioxane, and tetrahydrofuran. The
second hot spot arises at concentrations of alcohols including 2-propanol and 1-butanol
that appear to selectively precipitate a growing product, presumably stopping its growth at
a certain size. We observe some tightly dispersed products that appear novel. Overall, this

study expands the number of tightly dispersed water-soluble AuNPs that can be directly

* The work presented herein is published in ACS Combinatorial Science. W. Scott Compel’s
contributions to this work include experimental design, data analysis, synthetic
development and characterization of the glutathione-protected gold nanoclusters used in
this study. © 2015 American Chemical Society. ACS Combinatorial Science, 17(1), 11-18,
2015.
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synthesized.
2.2 Introduction

The landmark Brust-Schiffrin synthesis? and its derivatives3-¢ preceded a now
large body of literature concerning thiolate-ligated gold nanoparticles (AuNPs). This
synthesis generally produces polydisperse products which can be purified,” etched,”8
annealed or ‘size-focused’®10 to give products of atomically precise formulae.l112 The 5
kDa, 8 kDa, 14 kDa, 21 kDa, and 29 kDa products identified earlier!3-16 are now assigned as
Auzs(SR)18, Ause(SR)24, Auzg(SR)24, Auso(SR)24, Aue7(SR)35, Au102(SR)44, and Aui44(SR)e0.17-22
The special stabilities of these clusters are explained by electronic or geometric shell
filling.2324 The widespread adoption of these compounds by chemists,2> biologists,2¢ and
physicists?? is a testament to their robust nature.

Methods based on oxidative etching are now widespread for synthesis of the
especially stable clusters.1028-31  These methods excel at isolating exceptionally stable
clusters with nonpolar ligand shells. Also, the purification of well-defined nanoclusters
from similarly sized clusters, such as the purification of Auszg(SR)24 from Auso(SR)24, is
increasingly well developed.3?33 For water-soluble clusters (needed for biological
applications), application of etching methods is much more limited, and is shown only for
two cases so far.343> Synthetic methods are also lagging for clusters that are insufficiently
stable to survive the etching process.?1.36

A less mature method for limiting the polydispersity of a cluster preparation
involves selection of reaction conditions so that a single nanocluster product, rather than a
product distribution, is favored. This method was developed for water soluble clusters,

notably the p-mercaptobenzoic acid (pMBA) protected Aui44(pMBA)so and Au1o2(pMBA)a4

14



clusters.3637 Reaction conditions that produced these syntheses were found by screening
each of the synthetic parameters in the Brust synthesis, including ligand:Au ratio, solvent
composition, and reductant molar excess. The direct synthesis differs from etching
methods in that ligand is generally not present in excess. Compared to the now relatively
mature etching approaches, this direct-synthesis approach may allow production of “less
stable” clusters, presently synthetically elusive clusters,3>¢ and a larger panel of
biologically useful water-soluble clusters than is presently available.

Previous work speculated that solvent composition is among the most important
parameters in this direct synthesis of nanoparticles.”3” Herein we attempt to gain
additional insight into which solvent compositions are associated with narrow dispersion
in the Brust-type synthesis. By screening in a combinatorial manner the synthetic effects of
aqueous compositions of 13 water-miscible solvents, we observe the emergence of hot
spots of overall solvent polarity associated with very narrow product distribution. Overall
our results suggest the existence of several so far unidentified discrete water-soluble

nanoparticles.

2.3 Experimental Methods
Materials

All commercially available reagents were used without further purification.
Tetrachloroauric (III) acid (HAuCls-3H20 99.99% metal basis, Alfa Aesar), p-
mercaptobenzoic acid (>95.0%, TCI America), L-glutathione reduced (=298%, Sigma-
Aldrich), thiomalic acid (299.0%, Sigma-Aldrich), NaBHs (98-99%, MP Biomedicals), 1,4-

dioxane (ACS grade, Mallinckrodt Chemicals), tetrahydrofuran (ACS grade, Mallinckrodt

15



Chemicals), dimethoxyethane (99+%, Alfa Aesar), diethylene glycol dimethyl ether (99%,
Sigma-Aldrich), dimethylformamide (reagent grade, Amresco), dimethylsulfoxide (99.9%
Fisher Scientific), acetonitrile (ACS grade, Fisher Scientific), 2-propanol (ACS grade, Fisher
Scientific), 1-butanol (ACS grade, Fisher Scientific), 1-propanol (99.0%, Mallinckrodt
Chemicals), ethanol (200 proof ACS grade, Pharmco-AAPER), methanol (99.9%, Fisher
Scientific), dimethoxymethane (98%, Alfa Aesar). Nanopure water (resistivity 18.2 M-

cm) was produced with a Barnstead NANOpure water system.

Solvent screen with p-mercaptobenzoic acid as the ligand

Synthesis of polymer with p-mercaptobenzoic acid: p-mercaptobenzoic acid (3.4
mmol, 0.524 g, 3.4 equiv.) was dissolved in H;0 (24 mL), 10 M aq. NaOH (1.6 mL) was
added to the suspension. The resulting solution was mixed and the pH was checked to be
>13 and the solution was diluted with H20 to a final volume of 50 mL. HAuCls-3H20 (1
mmol, 0.394 g, 1 equiv.) was dissolved in H20 (50 mL) in a separate beaker. The pMBA
solution and the gold solution were mixed to yield a clear bright red solution. The bright
red solution was stirred at rt overnight, which changes to yellow after about 1 h.

96-well plate solvent screen: Distribute 50 pL of the above polymer solution in each
well using a multichannel pipet. Add the appropriate amount of organic solvent to each
well (e.g. 25 pL for 10%, 200 pL for 80%) and backfill with the appropriate amount of H20
(e.g. 175 pL for 10%, 0 pL for 80%) to result in a final reaction volume of 250 pL. 4 pL of
freshly made 0.125 M aq. NaBH4 was added to each well with a multichannel pipet. The 96-
well plate was then placed in an incubating shaker at 30 2C for 17 h. MeOH (1 mL) and 2.0

M NH4OAc (25 pL) was added to each well and the 96-well plate was centrifuged in a
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swinging bucket rotor at 4000 rpm and 4 °C for 10 min. The clear and colorless
supernatant was then removed with a multichannel pipet and the precipitate was air dried.
Gel electrophoresis visualization was run on a 15% polyacrylamide gel (19:1, acrylamide :
bisacrylamide) at 110 V for 1.5 h. The nanoparticle bands were visible by eye and with a

UV transilluminator, thus no staining steps were performed for visualization.

Solvent screen with thiomalic acid as the ligand

Synthesis of polymer with thiomalic acid: Thiomalic acid (3.0 mmol, 0.450 g, 3.0
equiv.) was dissolved in H;0 (20 mL), 10 M aq. NaOH (2.0 mL) was added to the
suspension. The resulting solution was mixed and the pH was checked to be >13 and the
solution was diluted with Hz0 to a final volume of 50 mL. HAuCls-3H20 (1 mmol, 0.394 g, 1
equiv.) was dissolved in H20 (50 mL) in a separate beaker. The thiomalic acid solution and
the gold solution were mixed to yield a clear bright red solution. The bright red solution
was stirred at rt overnight, which changes to yellow after about 1 h.

96-well plate solvent screen: Distribute 50 pL of the above polymer solution in each
well using a multichannel pipet. Add the appropriate amount of organic solvent to each
well (e.g. 25 pL for 10%, 200 pL for 80%) and backfill with the appropriate amount of H20
(e.g. 175 pL for 10%, 0 pL for 80%) to result in a final reaction volume of 250 pL. 3 pL of
freshly made 0.25 M aq. NaBH4 was added to each well with a multichannel pipet. The 96-
well plate was then placed in an incubating shaker at 30 2C for 17 h. MeOH (1 mL) and 2.0
M NH4O0Ac (25 pL) was added to each well and the 96-well plate was centrifuged in a
swinging bucket rotor at 4000 rpm and 4 2C for 10 min. The clear and colorless

supernatant was then removed with a multichannel pipet and the precipitate was air dried.

17



Gel electrophoresis visualization was run on a 15% polyacrylamide gel (19:1, acrylamide :
bisacrylamide) at 110 V for 1.5 h. The nanoparticle bands were visible by eye and with a

UV transilluminator, thus no staining steps were performed for visualization.

Direct synthesis of thiomalic acid-protected red AuNP (Figure 4, right)

In a 15 mL conical was added in order 1 mL of Au-Tm polymer solution (from above,
0.01 mmol Au), 2.5 mL DME, and 1.5 mL H20. The reaction was allowed to cool in a 4 °C
fridge for 10 min. 60 pL of 0.25 M NaBH4 (0.015 mmol, 1.5 equiv. with respect to Au) was
added and the reaction was gently mixed and left to sit at 4 °C (without mixing/shaking) for
3 days. MeOH was then added to the reaction to a total volume of 15 mL, 200 pL of 2.0 M
NH40Ac was also added, and the reaction was then shaken to mix and was centrifuged at 4
°C for 10 min. The supernatant was removed and the resulting pellet (red product) was air
dried. Gel electrophoresis visualization was run on a 22% polyacrylamide gel (19:1,
acrylamide : bisacrylamide) at 110 V for 1.5 h. The nanoparticle bands were visible by eye

and with a UV transilluminator, thus no staining steps were performed for visualization.

Solvent screen with glutathione as the ligand

96-well plate solvent screen with L-glutathione as the ligand: Dissolve HAuCls-3H20
(111.2 mg) in H20 (2.824 mL) in a 15-mL conical to yield a 100 mM Au solution. Dissolve
L-glutathione (169.4 mg) in 0.3 M aq. NaOH (5.512 mL) in a separate conical to yield a 100
mM glutathione solution (pH = 9.5). Add 10 pL of Au solution then 30 pL glutathione
solution to each well of a 96-well plate. Add the appropriate amount of H20 (e.g. 400 pL for

10% and 50 pL for 80%) then the appropriate amount of organic solvent (e.g. 50 pL for
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10% and 400 pL for 80%). The resulting solution was shaken at 4 C for 45 min. 10 pL of
freshly made 300 mM aq. NaBH4 was added to each well (500 pL total reaction volume) and
the plate was shaken at 4 2C for 2 h and 15 min. MeOH (1 mL) and 2.0 M NH4OAc (25 uL)
was added to each well and the 96-well plate was centrifuged in a swinging bucket rotor at
4000 rpm and 4 2C for 10 min. The supernatant was then removed with a glass pipet
connected to an aspirator and the precipitate was dried under vacuum overnight. Gel
electrophoresis visualization was run on a 22% polyacrylamide gel (19:1, acrylamide :
bisacrylamide) at 110 V for 1.5 h. The nanoparticle bands were visible by eye and with a

UV transilluminator, thus no staining steps were performed for visualization.

Transmission Electron Microscopy

Imaging was performed with a JEOL 1400 at an acceleration voltage of 100 kV and
images were recordeed on Orius SC1000 (~4kx3k). The gold nanocluster samples were
applied to carbon support film on 400 mesh copper speciment grids. The excess liquid was

blotted with a piece of filter paper, and the grids were allowed to dry in air.

Size Exclusion Chromatography

Separation of cluster compounds were conducted on an AKTApurifier HPLC system
equipped with a Superdex 75 PC 3.2/30 (2.4 mL) size exclusion column. Detection was
performed at a wavelength of 254 nm. Samples were injected in Nanopure H20 and eluted
at 0.02 mL/min in phosphate buffer (50 mM sodium phosphate, 150 mM NacCl, pH 7.0).

Thyroglobulin, vy-globulin, ovalbumin, myoglobin, aprotinin and vitamin B-12
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correesponding to Stokes-Einstein radii of 8.6, 5.1, 2.8. 1.9, 1.35 and 0.85 nm were used to

generate a calibration curve for the column.

2.4 Results

Previous work suggests that two of the most important parameters for direct
synthesis are ligand identity and solvent composition. We reasoned that systematic
investigation of these two synthetic influences may reveal promising synthetic conditions
for novel products. We tested the ligands p-mercaptobenzoic acid (pMBA), thiomalic acid
(Tm), and glutathione (GSH, deprotonated: GS) in systematically varied aqueous mixtures
of the solvents 1,4-dioxane (dioxane), dimethoxymethane (DMM), tetrahydrofuran (THF),
dimethoxyethane (DME), diethylene glycol dimethyl ether (diglyme), N,N-
dimethylformamide (DMF), dimethylsulfoxide (DMSO), acetonitrile (MeCN), 2-propanol
(iPrOH), 1-butanol (nBuOH), 1-propanol (nPrOH), ethanol (EtOH), and methanol (MeOH).

The general approach to the combinatorial screening of reaction conditions
involved attempting as many as 96 reactions, examining the effect of two synthetic
variables at a time, in a matrix as large as 12x8. Each reaction was analyzed initially by
polyacrylamide gel electrophoresis’® (PAGE). To enable facile comparison of reaction
conditions, we scored each lane of analytical PAGE gel corresponding to each tested
reaction condition. The scoring system extracts three key pieces of information on a direct
synthesis condition: (1) how many products were produced; (2) the apparent dispersity of
the products; (3) the relative sizes of the products. An example of how we scored a small
set of reactions run in varying concentrations of aqueous ethanol is shown in Figure 1.

Relative dispersity is shown as a heat value and relative size and number of products are
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depicted in the bottom panel. Overall, this scoring system allows compact comparison of
the effects of solvent system and ligand choice in gold nanoparticle synthesis. While the
PAGE gels give an excellent comparison of synthetic conditions, they may not fully account

for minor products present.

% EtOH
10 20 30 40 50 60 70 80

i

1-Ax
|

10 20 30 40 50 60 70 80

Figure 1. Example of a scored PAGE, showing heat map that encodes dispersity, and a
relative size graph. The darker red in the heat map indicates a more tightly dispersed
product and the relative size graph on the bottom encodes the mobility (i.e., relative size)
of the products within the same gel.
Solvent effects on synthesis of p-mercaptobenzoic acid (pMBA) protected clusters

The solvent screen with pMBA was carried out with a 1:3.4 Au:pMBA ratio with
initial [Au] = 2 mM and 1 equivalent of NaBH4 with respect to Au. These initial screening
parameters are similar to those of the published Au1o2(pMBA)44 synthesis which serve as a
good starting point for our initial screen.1631 The reactions were allowed to proceed for 17

h at 30 °C in a shaking incubator. All reactions were identical except for the solvent

composition. We attempted synthesis in aqueous mixtures of each of the 13 solvents, with
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solvent compositions ranging from 10% to 80% solvent in water. The results of this

solvent screen are shown in Figure 2.
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Figure 2. The solvent screen results for the synthesis of gold nanoparticles using pMBA as
the ligand. Left panel shows the relative size of the clusters as shown by PAGE analysis.
The conditions that lack a size indicator indicate no visible product formation. The right
panel shows the dispersity of the products with the darkest red being the most
monodispersed product. The pale yellow squares indicate no visible product formation.
Figure 2 shows the relative size of the product (with the y-axis defined as 1-Ax to
resemble the bands on the original polyacrylamide gel, Ax is the distance the product
travelled from the well). Some screened conditions yield either no product or non-visible
product and those conditions do not have a marker on the relative size graph and these are

displayed as pale yellow space in the heat map. The Ax for the polydispersed products is

measured in the center of the product streak.
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The right panel of Figure 2 shows the dispersity of the product, with tighter
dispersion indicated by darker red, and wider dispersion indicated by lighter colors. The x-
axis of Figure 2 is organized according to the percentage cosolvent in water. We
constructed preliminary heat maps with the solvent identity (y-axis) arranged according to
dielectric constant, dipole moment, chelating ability, and density (Figures S1 - S12) and
observed that when solvents are organized according to polarity (or ionizing power,
Dimroth-Reichardt Et parameter?®19) of the solvents, hot spots become apparent that are
independent of ligand used. We discounted the possibility that the redox potential of the
solvents may play a role in product formation because the Au is in redox-stable -Au(I)-SR-
complexes before it is exposed to solvents other than water, and we do not see evidence for
oxidation or reduction upon solvent addition as judged by stable color of the solutions that
form.

Table 1 gives a listing of Et parameters for each solvent used. Figure 2 and other
heat maps shown in this paper arrange the solvents from least-polar to most polar. The
value of Er parameter of DMM was not available. For the purpose of the heat maps, DMM
was placed between dioxane and THF using the dielectric constant of the three solvents.

In Figure 2 there are two hot spots, one centered at 50% DMM and another centered
at 40% nBuOH. Based on 1-Ax values, the products created at these hot spots are not
identical. Because of similarities between the hot spots found in the pMBA screen and those
found for other ligands, we present a unified, expanded discussion below.

Using Auio2(pMBA)44 and Auiss(pMBA)eo as standard markers in each PAGE
analysis, we found eight solvent conditions that make monodispersed products, as judged

by the appearance of a single, very discrete band in PAGE. Some of these solvent conditions
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yield products that are in between Au1o2(pMBA)s4 and Aui44(pMBA)so. These conditions
include (50-60 % iPrOH, 40% THF, 50-60% dioxane, 30% diglyme, and 40% DME). As
judged by relative gel mobility, it is likely that one or more of these products is novel, and
not, for instance Au13o.36

Other conditions are notable for making particles larger than Au144(SR)e0, including
20-70% nBuOH, 80% MeCN, and 40-60% DMM. The conditions that makes that most
monodispersed products are correlated to the darkest red spots in the heat map.

We further characterized the products of some of the reactions that produced
narrow dispersity products by transmission electron microscopy. Figure 3 shows
transmission electron micrographs for the 40% THF and 60% nBuOH conditions
corresponding to products from each hotspot in figure 2. TEM reveals narrow dispersity
products in each case, with the 40% THF condition corresponding to 1.84 nm * 0.30 nm
nanoparticles and the 60% nBuOH condition corresponding to 1.96 nm #* 0.29 nm. The
approximate diameters correspond to molecular formulae of Auz2spMBA7s and
Au1gspMBAgs respectively. Some of the apparent dispersity in this measurement may be
attributed to the difficulty in determining the precise edge of sub 5-nm diameter particles
in transmission electron micrographs—most of the measured dispersity may be inherent
to the TEM technique itself as applied here. Some of the dispersity, especially larger
particles, may also be attributed to electron-beam induced sintering of adjacent particles.
The particles appear spherical in morphology in each case, and are of sufficiently tight

dispersity to form extended 2D hexagonal lattices.
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Figure 3. TEM image and histogram of the pMBA-protected gold nanoclusters synthesized
using 40% THF (top, 1.84 nm # 0.30 nm, Au1sspMBAes) and 60% nBuOH (bottom, 1.96 nm
+ 0.29 nm, Auz28pMBA7s).

After identifying the hotspots, we sought to improve the existing direct synthesis for
Au102(pMBA)4s.  The existing literature synthesis uses 47% aq. MeOH, [Au] = 3 mM,
[pPMBA] = 12 mM, at a 0.036 mmol Au scale. Four solvent conditions emerged to make
clusters that have the same 1-Ax values on the PAGE analysis (80% nBuOH, 10% DMF, 10%
diglyme, and 50% MeOH). A series of refinements, including the adjustment of solvent
percentages in finer increments, order of addition, method of addition, temperature,
[pMBA], [BH4], degassed solvents vs. non-degassed solvents, equilibration time of the
polymer, and the addition of solid NaBH4 vs. aqueous NaBH4 were carried out for the
synthesis of Auio2(pMBA)44. We came to a condition that allows us to make Au1o2pMBA44 in
a 0.5 mmol Au scale in reasonable purity and yield. The reaction is 50 times larger than the

original reactions scale and reproducibility may be improved. The synthetic condition
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changes to the published synthesis are minor, suggesting that the published synthesis was
already very well optimized. We found that the published solvent (47% aq. MeOH) made
the most monodispersed Auio2(pMBA)4s. Operational changes that improved the
reproducibility and scalability include the rapid mixing of the reagents during polymer
synthesis and using solid NaBH4 instead of an aqueous solution. Notably, the approach
does not allow elimination of the second product almost always observed in Au1o2(pMBA)44

syntheses that is generally removed by fractional precipitation.

Solvent effects on synthesis of thiomalate (Tm) protected clusters

Similar to the initial solvent screen with pMBA, the solvent screen with Tm as the
ligand was carried out with 1:3 Au:Tm ratio with [Au] = 2 mM and 1.5 equivalents of NaBH4
with respect to Au. The reactions were allowed to proceed for 17 h at 30 2C in a shaking

incubator. The results of this solvent screen are shown in Figure 3.
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Table 1. Solvent used in the Synthetic Screening as Ranked in Dimroth-Reichardt Er
parameter3>

Dimroth-Reichardt

Solvent ET parameter,
kcal/mol
1,4-Dioxane 36.0
Dimethoxymethane (DMM) N/A
Tetrahydrofuran (THF) 37.4
1,2-Dimethoxyethane (DME) 38.2
Diethylene glycol dimethyl ether (Diglyme) 38.6
Dimethylformamide (DMF) 43.8
Dimethylsulfoxide (DMSO) 45.1
Acetonitrile (MeCN) 45.6
2-Propanol (i PrOH) 49.2
1-Butanol (n BuOH) 50.2
1-Propanol (n PrOH) 50.7
Ethanol (EtOH) 51.9
Methanol (MeOH) 55.4

A hotspot appears centered at 30% THF, with additional areas of tight dispersity
observed in isolated conditions of 60 and 80% nBuOH, and 10% and 60-70% EtOH (shown
as dark red squares in the heat map). Thus, the optimal solvent for synthesis of narrowly
dispersed products using Tm as the ligand can be found in the low percentages of the lower

polarity solvents, except in the case of nBuOH which appears to be advantageous to

27



monodispersity at all percentages. The large hot spot at lower concentrations of solvent
may share a phenomenological origin with the similar hotspot for pMBA, with a shift
toward lower cosolvent concentrations arising because Tm is more charged (thus more
polar) compared to pMBA.

Many of the solvents result in two distinguishable tight bands (dioxane, DME, MeCN,
nPrOH, and EtOH), as shown in the depiction of two products in the left panel. Since the
heat map considers the entire reaction, some of these conditions are scored as
polydisperse, even though they may contain notably monodisperse individual products.

The smaller band in each of the two product producing reactions can be further
resolved into three products, notable for their distinctive colors (red, green, and yellow;
Figure 4, left). These are similar to the colors reported by Tsukuda,?” for GSH protected
clusters smaller than Auzs(SG)1s. The color order does not match, however, so suggestions
of molecular formula cannot be made by analogy, other than these are likely to be clusters

smaller than Auzs(SR)1s.
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Figure 4. The solvent screen results for the synthesis of gold nanoclusters using Tm as the
ligand. The left panel shows the relative size of the clusters as shown by PAGE analysis.
The conditions that lack a size marker indicate no visible product formation. The
conditions that have two size markers indicate the formation of two relatively tight bands.
The right panel shows the dispersity of the products with the darkest red being the most
monodispersed product. The pale yellow squares indicate no visible product formation.

5

' Refinement B

Figure 5. Refinement progress of the “triple product” band to a red band. The PAGE lane
on the left is the “triple product” band before the refinement process and the PAGE lane on
the right is the resulting red band after the refinement process.
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To demonstrate the potential of systematic screening of reaction conditions, we
further refined the synthesis that produces this set of three products, so that that only the
red product is produced (Figure 4, right). The refinement process included adjustment of
temperature, Au:Tm ratio, pH, reaction time, [NaOH], amount of Oz in the solvent, and [BH4
] (see Experimental Section for the synthesis of the red product). The parameters that have
been adjusted are commonly screened parameters in the refinement of gold nanocluster
syntheses in our laboratory. The refinement process is mainly determined by the results of
the previous screen until no further optimization can be obtained. Some parameters, such

as [NaBH4], need to be revisited after other parameters are set.

Solvent effects on synthesis of glutathione (GSH) protected clusters

The solvent screen with GSH as the ligand was carried out with 1:3 Au:GSH with
[Au] = 2 mM and 3 equivalent of BH4" with respect to Au. The reactions were allowed to
proceed for 2 h and 15 min at 4 2C. These conditions were the result of an initial
optimization. The result of this solvent screen is shown in Figure 5. As in the case for other
ligands, we observe two hot spots in the heat map. One can be found in the low to mid
percentages (20-40%) of low polarity solvents (DME and diglyme), the second is found in
the low percentages (10-30%) of the alcohols (iPrOH, nBuOH, and nPrOH).

The products observed at the hot-spots when GSH is used as a ligand are less than
1.5nm in diameter and essentially of insufficient size for routine and accurate analysis by
transmission electron microscopy. To characterize the approximate composition and
dispersity of GSH protected nanoparticles we used size exclusion chromatography. A

Superdex 75 gel filtration column (GE Health Sciences is used routinely to separate
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proteins in the 3 to 70 kDa range. By comparison of actual and computed Stokes-Einstein
radii, we estimate that the column is capable of resolving spherical clusters with
approximate formulae of Auio(SG)11 to Augeg(SG)161. We calibrated with protein standards
as described in the methods section and shown in Figure S18. We tested experimentally
the elution of the product synthesized at 76% aqueous diglyme, which appears to contain
several products as observed in the PAGE, although one product appears more abundant
(Figure S16). By chromatographic analysis we see that the 76% diglyme product also
contains many products, and similar to the appearance in the gel, a single product
dominates. The dominant product has a Stokes-Einstein radius of 1.11 nm (Figure 7),
corresponding to an approximate molecular formula of Aus3(GS)26. To arrive at this
approximate molecular formula, we assume that GSH contributes 0.35 nm to the total
hydrodynamic diameter of 2.44 nm, as calculated previously.!! The remaining diameter is
occupied by gold atoms. The full-width at half maximum of the main peak is slightly
broader than that of the protein standards injected, consistent with a the appearance of the
second most abundant product in the gel at lower molecular weight, and the tailing at what
corresponds to lower molecular weight also suggests that the PAGE gel is an accurate

depiction of the dispersity of the sample.
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Figure 6. The solvent screen results for the synthesis of gold nanoclusters using GSH as
the ligand. Left panel shows the relative size of the clusters as shown by PAGE analysis.
The conditions that lack a size indicator indicate no visible product formation. The
conditions that have two size markers indicate the formation of two relatively tight bands.
The right panel shows the dispersity of the products with the darkest red being the most
monodispersed product. The pale yellow squares indicate no visible product formation.
One goal at the outset of this screen was to attempt to find a direct, large scale
synthesis of Au2s(GS)1g.73%38 We found thatone of our screened solvent
conditions produced a product with the expected orange appearance, and approximately
expected gel mobility. MALDI characterization of this product is not consistent with
Auzs(GS)1s and is instead consistent with a novel nanocluster with properties that are the

subject of a future report. It is presently unclear if it is possible to directly synthesize

Auzs(GS)18 with this direct synthesis approach.
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Figure 7. Superdex 75 Elution Profile for GS protected nanoparticles synthesized in 76%
diglyme.
2.5 Discussion

Two hot spots of high monodispersity appear in each of the combinatorial solvent
screens, independent of the organothiolate ligand that protects the resulting nanoparticles.
One of the hot spots occurs in lower polarity solvents such as dioxane, DME, THF, and
diglyme. These solvents are interesting in that, with the exception of THF, each is
potentially both a solvent and a metal chelating ligand (Figure 6). These coordinating or
chelating solvents may interact with either the (Au-SR), polymer precursors, perhaps to
enforce a particular polymer size prior to the NaBH4 reduction step. This is suggested by
others as a means to narrow the dispersity of cluster syntheses.3? These solvents may also
interact competitively with organothiolates to occupy the Au® surfaces of nanoclusters.
The multidentate nature of these ligands and their extraordinarily high concentration

relative to thiols may make these oxygen-containing molecules capable of such
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competition. We speculate that either one of these effects may help to stabilize a particular
cluster molecular formula, leading to the observed narrow dispersity.

The other hot spot appears for alcohols with longer hydrophobic chains, such as
iPrOH, nBuOH, and nPrOH. We speculate that this hot spot arises because the nanoclusters
grow until they reach a size at become insoluble in the aqueous alcohol mixture, at which
point they precipitate. The precipitated nanoclusters then cease to grow. Under these
circumstances, growing and completed clusters are separated in two physical phases,
resulting in narrow size distribution.

This work highlights several solvents that do not correlate with monodisperse
product preparation. Solvents that do not appear to produce narrow dispersion products
include MeOH DMF, DMSO, and MeCN. The absence of monodisperse products in methanol
is of special note. Most water soluble thiolate ligated gold nanoclusters reported to date
are synthesized in aqueous methanol.735-3840-43 We observe here that methanol
consistently results in more polydispersed product than its more non-polar and more

bulky counterparts.

2.6 Conclusions

Early work on thiolate protected gold nanoclusters identified the approximate
masses of especially abundant (magic-sized) clusters. Etching or size-focusing methods
now reliably produce these clusters in many labs around the world with organic ligand
shells. Synthetic methods for making water-soluble clusters and also particles that do not
conform to the ‘magic’ sizes are not yet widely available. By combinatorial screening of

solvent conditions we observe hot spots of low product dispersity, suggesting routes for

34



direct synthesis of well-defined water-soluble particles. We also observe in some cases the
synthesis of well-defined products of sizes apparently in between the magic sizes. For
instance we observe five solvent conditions that produce narrow dispersity products that
are between Auio2(pMBA)44 and Aui144(pMBA)eo. From the combinatorial solvent screen,
there seem to be two modes of solvent effects: chelating or coordinating ability of the
solvent and cluster solubility in the solvent. Full development of either one of these modes
may greatly expand the availability of water-soluble clusters for applications in biology, for

instance as contrast markers,** delivery vectors,* or RF heating antennae.*>
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CHAPTER 3

Metallogels Through Glyme Coordination®

3.1 Synopsis

Glyme intercalation in copper-thiolate polymers is studied. The amorphous
polymer network observed is significantly stronger than previously reported coinage
metal-thiolate supramolecular hydrogels synthesized without glyme. Glyme chain length

and water content strongly influence mechanical and optical behavior.

3.2 Introduction

Coinage metals (Cu, Ag, Au) react with thiols to form straight-chain polymers of 1:1
M(I):SR stoichiometry.l> These complexes are precursors for functional materials
including metal nanoparticles® and supramolecular hydrogels.”- In the latter, metallophilic
interactions drive self-assembly into two-dimensional (2D) sheets that stack in the third
dimension to form lamellar structures.’1! These gels are currently studied for their
potential applications in medicine,?° adhesives,* and sensing.?

In this report, copper-thiolate polymers (CMTPs) form novel materials when
synthesized in the presence of aqueous polyethylene glycol dimethoxy ethers (glyme, Gn).
Glyme intercalation prevents the formation of 2D sheets normally observed in metal-

thiolate complexes. Paradoxically, glyme incorporation strengthens the materials. Varying

* The work presented herein is published in Dalton Transactions. W. Scott Compel’s
contributions in this study include the entire body of work. © 2016 Royal Society of
Chemistry. Dalton Transactions, 2016, 45, 4509-4512.
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glyme chain length and water content provides explicit control over mechanical strength
and visible absorption. All coinage metals are capable of forming homologous materials
with a variety of thiolates containing carboxylic acid moieties (Table 1, Figure 1). For

simplicity, the copper-thiomalic acid (Cu-TM) system is presented.

Table 1 Reagents capable of forming the reported metallogel

Metal Salt Thiol Glyme

copper(ll) chloride dihydrate (CuCl,#2H,0) glutathione (GSH) 1,2-dimethoxyethane (G1)

silver(l) nitrate (AgNOs) thiomalic acid (TM) diethylene glycol dimethyl ether (G2)
gold(Ill) chloride trihydrate (HAuCl,#3H,0) L-cysteine (Cys) triethylene glycol dimethyl ether (G3)

tetraethylene glycol dimethyl ether (G4)

dimethyl polyethylene glycol M,~250 (G~5)

Cu-TNGY
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— !' ) .'.A s
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Figure 1. Linear absorption of samples prepared from reagents listed in Table S1: (a)
Comparison of peak absorbance between materials made with Cu, Ag, and Au, along with
pictures of each material; (b) gold-glutathione (Au-SG) and silver-cysteine (Ag-Cys) as
examples of materials made with other thiols. Data presented were smoothed under Savitzky-
Golay method with a 10-point window.
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3.3 Experimental Methods
Materials

All chemicals were obtained from commercial suppliers and used without further
purification unless otherwise noted. Copper(II) chloride dihydrate (ACS Reagent, 299.0%),
thiomalic acid (ReagentPlus, 299.0%), diethylene glycol dimethyl ether (ReagentPlus, 99%),
tetraethylene glycol dimethyl ether (299%), and poly(ethylene glycol) dimethyl ether
(average M;,~250) were obtained from Sigma-Aldrich. 1,2-dimethoxy ethane (99+% stab.
with BHT) and triethylene glycol dimethyl ether (99%) were obtained from Alfa Aesar.

Filters used were VWR syringe filters, 0.2 uM cellulose acetate.

Cu-TM/G1 Synthesis

A 100 mM solution of thiomalic acid (1.2 mmol, 3 eq., in 12 mL 0.3 M NaOH) and 100
mM solution of CuClz¢2H20 (0.4 mmol, 1 eq., in 4 mL H20) were filtered. The thiol solution
was added to the blue copper chloride solution in a 50-mL polypropylene centrifugation
tube and turned the solution black. 1,2-dimethoxyethane (G1, 12 mL) was immediately
added, and the resulting cloudy white suspension shook at 4 2C for 45 min or until a dense
yellow phase was apparent. After centrifugation at 3220 g for 10 min at 4 2C the clear,
colorless supernatant was siphoned off of the viscous yellow liquid. Only the bottom
portion of the liquid was used in experimentation to be sure no residual solvent was
brought over into the final product.

All glymes studied (G1-G~5) are capable of substituting G1 in the above synthesis.

Other metal salts and thiolates (examples found in Table S1) are replaceable with one
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minor alteration to the synthetic method: 18 mL of glyme should be added when using
glutathione or cysteine in place of thiomalic acid.

It is important to note that a 1:3 metal:thiol ratio is necessary to form the material
regardless of the metal oxidation state (i.e., 3 equivalents of AgNO3 are necessary to form

Ag-SR/Gn despite Ag(I) already in the necessary +1 oxidation state).

Instrumentation

Oscillatory shear measurements were performed on a TA Instruments ARES
rheometer. Dynamic frequency sweeps were performed for each sample using a 0.1%
shear strain (verified linear viscoelastic region) over a frequency range of 0.05 to 1000 rad
s'1. Strain sweeps were performed for each sample at 1 rad s over a range of 0.01 to 90%.

Small angle X-ray scattering (SAXS) data were collected on a Rigaku S-Max 3000
High Brilliance 3 Pinhole SAXS system outfitted with a MicroMax-007HFM Rotating Anode
(CuKa), Confocal Max-FluxTM Optic, Gabriel Multiwire Area Detector and a Linkham
thermal stage. The feature at q=0.25 is an artifact at the edge of the detector.

X-ray diffraction (XRD) was performed on a Scintag X-2 Advanced Diffraction
system equipped with CuKa radiation (A = 1.54 A).
Scanning electron microscopy (SEM) was performed on a JEOL JSM-6500F microscope
operating at an accelerating voltage of 15 kV.

UV-Visible spectroscopy (UV-Vis) was performed on a Nanocrop 2000c
Spectrophotometer on a 1-mm path length pedestal. Data were smoothed under Savitzky-
Golay method with a 10-point window to make trends more apparent (raw data available

in Figure S20).
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Rheometry Sample Preparation

Immediately after its synthesis, 150 pL of the viscous liquid was transferred into an
8-mm diameter rubber mold on parafilm. After drying for 24 h in ambient laboratory
conditions it was transferred to a dessicator (RH = 0%) and dried for another 24 h at
ambient temperature and pressure. This method allowed water to slowly diffuse out of the
gel to evaporate and prevented the material from cracking. The resulting puck fits
perfectly under the 8-mm top plate on the rheometer. This method provided reproducible

and accurate rheological measurement of the material.

3.4 Results and Discussion

Metallopolymer was prepared by mixing CuClz¢2H,0 with TM in a 1:3 molar ratio.
Immediate addition of a large molar excess of glyme precipitates a dense yellow phase
(denoted as Cu-TM/Gn). The isolated material is a viscous liquid that consists of ca. 50
wt% water. Dynamic rheological studies corroborate a marked increase in elasticity as

water evaporates (Figure 2).
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Figure 2. Time sweep rheometry of Cu-TM/G1 shows elasticity increase as the sample dries in
ambient conditions.

Due to its hygroscopic nature, the material changes form as water concentration
reaches equilibrium with the relative humidity (RH) of the environment. After drying to ca.
30 wt% water the material exhibits gel-like behavior by supporting its own weight and
surviving the “inversion test.”1? The gels adopt a variety of solid forms contingent on how
the remaining water is removed: freeze-drying forms powders, dropcasting forms thin
films, and thermal treatment forms porous foams (Figure 3). Independent of its solid form,
rehydrating the material to ca. 30 wt% water reforms the original gel phase (see video in

Supplementary Information online).
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J ! :
Figure 3. Pictures of Cu-TM/G1 in various solid forms: (a) wire, (b) gel, (c) hard sphere, (d)

powder, (e) rigid puck, (f) hollow sphere, and (g) foam.

Time-dependent mechanical properties were probed by oscillatory strain
rheometry to quantify the elastic (G’) and viscous (G”) moduli of the materials made with
different glyme chain lengths. The gels were molded into rigid pucks by slow evaporation
under 0% RH; this method is expected to preserve the hydrogen-bonded structure of water
trapped in high molecular weight glyme films!3 and ensures homogeneity among samples.
All samples display broadly similar behavior in each test. Rheometric properties are

summarized in Table 2 and representative curves can be found in Figure 4.
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Figure 4. Representative Cu-TM/G1 curves used to obtain data in Table 1. (a) Time sweep on
three separate samples prepared simultaneously. (b) Frequency sweep run at fixed strain (y =
0.1%). (c) Strain sweep run at fixed frequency (o = 1 Hz).

Table 2. Cu-TM/Gn rheometric properties

Sample G' (MPa) G" (MPa) tan(0) Po\i(:ck(j%)
Cu-TM/G1 325+2.72 2.75+2.18 0.0854 + 0.0695 2.27
Cu-TM/G2 30.8 +£1.82 2.72+1.63 0.0864 + 0.0492 2.78
Cu-TM/G3 30.4+1.27 2.54+1.62 0.0825 + 0.0499 2.66

Cu-TM/G4 22.1+0.505 0.735+0.251 0.0330+0.0107 2.14

Cu-TM/G~5"  17.3£2.38 1.13+0.243 0.0646 + 0.0056 541

[a] G~5: M, = 250 g mol™
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G’ is approximately an order of magnitude greater than G” within the linear
viscoelastic range, which validates the solid-like nature of the gel. Frequency sweep
rheometry further confirms elastic behavior (G’ > G”) over all time scales probed. The
material behaves as a viscoelastic solid at low strain amplitudes until the yield point (G’ =
G"”) at 2-5% applied stress. At this point, the molecular network is disrupted and the
material starts to flow. Each sample shows an increase in G” prior to the yield point,
suggesting a change in the molecular structure that results in network disintegration.1#

Increasing glyme chain length results in a significant decrease in magnitude of G’
(Figure 5). Cu-TM/G1 affords the highest G’ at 32.5 MPa, and G’ decreases incrementally
with increasing glyme chain length to 17.3 MPa with Cu-TM/G~5 (G~5: M, # 250 g mol1).
The large overall difference of 15.2 MPa indicates that longer glymes produce weaker
network architectures. This relationship between glyme size and network strength
suggests the existence of an ideal network that is preferential towards shorter glymes.
Metallopolymer chain length cannot be precisely determined because the metallopolymer
must be synthesized in the presence of glyme to precipitate the material (vide infra). For
the purpose of this study, metallopolymer chain length is assumed to be approximately
equivalent across all Cu-TM/Gn because the ligand and solution pH are constant

throughout runs.>2
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Figure 5. Comparison of Cu-TM/Gn elastic moduli.

Network structure influences mechanical properties of materials. X-ray diffraction
(XRD)?10 and small-angle X-ray scattering (SAXS)!! studies on CMTPs synthesized without
glyme underlie models of metallophilic interactions that enforce metallopolymer self-
assembly in 2D sheets. Scanning electron microscopy (SEM) studies are consistent with
XRD and SAXS and furthermore reveal porous 2D microplates.>” The boundaries between
sheets in the resulting lamellar structures represent defect sites that may shear under
external force. Typical G’ values are on the order of 10 Pa, though modification through
crosslinking can increase G’ up to thousands of Pascal while maintaining sheet structure.*?

In the present system, XRD, SAXS, and SEM on glyme-containing CMTPs do not
reveal sheet-like structures (Figure 6). These studies jointly suggest that glyme
intercalation enforces an amorphous network. Metallophilic interactions underlie the 2D

sheets previously observed,!! suggesting glyme must be interacting with the
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metallopolymer in a way that prevents this interaction and assembly. A model that
accounts for this observation is one in which glyme chelates the metal in the backbone of
the metallopolymer (Figure 7). This hinges on the chelation ability of glymes and is
consistent with recent work on polyether coordination to metals in multinuclear
complexes.’> Distortion of the metal coordination sphere influences metallophilic
interactions!® and prevents metallopolymer assembly into sheets. G’ on the order of 107 Pa
suggests that the amorphous network is less susceptible to shear than previously reported
CMTPs.

a b

Cu-TM/G1

Cu-TM/G1

EA

(=]
°

Intensity (a.u.)
Intensity (a.u.)

N
<

f b

.

_\

3
%

¢

LI L LI L L
10 20 30 40 50 60 70 80 0.00 0.05 0.10 0.15 0.20

20 (deg) q (A"

150k X15000 WD 10.0mm  fpm | csu

Figure 6. (a) XRD of the sample (solid blue line) only shows diffraction peaks attributed to the
sample holder (dashed red line). (b) SAXS displays one feature (q = 0.25) that is an artifact at the
edge of the detector; no other diffraction peaks are apparent. (c) SEM micrographs of Cu-TM/G1
display a uniform surface around cracks that formed as the sample dried. Scale bar isl yM for
the top two images and 100 nm for the bottom image.
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Figure 7. G1 chelates the metal in the n;netall;)poly.mer backbone

The metallopolymer is insoluble in neat glyme, but synthesis in the presence of
aqueous glyme allows the polymers to form an entangled network. 1H-1H correlation
spectroscopy provides evidence that polymer chains interact through non-covalent forces
(Figure 8). Water conceivably permits glyme penetration into the metallopolymer network
and the large molar excess of glyme (e.g., 385 equivalents of G1 to Cu) subsequently drives
precipitation of the material. The resulting viscous liquid consists of roughly 50% water,
and differential scanning calorimetry (DSC) indicates the presence of water as free solvent
and trapped in the network (Figure 9). The degree of polymer interaction is dictated by
water content: the network condenses as the material dries, resulting in increased

elasticity and marked color changes.
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Figure 8. 'H-1H correlation spectroscopy of Cu-TM/G1 synthesized in D;0. The peaks at
3.2 and 3.4 ppm correspond to G1 and all other peaks correspond to metallopolymer. The
absence of off-diagonal peaks between G1 and metallopolymer suggests that G1 interacts
non-covalently with the metallopolymer.
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Figure 9. Differential scanning calorimetry of freshly synthesized Cu-TM/G1 differentiates
between free solvent water (low temperature) and water trapped in the molecular
network (high temperature). These peaks are attributed to water loss because they are
irreversible and are not apparent in dessicated material. 3.7 mg of water (59 wt%) was
lost during the experiment.

Fourier transform infrared spectroscopy (FTIR) studies exhibit a constant carbonyl
stretch at 1548 cm! as the sample dries (Figure 10), which indicates that the carboxylate
environment remains unchanged. There are two glyme ether peaks centered around 1380
cm! that shift in intensity as the sample dries. This result implies that glyme exists in two

concentration-dependent forms and suggests the polymers are bound through metal-glyme

coordination rather than carboxylate-glyme interactions.
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Figure 10. Infrared spectroscopy of freshly synthesized Cu-TM/G1 (solid blue line) and
after drying for 12 h (dashed green line). The peak at 1548 cm-! (carbonyl stretch) does
not shift in energy while the sample dries and implies that the carboxylate environment
remains unchanged. The peaks at ~1380 cm (glyme ether stretch) display a shift in
relative intensity, which indicate the local environment of glyme ether changes while the
sample dries.

The concentration-dependence on network structure is observable through changes
in visible absorbance, which is strongly influenced by metallophilic interactions317 and the
nature of the metal coordination sphere.1® UV-Visible spectroscopy (UV-Vis) shows a single
absorption (Amax = 414 nm) for Cu-TM/G1 as-synthesized, and periodic monitoring of the
drying sample reveals a bathochromic shift (smoothed data in Figure 11a, raw data in
Supplemental Information Figure S20a). This is a characteristic of a change in the metal
coordination environment as water evaporates. The result suggests the metal is initially

ligated by water, and glyme coordination follows as water is lost and the network

condenses.
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Figure 11. Smoothed linear absorption (a) of Cu-TM/G1 while drying and (b) comparison
between Cu-TM/Gn.

Interestingly, varying glyme chain length in Cu-TM/Gn results in minimal change in
Amax over the range of 403-418 nm (smoothed data in Figure 11b, raw data in Supplemental
Information Figure S20b). Such a minor change in linear absorption suggests that all
glymes have similar coordination to the metal. This appears counter-intuitive, since
binding affinity generally increases with glyme length and number of binding sites.1®
However, it is likely that the metal reaches coordinative saturation, where steric
constraints prevent coordination from all available oxygens.?® The limited solvent
accessibility of the metal generates similar coordination environments for all glymes

independent of chain length.
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Rheological studies support coordinative saturation and propose that G1 produces
the strongest network. Longer glymes introduce non-coordinating oxygens that extend
past the primary coordination sphere of the metal. This effectively produces polyethylene
side chains that branch out into the molecular network and add rotational degrees of
freedom that bestow increased flexibility. The tail ends of glyme could also coordinate two
metal centers to create physical crosslinks between metallopolymers. The relatively small
differences in G’ between materials made with G1-G3 suggest that these chains are too
short to noticeably contribute to this effect. The critical chain length appears to be G4, as
there is a substantial decrease in G’ upon G4 intercalation that continues with G~5. This
complements the benchtop observation that longer glymes form more fragile gels. It is not
known whether this trend continues to longer glymes that could coordinate to three or

more metal centers, as this may strengthen the molecular network.

3.5 Conclusions

Copper-thiolate polymers form an entangled polymer network when synthesized in
the presence of glymes. The data presented support a hypothesis in which glyme chelates
the metal in the metallopolymer backbone. This interaction prevents metallopolymer
crystallization and results in a wholly amorphous material that is stronger than previously
reported coinage metal-thiolate supramolecular hydrogels synthesized without glyme.
Varying glyme chain length and water content dictates the extent of polymer interaction
and affects the mechanical and optical properties of the material. Though this report

establishes a novel approach toward metallopolymer gelation using Cu-TM/Gn systems, an

58



extension to other coordination metal polymers is currently under investigation. Further

study of this system is anticipated to provide stimuli-responsive, self-healing materials.
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CHAPTER 4

Structure-Activity Relationships for Biodistribution, Pharmacokinetics, and

Excretion of Atomically Precise Nanoclusters in a Murine Model

4.1 Synopsis

The absorption, distribution, metabolism and excretion (ADME) and
pharmacokinetic (PK) properties of inorganic nanoparticles with hydrodynamic diameters
between 2 and 20 nm are presently unpredictable. It is unclear whether unpredictable in
vivo properties and effects arise from a subset of molecules in a nanomaterials preparation,
or if the ADME/PK properties are ensemble properties of an entire preparation. Here we
characterize the ADME/PK properties of atomically precise preparations of ligand
protected gold nanoclusters in a murine model system. We constructed atomistic models
and tested in vivo properties for six well defined compounds, based on crystallographically
resolved Auzs(SR)1s and Aui02(SR)s4 nanoclusters with different (SR) ligand shells. To
rationalize unexpected distribution and excretion properties observed for several clusters
in this study and others, we defined a set of atomistic structure-activity relationships (SAR)
for nanoparticles, which includes previously investigated parameters such as particle
hydrodynamic diameter and net charge, and new parameters such as hydrophobic surface

area and surface charge density. Overall we find that small changes in particle formulation

* The work presented herein is published in Nanoscale. W. Scott Compel’s contributions
include the synthetic development and characterization of gold nanoclusters used in this
studv. © 2013 Roval Society of Chemistry. Nanoscale.5(21). 10525-10533. 2013.
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can provoke dramatic yet potentially predictable changes in ADME/PK.
4.2 Introduction

Ligand passivated metal and semiconductor nanoparticles can encode several
physical properties of clinical interest for diagnostic imaging and therapy. Investigated
diagnostic imaging properties include X-ray contrast,!-3 luminescence,*¢ and PET/SPECT.”
Preclinical therapeutics based on these nanomaterials can be analogous to antibody
mimetics,® or be targeted hyperthermal therapeutics,®1011 where the inorganic core of the
nanomaterial interacts with extrinsic radiation (typically IR or RF) to produce localized
therapeutic heat.

Predictive and complete understanding of biological absorption, distribution,
metabolism, excretion (ADME) and pharmacokinetics (PK) of metal and semiconductor
nanoparticles is important for realizing a comprehensive set of design criteria for
determining which nanomaterials may ultimately be useful in clinic. Ideally a set of
structure-activity relationships (SAR) will emerge, enabling design, synthesis and
application of nanoparticles with accurately predicted circulation lifetimes, metabolism
and clearance mechanisms, tissue penetrations, cellular and subcellular trafficking, and
high localization efficiency to desired corporeal targets.

Current predictive understanding of the ADME/PK of inorganic nanoparticles is
incomplete, in part because these experiments combine complex mixtures of nanoparticles
(i.e, a 10.0 £ 1.0 nm gold colloid preparation contains on the order of 40,000 discrete
molecular formulae) with blood which is also a complex mixture itself. The uncertainties

inherent in nanoparticle preparation complicate the analysis of their biological activity.
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Some very general conclusions about ADME/PK can be drawn. For instance,
nanoparticles substantially larger than 20 nm in hydrodynamic diameter (i.e., the size of
the smallest viruses) are relatively predictable in their PK and biodistribution.1?-14 Such
particles are generally cleared by the reticuloendothelial system (RES), with some control
in circulation time imparted by the surface layer, where poly- and oligo- ethylene glycols
are shown to dramatically increase blood circulation half life.1>1¢ The metabolism and
excretion of inorganic particles in the RES is unpredictable.#> Some reports begin to
establish metabolism and excretion with mechanism,17.18 while other reports conclude in
long-term RES accumulation with unknown consequence,!? and RES toxicity319 all present
and all arising from particle preparations of different nature.

The 2-20 nm hydrodynamic diameter range (smaller than viruses and other
pathogens for which mammals have well established mechanisms for blood clearance) is a
less predictable size regime, and one in which ADME/PK properties may be tunable for
desired clinical applications. Predictive circulation lifetime is important as diagnostic
imaging applications generally specify short circulation lifetimes while therapeutic
applications generally benefit from extended circulation times.2°

Within this size regime, three hydrodynamic diameter thresholds are important
determinants of ADME/PK. These are the ~8 nm hydrodynamic threshold of glomular wall
filtration in the kidney, the 5 nm threshold for rapid extravascular equilibration, and the
~20 nm threshold for Enhanced Permeability and Retention (EPR).1621 The glomural wall
of the kidney has a nominal pore size of 8 nm and as a negatively charged structure is more
selective for filtration of positively charged particles. Zwitterionic particles may need to be

as small as 5.5 nm to pass efficiently,* and negatively charged particles can have

65



unpredictable behavior including apparently extended circulation times!® and kidney
accumulation,! sometimes with notable associated toxicity.?2? Still renal clearance of
nanoparticles is often viewed as a favorable result*> since it results in predictable
clearance of nanoparticles relative to RES clearance. Toxicity in this size range also
appears unpredictable, with 1.4 nm and 13 nm particles observed as causing acute
toxicity,192324 while other sizes appear essentially non-toxic in short term studies.

The study of ADME/PK of nanomaterials is complicated by the complex natures of
both nanomaterial preparations and biological systems. While obvious that blood is a
complicated mixture, less frequently highlighted is that most nanomaterials preparations
are also complex mixtures. For instance, implicit in even ‘monodisperse’ preparations of
nanomaterials is a 10% standard deviation in dimension measurement, suggesting that a
‘monodisperse’ 101 nm spherical gold nanoparticle preparation corresponds to a
statistical gold composition of 244,000 + 70,000 atoms. The purity of the exactly 10 nm
diameter Auz44,000 core is less than 1% in this preparation. Further complicating these
mixtures is frequently an additional distribution in ligand shell composition, especially for
mixed ligand shells.

In the present study, we make the first examination of the ADME/PK properties of
‘magic number’ gold clusters,252¢ specifically those scaffolded by the crystallographically
determined Auzs(SR)1s and Aui02(SR)44 nanoclusters. We prepared each compound with
three different ligand shells: an as-synthesized ligand shell (p-mercaptobenzoic acid and
glutathione for Auio2 and Augzs, respectively) and two partially ligand exchanged shells with
tetraethylene glycol functionality introduced in varying amounts. We modeled each of the

six compounds as idealized atomistic models, and suggest that the structural features of
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these models give novel insight into the surprising ADME/PK activity observed for some of
these preparations.
4.3 Experimental Methods
Generation of Models

Models of the ligands on Auzs(GSH)1s (1), Auzs(GSH)o[S(CH2)s(EG)4OH]o (2),
Auzs5(GSH)s[S(CH2)6(EG)4+0H]12 (3), Auio2(pMBA)44 (4), Au1o2(pMBA)22[S(CH2)11(EG)40H]22
(5), Au102(pMBA)14[S(CH2)11(EG)40H]30 (6) were generated with PRODRG?7 and manually

modeled onto clusters in PyMOL.28

Calculation of Hydrodynamic Radius

Models were inputted into Hydropro102° with 0.0035 Pa-s to simulate the viscosity
of serum at 37 °C.30 Settings were left as recommended by Ortega et al.?°, except molecular
weight and partial specific volume. Partial specific volume was calculated according to
Durchschlag et al.3! for each of the ligands then multiplied by the number of ligands and
added to the partial specific volume of the gold cluster divided by the molecular weight to

obtain V..

Calculation of Solvent Accessible Area

Solvent accessible area was calculated using PyMOL’s ability to calculate area.
Hydrophilic atoms were set as nitrogen and oxygen and hydrophobic areas were set as
carbon and sulfur. Solvent radius was set at 1.4 A and modeled and the total area around

each of the areas was calculated.
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Calculation of Surface Charge

Models of ligands were input into PDB2PQR3233 to convert models from PDB format
to PQR, which was then input into Adaptive Poisson-Boltmann Solver (APBS)3# to calculate
total surface charge. The force field chosen for the calculations was SWANSON, the model

was also allowed to optimize the hydrogen bonding network.

Reagents

All commercially available reagents were used without further purification.
Tetrachloroauric (III) acid (HAuCls-3H20 99.99% metal basis, Alfa Aesar), p-
mercaptobenzoic acid (>95.0%, TCI America), NaBHs (98-99%, MP Biomedicals), MeOH
(99.9%), Fisher Scientific), L-glutathione reduced (298%, Sigma-Aldrich), Diethylene glycol
dimethyl ether (99%, Sigma-Aldrich), 2-[2-(1-mercaptoundec-6-yloxy)-ethoxy]-ethoxy-
ethoxy-ethanol (HS-(CH2)6-EG4-OH, Prochimia Surfaces), (J11-
(Methylcarbonylthio)undecyl]tetra(ethylene glycol) (AcS-(CHz)11-EG4-OH, 95%, Sigma-
Aldrich). Nanopure water (resistivity 18.2 MQ-cm) was produced with a Barnstead

NANOpure water system.

Synthesis and Characterization of Au@GSH (Compound 1)

A 50 mL conical was charged with 6 mL 100 mM glutathione (0.6 mmol, 3 equiv.) in
0.3 M NaOH solution. 2 mL of HAuCl4-3H20 in diethylene glycol dimethyl ether solution
(0.2 mmol, 1 equiv., a non-metal spatula should be used to weigh out HAuCl4-3H20) was
also added to the conical. The reaction was shaken at rt for 30 min. 5 min prior to the end

of the 30 min, a suspension of 0.5 mM NaBH4 in dry diethylene glycol dimethyl ether (about
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19 mL) was sonicated at rt for 5 min. 17 mL of the NaBH4 suspension of (0.0085 mmol,
0.043 equiv.) was added to the reaction which turned orange over about 20 seconds and
was quenched by the addition of methanol (to a final volume of about 50 mL). The content
of the conical was then mixed and then centrifuged in a swinging bucket rotor at 4,000 rpm
and 4 2C for 10 min. The clear and colorless supernatant was then decanted and the orange
precipitate was air dried. Gel electrophoresis visualization was run on a 30%
polyacrylamide gel (19:1, acrylamide : bisacrylamide) at 175 V for 3 h. The nanoparticle
bands were visible by eye and with a UV transilluminator, thus no staining steps were

performed for visualization.

Ligand exchange reaction of Au@GSH (1) cluster with 18-mercapto-3,6,9,12-
tetraoxaoctadecan-1-ol (HS-(CHz)s-EG4-OH) (Compounds 2 and 3).

A 500 puM solution of Au@GSH (0.001 mmol, 10 mg in 2 mL H20) and a 0.1 M
solution of the HS-(CHz2)s-EG4-OH (0.04 mmol, 12.4 mg in 0.4 mL THF) were prepared. For
the 1:1 incoming ligand:outgoing ligand reaction (Compound 2): 1 mL of Au@GSH solution
and 0.125 mL of HS-(CH2)6-EG4-OH solution were mixed then diluted with H20 to a final
volume of 5 mL, shaken at rt for 1 h. The crude product was purified by ultrafiltration spin
columns (5000 Da cutoff) and washed with 3 x 10 mL 1:1 H20:MeOH. The remaining
orange liquid was placed into a 15 mL conical and was lyophilized until dry. For the 2:1
incoming ligand:outgoing ligand reaction (Compound 3): 0.250 mL of HS-(CHz)s-EG4-OH
solution was used instead of 0.125 mL (see above).

Synthesis and Characterization of AuiozpMBA44 (Compound 4).
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Au102pMBA44 was synthesized according to published procedure.*®¢ HAuCls-3H20
was dissolved (0.209 g, 0.50 mmol, a non-metal spatula should be used to weigh out
HAuCls-3H20) in nanopure H20 (19.0 mL, 0.028 M based on Au) in a 50 mL conical. In a
separate 50 mL conical, p-mercaptobenzoic acid (0.292 g, 1.89 mmol) was dissolved in a
solution composed of nanopure H20 (18.43 mL) and 10 M NaOH (0.57 mL, 5.70 mmol).
The resulting p-mercaptobenzoic acid/NaOH solution was 0.10 M based on p-
mercaptobenzoic acid, 0.30 M based on NaOH, and the pH was determined to be >9. A1 L
Erlenmeyer flask was equipped with a stir bar and nanopure H,0 was added to it (51.5
mL). In three separate beakers, the following solutions were dispensed: 1) 0.028 M
HAuCls solution (17.8 mL, 0.5 mmol, 1.0 equiv.), 2) 0.10 M p-mercaptobenzoic acid / 0.30 M
NaOH (15.5 mL, 1.5 mmol, 3.0 equiv. of p-mercaptobenzoic acid and 5.7 mmol, 11.4 equiv.
of NaOH) solution, 3) MeOH (75 mL). Under stirring, the HAuCls solution was poured into
the 1 L Erlenmeyer flask (containing H20), this was immediately followed by the addition
of the p-mercaptobenzoic acid/NaOH solution. The reaction turned from yellow to orange
upon the addition of the p-mercaptobenzoic acid/NaOH solution. Immediately afterwards
the beaker of MeOH was also added to the 1 L flask. The reaction was allowed to stir at
room temperature for 1 h. During that time, the reaction turned from dark orange to light
orange. After 1 hour, pulverized solid NaBH4 (20.8 mg, 0.55 mmol, 1.1 equiv.) was added to
the stirring reaction to reduce the polymer; the reaction continued to stir at room
temperature for 17 h. The reaction turned black upon the addition of solid NaBH4. After 17
h MeOH was added to the 1 L flask until the total volume was approximately 800 mL, then
5 M NH40Ac (40 mL) was also added. The reaction was then split into about twenty 50 mL

conicals, which were capped and then centrifuged in a swinging bucket rotor at 4,000 rpm
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and 4 °C for 10 min. The supernatant was then decanted and the precipitate was allowed
to dry by inverting the conical on a paper towel for about 1 hour. The precipitate in each
conical was then dissolved in about 200 uL of nanopure water. The nanoparticle solutions
were then combined into 4 conicals. Next, the particles were washed by performing the
following: 500 uL of 2 M NH4OAc was added to each of the four conicals, then MeOH was
added until the total volume in each conical was about 45 mL. The conicals were shaken to
mix and were centrifuged at 4,000 rpm and 4 2C for 10 min in a swinging bucket rotor. The
resulting supernatant was decanted and the precipitates were dried in vacuo at room
temperature for at least 2 h. Gel electrophoresis visualization was run on a 20%
polyacrylamide gel (19:1, acrylamide : bisacrylamide) at 110 V for 2 h. The nanoparticle
bands were visible by eye, thus no staining steps were performed for visualization. The
synthesized particles were run against a standard AuiozpMBAis sample of which the

formula/structure has been confirmed by X-ray crystallography.

Fractional precipitation of Auio2(pMBA) 44

The reaction outcome varies depending on the quality of the solid NaBHs. In the
case where many large and/or insoluble products were formed, a simple fractional
precipitation removed the majority of the larger products. First, all particles from the
reaction were dissolved in nanopure water (9.24 mL) in a 50 mL conical, then 2 M NH40Ac
(0.76 mL, 1.52 mmol, 0.076 M final concentration) was added. The solution was
thoroughly mixed followed by the addition of MeOH (10 mL, 50%). The suspension was
shaken again to mix and the conical was centrifuged at 4,000 rpm and 4 °C. The

supernatant was decanted into a new 50 mL conical and then re-spun until pellets (larger
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impurities) no longer formed. The remaining black solution (purified Au1o2(pMBA)44) was
again transferred to a new 50 mL conical. MeOH was then added to the conical until the
total volume was about 45 mL. The conical was shaken to mix and was then centrifuged at
4 °C for 10 min. The resulting supernatant was decanted and the precipitate (purified

Au102(pMBA)44) was dried in vacuo at room temperature for at least 2 h.

Deprotection of [11-(Methylcarbonylthio)undecyl]tetra(ethylene glycol) (AcS-(CHz)11-EGs-
OH)3*

The acyl-protected thiol was refluxed at 100 °C in 10% HCI/MeOH for 18 h. The
reaction mixture was cooled and dichloromethane was added. The separated organic layer
was washed twice with H20, twice with saturated NaHCOs, and dried with Na;SO4. The
solvent was removed in vacuo to give the product 23-mercapto-3,6,9,12-tetraoxatricosan-
1-ol [HS-(CH2)11-EG4-OH] as a clear oil. 'TH NMR (300 MHz, CDCl3) 6 3.80-3.76 (m, 2H), 3.75-
3.61 (m, 14H), 3.50 (t, / = 6.0 Hz, 2H), 2.58 (q, / = 6.0 Hz, 1H), 2.23 (brs, 1H), 1.70-1.58 (m,

4H), 1.47-1.29 (m, 14H).

Ligand exchange reaction of Auioz(pMBA )44 with 23-mercapto-3,6,9,12-tetraoxatricosan-1-ol
[HS-(CHz)11-EG4-OH] (Compounds 5 and 6)

A 500 pM solution of Au102pMBA44 (6.6 pmol, 178 mg in 13.37 mL H20) and a 0.1 M
solution of HS-(CHz2)11-EG4-OH (0.79 mmol, 304 mg in 7.90 mL THF) were prepared. For
the 1:1 incoming ligand:outgoing ligand reaction (compound 5): 3 mL of Auio2pMBA44
solution and 0.66 mL of HS-(CH2)11-EGs4-OH solution were mixed and diluted with H;0 to a

final volume of 15 mL. Then the reaction was shaken at rt for 1 h, then the crude product
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was purified by ultrafiltration spin columns (5000 Da cutoff) and was washed with 3 x 10
mL 1:1 H,0:MeOH. The remaining orange liquid was placed into a 15 mL conical and
lyophilized until dry. For the 2:1 incoming ligand:outgoing ligand reaction (Compound 6):

1.32 mL of HS-(CHz2)11-EG4-OH solution was used instead of 0.66 mL (see above).

Animal Models

Animals were housed in polycarbonate cages and kept on a 12 h light/dark cycle
with water and food given ad libitum. C57BL/6NCr male mice, 8-14 weeks old, weighing
20 - 30 g, were purchased from the National Cancer Institute (Frederick, MD, USA).
Compounds 1-4 were dissolved in nanopure water and compounds 5 and 6 were dissolved
in 5% DMSO, 5% Tween-80 in 90% D5W solution. All the particle solutions were filtered
through a 0.45 micron filter, and the dosage concentrations were determined after the
filtration step. Approximate dosage concentration for compound 1 was 2.0 mM, both
compounds 2 and 3 were 0.81 mM, compound 4 was 2.71 x 10->M, compound 5 was 3.14 x
10-> M, and compound 6 was 5.94 x 10> M. Tail vein injection was carried out and the
injection volume was 100 uL of solution / 25 g of mouse body weight. The mice were
euthanized at 6, 12, 24, 48, 72, and 96 h time points via cardiac exsanguination under
anesthesia (isoflurane). Urine and feces from 0-6 h were collected as they were produced
in the cage. Feces from 6-12 h and 12-24 h were collected at the end of the time point from
the cage. Urine from 6-12 h and 12-24 h were collected at the end of the time point by
washing the cage with 20-30 mL nanopure water followed by lyophilization of the sample.

The organs were collected at the end of each time point.
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ICP-MS Analysis

Blood: Blood sample (0.5 mL) was measured out using a pipet in a 15 mL conical.
Aqua regia (4 mL, approximately 3:1 HCI:HNO3) was added to the conical and allowed to be
stored at room temperature for two days with the conical gently capped. Water was then
added to a final volume of 5 mL. Organs/feces: The organs/feces were weighted out in 15
mL conical. Samples that weighted more than 0.3 g were digested with 4 mL of aqua regia
at room temperature over two days then diluted with water up to 5 mL total volume.
Samples that weighted less than 0.3 g were digested with 2 mL of aqua regia at room
temperature over 2 days then diluted with water up to 2.5 or 3 mL total volume. Urine:
Liquid urine sample (typically 0.5 mL) was measured out using a pipet and lyophilized
urine sample was treated as a dry powder. Aqua regia was added to the conical and
incubated at room temperature for two days with the conical gently capped. Water was
then added to a final volume of 5 mL. All the samples were sent to MidWest Laboratories,

Inc. (Omaha, NE) for ICP-MS analysis.

Luminescence Images

Following collection of tissues for biodistribution, hepatic luminescence in the liver
was determined using a cryogenically cooled IVIS 100 imaging system coupled to a data
acquisition computer running Livinglmage software (PerkinElmer, Waltham, MA. A digital
grayscale image was acquired followed by acquisition and overlay of a pseudocolorimage
representing the spatial distribution of detected photons emerging from within the liver

after subtracting background luminescence. Signal intensity was quantified as the sum of
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all detected photons within the region of interest per second. The excitation (640 nm * 25

nm) and emission (732.5 nm * 37.5 nm) used the Cy 5.5 filters.

4.4 Results and Discussion

A grand challenge in the adaptation of nanoparticles for clinical purpose is the
development of robust, predictive structure-activity relationships for in vivo nanoparticle
behaviors such as ADME and PK. To advance toward this goal, we establish in vivo
properties for the structurally characterized nanoclusters Auzs(SR)1s and Auio2(SR)as
where SR is either the thiolate ligand used in the native synthesis (glutathione for Auzs and
p-mercaptobenzoic acid for Auioz) or ligand exchanged preparations of these clusters with
mixtures of original ligand and tetraethylene glycol. @We proceeded with these
oligoethylene glycols because of literature showing that these molecules may suppress
protein absorption thereby improving predictive biological properties, and also extend or

allow the manipulation of blood PK.#1519,36-38

Predictive Modeling

For each of the compounds listed in Figure 1, we generated atomisitic models (Table
1). The inorganic portion of each atomistic model was taken from the X-ray crystal
structure of either Auzs3940 or Auie2.#! Ligand placement on exchanged models draws
partially from our and other studies of structural ligand exchange, enabling some
speculation as to the location of exchanged ligands.#? For instance, in Auzs, the more
exchangeable ligand sites are on those sulfur atoms that are closest to Au(0), and on Auioz,

ligand exchange occurs at solvent exposed Au or adjacent Au atoms. From these atomistic
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models, which are accurate for the as-synthesized product and a reasonable approximation
as to the structure of ligand exchanged products, we calculated expected hydrodynamic
diameter (with HYDROPRO??), net surface charge (by simple count), surface charge density
(by PDB2PQR3233), and hydrophobicity (by PyMOL).28 The results of these calculations are
summarized in Table 1. While these parameters are widely understood as biochemically
significant, previous studies have focused primarily on net charge and hydrodynamic

diameter as determinants of PK and excretion mechanism.

Gold
Cluster

(¢] (o] H (o]
Initial HOWN N\)LOH
H

Ligand NH, 0

glutathione

Incoming HSWO\/\O/\/O\/\O/\/OH HS\/\%/O\/\O/\/O\/\O/\/OH
Ligand HS-(CH,)s-EG,-OH HS-(CH,);1-EG4-OH

Figure 1. Structures of each molecular component used in the study. Orange spheres depict
gold atoms and yellow spheres depict sulfur atoms. The carbon and hydrogen atoms of the
ligand layer have been excluded for clarity.
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Table 1. Theoretical Properties of Compounds 1-6

Calculated Net Surface Surface Charge Hydrophobic Expected
Proposed Molecular Stokes X Clearance
Compound . Charge Density Surface Area .
Formula Diameter ©) (Charge/ Az) (%) Mechanism
(nm)° ¢ ge °) o Renal/ % RES
1 Au,s(GSH), 2.44 18 4.1x10™ () 54% 100/0
AuZ5(GSH)9 B 4
2 4.55 9 1.9x10™ (- 62% 60 /40
[S(CH){(EG),0H]y x1076) :
AuZ5(GSH)6 _ 4
3 4.72 6 1.3x10™ (- 66% 60 /40
[S(CH,)((EG),0H] 5 x1076) :
4 Au02(pMBA )4 3.28 a4 1.1x107 () 72% 90/10
Aujgo(pMBA)» - "
5 5.92 22 1.8x107 (- 74% 40/ 60
[S(CH,)11(EG),0H1 x1076) :
6 Auig(pMBA)14 6.24 14 9.8x107 (-) 75% 30/70

[S(CH2)1(EG)4OH]50

Atomistic models are especially useful in the case of small nanoclusters because
methods for characterizing hydrodynamic diameter and surface charge, such as dynamic
light scattering and particle tracking, have large errors for particles substantially smaller
than 5 - 10 nm hydrodynamic diameter. Other properties calculated from these atomistic
models, such as surface charge density, and hydrophobicity, are more difficult to measure
directly and may allow post-experimental explanation of observed in vivo properties and

development of more sophisticated structure-activity relationships.

Synthesis and Characterization of Auzs, Auioz & Exchange Products

The Auzs and Auioz nanoclusters are now well characterized by multiple groups.39:43-
45 The synthesis is described in greater detail in the experimental section. Auzs(GSH)1s
synthesis was by a novel method (manuscript in preparation) and Auio2(pMBA)44 as
previously described.#¢ Initial characterization of the Auzs5(GSH)1s by polyacrylamide gel

electrophoresis used in this study suggested the presence of a single discrete product, but
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subsequent characterization of this product after mouse experimentation had already
begun showed the presence of multiple products of which Auzs(GSH)1s is suggested as the
largest product as determined by the visible color of this and other products.#’48 The
Au102(pMBA)44 product appears approximately pure as assessed by polyacrylamide gel
electrophoresis (Supplementary Info, Figure S21.) There is some uncertainty in the exact
nature of this preparation, because the subset of any Auio2(pMBA)ss preparation that
crystallizes is small, and mass spec analysis suggests the presence of neighboring
products.46:49

Oligoethylene glycol moiety containing (OEG, Figure 1) modifications of the as-
synthesized Auzs and Auioz were made with of 1:1 and 2:1 incoming:outgoing ligand
exchanges of OEG compounds shown in Figure 1 onto Auzs and Auio2 cores as described in
the experimental section. The molecular formulae of clusters following ligand exchange
assumes equilibrium exchange conditions, which is a reasonable assumption given the time
frame of the exchange. For Auzs this assumption results in average formula of
Auzs5(GSH)9(OEG)9 (2) and Auzs(GSH)s(OEG)12 (3), and for Auioz, average formulae of

AU102(pMBA)22(OEG)22 (5) and Au102(pMBA)14(OEG)3o (6)

ADME/PK of Auzs-based Compounds

The ADME/PK activities of each Auzs-based product (compounds 1, 2, and 3) were
tested in 8-14 weeks old C57BL/6NCr male mice. Time dependent absorption,
biodistribution, and excretion was determined by ICP-MS analysis of gold content in lung,

liver, kidney, blood, urine and feces from three mice per time point.
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Figure 2 shows the blood drug levels of the Auzs-based compounds 1, 2, and, 3. The
pharmacokinetic parameters calculated by noncompartmental analyses are shown in Table
2. The calculated circulation half lives of compounds 1, 2, and 3 are relatively similar at
20.1, 16.0, and 15.6 hours respectively. Interestingly, modification with increasing
coverage of OEG ligand (which also leads to the reduction of GSH coverage), there is an
increase in area under the curve (AUC), and a reduction in half-life, clearance and apparent
steady state volume of distribution (Table 2). These findings help support the ability to

predict the whole blood PK parameters by “tuning” these nanoparticles.
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Figure 2. Blood drug concentration vs. time curves of Auzs-based compounds. Data
represents the mean of three animals per time point per compound.

Time dependent distribution of Auzs-based compounds 1, 2, and 3 over a 96-hour
time course are shown in Figure 3. Notably compound 1 appears to accumulate in the
kidneys over the course of the experiment, while compounds 2 and 3 (those with OEG) -

also have accumulations in the kidney but even more accumulate in the liver. This change
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in distribution predicts the dominance of excretion into urine for compound 1 and in feces
for compounds 2 and 3 observed (Figure S22). Analysis of excretion products, shown in
Figure 4, confirms this, meaning that a small change in particle surface composition can
dramatically change excretion mechanism.

Long term, potentially irreversible accumulation in filtration associated organs such
as the lungs, liver and spleen is a major concern emerging investigation of metal
nanoparticles in preclinical models.>® Current studies suggest that smaller gold
nanoparticles may be metabolized and excreted by hepatic mechanisms,'® while larger gold
nanoparticles persist in the liver indefinitely.1?> Metabolism of smaller particles may be by
biologically sourced oxidative thiolate etching,>! perhaps by intrinsic GSH, which results in
(-Au(I)-SR-)n oligomers similar to Au(l) based FDA approved rheumatoid arthritis drugs
such as aurothiomalate (trade name Myochrisine.) The intrinsic luminesence of the
Auzs(SR)1s compound®>2>3 allowed observation of the hepatic uptake and clearance of the
hepatically cleared Auzs-based compound 3 over time. Figure 5 shows the luminescence of
compound 3 in livers at the noted time points after administration. We suggest that etching
precedes excretion, but speculate that since the analogous rheumatoid arthritis drugs are
not associated with long term metal accumulation, that the Au(I)-SR etching products will
be excreted. This does appear consistent with analysis of feces over the course of the
experiment which shows increasing concentrations of Au as the experiment progressed
toward its 96 hour termination point.

With no OEG, particles locate primarily to the kidneys and urine - consistent with
the other observations of GSH-Au, although we surprisingly observe more kidney residence

than other studies.!® With an average of half a ligand shell of OEG (Compound 2), particles
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locate primarily in the liver, and with an average of two thirds of a ligand shell of OEG
(Compound 3) the particles locate initially in the lungs (Figure 3). While particles of
similar size are known to locate to similar organ systems,121454 we believe this is the first

observation of particle modification destination based on a mixed ligand shell composition.

Table 2. Whole Blood Pharmacokinetic Values of Compounds 1, 2, and 32

Compound  Dose,, (mg)  AUCy, o,  f2h(h) CL (mL/h) Vi (mL)

(ug/mL)*h
1 2.16 847 20.1 247 534
2 0.923 1020 16.0 0.797 104
3 0.989 1480 15.6 0.542 8.02

aNoncompartmental modeling was used for the calculation of pharmacokinetic parameters
based on the composite data in Figure 2.
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Figure 3. Percent of Au nanoparticles found (of total amount dosed) in tissue of Auzs-based
compounds in various tissues at noted post-injection times. See Figure S31-S34 for the
graphs zoomed in at the lower percentages.
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Figure 4. Percent of Au nanoparticles found (of total amount dosed) in excretion (urine
and feces combined) for Auzs-based compounds.
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Figure 5. The luminescence within representative livers ex vivo at noted post-injection
time points for compound 3.
ADME/PK of Auioz

Establishing the ADME/PK properties of the Auio2(pMBA)44 based compounds 4, 5,
and 6 was attempted in the same manner as for the Auzs(GSH)1s compounds 1, 2, and 3.
Analysis of time-dependent biodistribution and excretion suggests that the Auio2
compounds locate primarily to the liver and spleen, regardless of the composition of the
ligand shell (Figures 6, 7). In each case, the hydrodynamic diameter of the compound
predicts substantial renal clearance, and the accumulation in RES suggests substantial

binding of proteins to these particles, increasing their hydrodynamic diameter resulting in
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RES accumulation. Surprisingly, the incorporation of OEG in these compounds did not
change their distribution properties, indicating that in this case OEG did not suppress
protein binding.

Analysis of excretion products for compounds 4 and 6 show excretion of 4.8% and
0.9% of the starting material within 12 hours. Figure S23 shows the relative amounts of
each in urine and feces at 6, 12 and 24 hours post injection. Notably, excretion mechanism
does not appear to change with ligand shell modification.

Predictive SAR may enable design of nanoparticles with predictable excretion
mechanism, biodistribution, metabolism and blood PK. Precise and predictable tuning of
these properties is desirable. Nanoparticles are investigated as diagnostic imaging agents,
therapeutic agents, and combined theranostic agents. Each of these modalities has a
different optimal corporeal half life20.

The seminal work of Choi et al*> suggested that the ADME/PK properties of
inorganic nanoparticles and explicitly their excretion mechanism might be predicted by
comparison to proteins with comparable hydrodynamic diameter, as long as the particles
had a net surface charge of zero achieved either through zwitterionic ligands such as
cysteine or neutral ligands such as oligoethylene glycols. Subsequent work from many
groups demonstrate that nanoparticle ADME/PK is much more complex. For instance,
particles with net-negative charge can avoid opsonization and protein corona formation
which can dramatically increase the effective hydrodynamic diameter of nanoparticles, as
judged by renal clearance. Thus, in some instances particles with a net negative charge
behave as predicted by their hydrodynamic diameter,”183755 but in other instances do

not.22 Moreover, the models for predictive ADME/PK do not yet account at all for the result
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of targeting molecules (RGD, folate, antibodies, etc) on ADME/PK, which is a serious

limitation.
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Figure 6. Percent of Au nanoparticles found (of total amount dosed) in tissue of Auioz-
based compounds in various tissues at noted post-injection times. See Figure S35 & S37 for
the graph zoomed in at the lower percentages.
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Figure 7. Concentration of compound 4 in various tissues at 24 h. The inset shows the
concentration of compound 4 in the liver and spleen on a different scale.

In this study six compounds were tested, all with hydrodynamic diameter less than
6.25 nm. Since these diameters are smaller than the 8 nm cutoff commonly cited for

filtration through the glomural wall of the kidney, and have net negative charge, substantial
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renal excretion is predicted. This is observed only for compound 1. To explain the
excretion properties of compounds 2, 3, 4, 5, and 6, we offer insights into SAR that arise
from the atomistic models.

The distribution of compounds 2, 3, 4, 5, and 6 into the RES is consistent with an
increase in their effective hydrodynamic diameter above the ~8 nm cutoff for renal
filtration that can result from opsonization (absorption of immuno-proteins) and protein
corona formation (absorption of other proteins.) The net negative charge of compounds 2,
3, 4, 5, and 6 and the addition of OEG are hypothesized to suppress these effects.
Furthermore the apparent absorption of proteins to compounds 2 and 3 is especially
surprising, as the OEG added to these compounds is hypothesized to decrease protein
absorption compared to compound 1 because of several other studies that show decrease
in protein binding as a result of OEG addition.1>56

A possible explanation for this unpredicted behavior arises from analysis of
hydrophobic surface area in the atomistic models. Hydrophobic interactions are well
known to drive substantial specific and non-specific biological interactions. Larger relative
amounts of hydrophobic surface area on a nanoparticle might provoke both specific
(immuno-) and nonspecific protein nanoparticle aggregation. Table 1 shows the calculated
percentage of hydrophobic surface area for each compound, calculated in PyMol as
described in the methods section. The amount of hydrophobic surface area increases after
OEG addition because the OEG used in this study incorporates a C6 or C11 linker,
separating the tetraethylene glycol functionality from the metal core. When packed into a
monolayer, for instance on a sufficiently large {111} facet, this aliphatic region is buried

and not solvent accessible. In the case of the small nanoclusters used in this study, two
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aspects may expose the aliphatic region: First, the ligand shell is a mixed monolayer of GSH
and OEG, and this may allow solvent exposure of the aliphatic region. Second, the high
radius of curvature of the particles may expose the aliphatic region even in areas where the
surface is essentially OEG saturated. Thus, especially in the case of compounds 2 and 3, the
Auzs-based nanoclusters, with an inorganic diameter of 1.1 nm, are the smallest OEG
passivated particles studied in vivo so far, and small size and mixed ligand shell may
account in large part for the unpredicted results.

The blood pharmacokinetics of the GSH protected particles indicates a substantially
longer blood half-life than suggested by a simple hydrodynamic diameter calculation and
comparison to naturally occurring proteins of similar size. For instance, the 2.44 nm
hydrodynamic diameter of compound 1 is comparable to that of the inulin with a 3.0 nm
hydrodynamic diameter.#>7 These molecules have respective circulation half life of 20.1
hours and 9 minutes, respectively. The high density of negative charge on compound 1
may account for the long circulation half life, because glomerular filtration is faster for
neutral or positively charged compounds.>® Other published examinations of the
properties of injected GSH protected nanoparticles show similarly extended circulation
times with substantial renal clearance, indicating that this somewhat surprising result is

not artifactual.!8

4.5 Conclusions
For the first time, the circulation properties of nanomaterials characterized in terms

of molecular formula are examined. We show that the characteristics (i.e., circulation half
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life and especially biodistribution) of such particles depend critically upon their surface
structure, as inferred from putative molecular formula atomistic models.

In aggregate, our results suggest that blood PK, distribution and excretion
mechanism depend not only on the widely recognized parameters of net charge and
hydrodynamic diameter, but also on exposed hydrophobic surfaces and surface charge
density. Additionally, the specific 3-D structure of the organic portion of the cluster may
also play an important role. Furthermore, we establish SAR properties for atomistically
modeled particles, showing that renal clearance, transient lung accumulation, and RES
accumulation are all highly sensitive to surface structure of nanoclusters, if not actual 3-D
relationships of ligands. The increasingly precise surface modifications that now appear
available#? for some clusters may ultimately enable quantitative understanding.

We further show that the partial exchange with OEG in this instance increased the
hydrophobicity of the nanoparticles, resulting in either opsonization or protein corona
formation, resulting in particle entrapment in the reticuloendothelial system. These results
in whole are superficially contradictory to many others that suggest that OEG increases
circulation lifetime and biocompatibility, primarily by suppressing (rather than increasing

as we observe here) protein absorption.
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CHAPTER 5

Dynamic Diglyme-Mediated Self-Assembly of Gold Nanoclusters

5.1 Synopsis

We report the assembly of gold nanoclusters by the non-thiolate ligand diglyme into
discrete and dynamic assemblies. To understand this surprising phenomenon, the
assembly of Auzo(SC2H4Ph)is-diglyme into Auzo(SC2H4Ph)is-diglyme-Auzo(SC2H4Ph)15 is
explored in detail. The assembly is examined by high-angle annular dark field scanning
transmission electron microscopy, size exclusion chromatography, mass spectrometry, IR
spectroscopy, and calorimetry. We establish a dissociation constant for dimer to monomer
conversion of 20.4 uM. Theoretical models validated by transient absorption spectroscopy
predict a low-spin monomer and a high-spin dimer, with assembly enabled through weak
diglyme oxygen-gold interactions. Close spatial coupling allows electron delocalization
between the nanoparticle cores. The resulting assemblies thus possess optical and

electronic properties that emerge as a result of assembly.

5.2 Introduction
Modern gold nanoscience builds substantially on the still-used 1951 Turkevich

synthesis of citrate passivated colloidal gold.! Subsequent synthetic developments

* The work presented herein is published in ACS Nano. W. Scott Compel’s contributions
include experimental design, data analysis, and synthetic development and

characterization of gold nanoclusters and assemblies. © 2015 American Chemical Society.
ACS Nano,2015,9(12), 11690-11698.
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produce gold nanoparticles (AuNPs) passivated by an array of electron donating ligands,?
including amines,3* phosphines® and thiolates.®

The notable works of Mingos” underpin the contemporary investigation of <1 nm
gold “nanoclusters” (AuNC), referred to as such due to their molecular character.®# While
exciting recent developments in phosphine-protected AuNCs are recently reported,’
thiolate protected gold spurs the majority of contemporary AuNC research. Thiolate
ligation produces the most stable AuNPs due to the covalent nature of the Au-S bond.

The high stability of thiolate-protected AuNP allows their use in downstream
applications, many of which involve self-assembly. The self-assembly of metal
nanoparticles driven by interactions of surface-anchored ligands such as DNA,0
multivalent thiolates,!! and proteins!?13 results in 1-, 2-, and 3-dimensional nanoparticle
superstructures.!415  Such superstructures display emergent fundamental properties
absent in discrete metal nanoparticles allowing applications in sensing,¢17 plasmonics!8
and biology.19-21 In the pioneering works of Alivisatos, AuNP dimers were tethered
through complementary ssDNA pair hybridization.1422 Subsequent work on DNA based
assembly now produces an impressive array of planet-satellite bundles and close-packed
lattices.?3 However, most self-assembled AuNP superstructures are static, with any
plasticity in the assembly resulting from plasticity in the ligand.

Here we report on self-assembly of AuNCs mediated by Au-Ligand interactions with
non-thiolate ligands. Our findings have some precedent in recent work showing that para-
amino phenylthiolate ligands can similarly provoke aggregation (non-discrete

assemblies).24
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We observed this apparently general formation of diethylene glycol dimethyl ether
(diglyme, dg) mediated self-assembly events during a recent synthetic screen of solvents.2>
Here we found that AuNCs synthesized in the presence of diglyme as a cosolvent would
self-assemble (Figure 1) where extent of assembly is apparently an equilibrium-governed
process. Purification of any discrete assembly resulted regeneration of all constituents of
the original mixture. The post-synthetic assembly is observed only if diglyme is a synthetic
cosolvent. The observed assembly required no post-synthetic treatment of the AuNC,
implying that the attractive force between particles arises from diglyme-induced surface
modifications of the AuNC. Similar apparent self-assembly of nanoclusters syntheiszed in
diglyme cosolvent systems was observed for glutathione, p-mercaptobenzoic acid, and
phenylethane thiolate (PET) protected gold nanoclusters. Our characterization of this
system suggests that synthesis of gold nanoclusters in diglyme results in clusters that
incorporate the solvent as a ligand, in a manner reminiscent of hot-injection synthesis of

semiconductor quantum dots.26
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Figure 1. PAGE image of post-synthetic self-assembly of glutathione-protected AuNCs. The
purified AuNC, seen on the right of the gel, was exposed to diglyme and heat to produce the
assembled structures seen on the left of the gel. Attempting to extract the clusters from the
gel resulted in dissociation into smaller assemblies, ie, extraction of the band
corresponding to the trimer would appear to have trimer, dimer, and monomer when run
on PAGE again.

To gain greater insight into this apparently general route to diglyme-mediated
nanoparticle assembly, we completed the detailed study of the single product and resulting
assembly of PET-protected nanoclusters synthesized in a diglyme cosolvent system. We
chose to complete the study with PET ligation instead of p-mercaptobenzoic acid or

glutathione ligation because characterization of organosoluble compounds is more facile

than for water-soluble compounds.
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5.3 Experimental Methods
Chemicals

Gold(III) chloride trihydrate (HAuClse3H20, ACS reagent, 249.0% Au basis), sodium
borohydride (NaBHs, powder, 298.0%) and 2-phenylethanethiol (PhCH2CH2SH, 299%)
obtained from Sigma-Aldrich was used as received. Tetrahydrofuran (ACS reagent,
299.0%) and diethylene glycol dimethyl ether (diglyme, anhydrous, 99.5%) were obtained
from Sigma-Aldrich and stored over activated molecular sieves. Other solvents: methanol
(ACS reagent, 299.8%), hexanes (anhydrous, 95%), dichloromethane (spectral grade,
stabilized), chloroform (ACS reagent, stabilized). Silica gel used in chromatography: high-
purity grade, pore size 60 A, 2-25 um particle size, without binder, pore volume 0.75 cm3/g,
(Sigma-Aldrich). Bio-Beads SX-1 (styrene divinylbenzene) beads were used for size
exclusion chromatography: 1% crosslinkage, 40-80 um bead size, 600-14,000 MW
exclusion range. For electrochemistry, the supporting electrolyte used was
tetrabutylammonium hexafluorophosphate (TBAPFs, >98%) obtained from TCI Chemicals

and recrystallized in methanol.

Purification of Au clusters

Normal phase silica gel flash column chromatography was used to separate out the
crude clusters with no prior purification necessary. A solution of 9:11 hexanes:chloroform
was used as the mobile phase. Fractions were collected directly into methanol-filled and
LNz-chilled glass centrifugation tubes. This precipitates clusters following elution,
preventing interconversion. Spinning the tubes containing product at 1811 g (maximum

for our glass tubes) for 5 min at 4 2C sediments the clusters and the clear supernatant is
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discarded.  Products are air dried in the centrifugation tubes. This results in
Auzo(PET)15(dg), 1, and (Auz0(PET)15)2(dg), 2, as yellow and orange powders, respectively.
Products are stored under argon in the dark. An example thin layer chromatography (TLC)
plate is shown in Figure 17, revealing purity of 1 and 2 after column elution. Extinction
coefficients of 1 and 2 were determined from known masses of 1 and 2.

For size exclusion chromatography, beads were allowed to swell in THF overnight.
A 60-cm long (2.5 cm diameter) column was filled to 40 cm height. The column was
flushed with 500 mL of THF before each separation. Samples were loaded onto the column
and absorbance was measured on fractions collected in 15 second intervals (total volume
of fractions was dependent on flowrate, which was emperically determined for each run,
and was typically between 0.25 - 0.50 mL). Standards used for calibration were
recrystallized Auzs(PET)1s and Au144(PET)so, which are approximately spherically

symmetric.

Instrumentation

Linear absorbance spectra were measured in a NanoDrop 2000c Spectrophotometer
and a Hewlett-Packard 8452A diode array spectrophotometer. Kinetics measurements
were acquired on an Evolution 300 spectrophotometer (Thermo Electron) in a sealed
cuvette, preventing solvent evaporation. The ratio of absorbance at 454 and 484 nm, local
minimum and maximum for 2, was used to quantify the relative amount of 1 and 2 in
mixtures as equilibrium was reached. The ratio change over time was calculated under the
assumption that the molecular weight of 1 and 2 were 5,997.7 and 11,995.4 Da,

respectively. Together with the known extinction coefficients of 1 and 2 and 454 and 484
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nm, this provided a quantifiable relative concentration of 1 and 2 in mixtures of the
clusters.

Matrix-assisted laser desorption/ionization mass spectroscopy (MALDI-MS) spectra
were obtained with a Bruker Ultraflex MALDI-TOF/TOF using the matrix trans-2-[3-(4-
tert-Butylphenyl)-2-methyl-2-propenylidene|malononitrile (DCTB). Solid sample was
dissolved in a minimal amount of DCTB (10 mg/mL, CHCl3). Typically, ~3 pL was spotted
on the plate and allowed to air dry for 30 min. Dissolved single crystals of Auzs(PET)1s
were used to determine the optimal laser power, accellerating voltage, and detector gain.
Identical parameters were subsequently used to obtain spectra of 1 and 2. Spectra were
collected in reflective positive mode for greatest resolution.

Infrared (IR) spectra of ~1 mg of solid samples were measured on a Thermo Nicolet
380 FT-IR (ATR on ZnSe).

A TA TGA 2950 Thermogravimetric analyzer was used for thermogravimetric
analysis (TGA). Roughly 1.5580 mg of sample was placed in a platinum pan. Temperature
increased at 10 2C/min to 400 2C and N> flow rate was kept at 55 mL/min.

A TA Modulated 2920 differential scanning calorimeter (DSC) was used to measure thermal
stability. For both 1 and 2, 1.500 mg of sample was used. Temperature increased at 10
2C/min to 400 2C and N> flow rate was kept at 90 mL/min.

Differential pulse voltammetry (DPV) was performed in dichloromethane
solutions containing 100 mmol TBAPF¢ using a CH Instruments CHI750D potentiostat.
Centrifugation was in an Eppendorf 5810 R Centrifuge. Sonication was used to assist

dissolution of BHs in a Digital Ultrasonic Cleaner UD50SH-2L.

99



HAADF-STEM images were obtained with a JEOL JEM 2100F operated at 200 kV and
using the JEOL ADF detector at 20 cm camera length. Images were collected at 1MX
magnification using a 1024 x 1024 scan. Samples were deposited onto carbon coated
copper grids after a 1 minute full power plasma discharge (Harrick Plasma Cleaner) under
vacuum. For the first 30 seconds of plasma discharge, toluene fumes were vented to the

vacuum chamber at a rate empirically determined to preserve the plasma..

Transmission Electron Microscopy

Particles imaged with transmission electron microscopy (TEM) were analyzed using
the freely available software Image].® The ~1 nm particles of interest were difficult to
clearly distinguish from grid background in the original image. Adapting procedures used
to clarify the particle edges in quantum dots’ allowed for greater particle resolution.
Adjusting the threshold of the original dark-field image effectively eliminates noise by
making a binary image; remaining noise is excluded while measuring particles by limiting
the area of particles to analyze to > 0.5 nm? with sphericity of > 0.5.

Particle agglomeration due to drying was impeded by plasma cleaning the grid in
the presence of toluene prior to sample deposition to increase the surface affinity of the
individual particles. To do this, the grid was placed on a piece of filter paper in a glass dish
and plasma cleaned in Ar/02 80/20 gas mixture for 10 min next to a piece of filter paper
saturated with HPLC-grade toluene. The dish containing the grid was removed and 1 pL of
pure 2 (~10 uM in HPLC-grade toluene) was dropped onto the grid; the solution quickly

dispersed across the entire grid and onto the clean filter paper underneath.
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Radii were calculated from areas provided by Image] assuming the particles were
circular. Seven different HAADF-STEM images (an example seen in Figure 7) were analyzed
in an identical manner, and resulting histograms can be seen in Figure 8. Because the
particles in each image suffer from an inconsistent amount of beam damage, the perceived
sizes are different for each image. Due to this, histograms of perceived radii could not be
summed together before normalizing the data to a point. Since the second peak in each
histogram is centered at 1.0 nm in most cases, the outlying histograms were shifted so that
the second peak was centered at 1.0 nm. After this necessary normalization step, the
frequency of each calculated radii was summed and the resulting histogram seen in Figure
8 was used for our analysis. Though the accuracy of the measured radii is thus
questionable, the ubiquitous bimodal distribution in each micrograph is testament to the
presence of monomer and dimer throughout the sample.

Preventative measures were developed to diminish electron beam damage resulting
in particle sintering. Contamination in TEM imaging was suppressed by using a 100 micron
condenser aperture instead of the nominal 40 micron aperture. This provided that the
beam was spread to about 180 nm diameter on the sample. Contamination in STEM

imaging was minimized using 1MX low magnification scanning.

Synthesis

A 250-mL Erlynmeyer flask was charged with 2-phenylethanethiol (48 mL, 100 mM,
4.8 mmol, 3 equiv.) in tetrahydrofuran and HAuCls-3H20 (16 mL, 100 mM, 1.6 mmol, 1
equiv.) in diethylene glycol dimethyl ether (diglyme) solution was added to the reaction

flask. The reaction was stirred at room temperature for 3 h or until the cloudy yellow
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solution turned milky white. 5 min prior to the end of the 3 h, a suspension of NaBH4 in
diglyme (8 mL, 50 mM, 0.8 mmol, 0.5 equiv.) was sonicated at room temperature for 5 min.
120 mL of diglyme was added to the reaction vessel, followed by dropwise-addition of 8 mL
of the NaBH4 suspension over the course of 1 minute. The reaction appears yellow/orange,
indicating the formation of both Auzo(PET)15dg and the dimer. The reaction is allowed to
stir at room temperature for an additional hour. Precipitated by-products were filtered out
using a Biichner funnel with medium frit, and the remaining orange solution was
transferred to a 1-L fleaker. The reaction was quenched via the addition of methanol to 1 L,
and the quenched solution was split into 20 50-mL polypropylene centrifugation conicals
tubes. Centrifugation proceeds in a swinging bucket rotor at 4,000 rpm and 4 2C for 10
min. The clear and colorless supernatant is decanted and the orange precipitate was air-
dried. Thin layer chromatography was run using 9:11 hexanes:chloroform to characterize

the product.

Density Functional Theory

Computations for the model structures were performed with density functional
theory code GPAW,*8 which implements projector-augmented wave method in a real-space
grid. The real space had a grid spacing 0.2 A. Au(5d196s1), S(3s23p*), C(2s22p?), 0(2s22p*)
and H(1s!) electrons were regarded as the valence, and the PAW setups for Au included
scalar-relativistic corrections. Total energies were evaluated at the GGA-PBE level
(gradient-corrected functional of Perdew, Burke and Ernzerhof).#° All calculations were
spin-polarized. All the atoms were relaxed during the geometry optimization until the

maximum force acting on atoms below 0.05eV/A. Optical absorption spectra were
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calculated with the PBE level using spin-polarized linear-response (LR) time-dependent

DFT (LR-TDDFT) formalism in GPAW.50

Spectroscopy

The femtosecond pump-probe laser system has been described previously,>! and
details are provided as supporting information. Both species 1 and 2 were excited using the
400-nm second harmonic of an amplified Ti:sapphire laser, and transient spectra and
dynamics were recorded using temporally delayed continuum laser pulses. The
polarization state of the pump and probe laser pulses was set using a combination of linear
polarizers and wave plates. Transient dynamics were analyzed using software program
written in house. The data acquisition time for each pump-probe measurement was less
than one hour. A fresh sample was used in a flow cell for each scan to avoid decomposition.

We validated the theoretical predictions of a zero-spin multiplicity for 1 and triplet-
spin multiplicity for 2 through femtosecond time-resolved transient absorption pump-
probe measurements to compare the electronic relaxation dynamics of 1 and 2. Consistent
with both linear absorption and theoretical calculations (Figure 4A), the differential
absorption spectrum of 2, resulting from 400-nm excitation, showed a prominent transient
bleach centered at 484 nm and broad excited-state absorption (ESA) at longer wavelengths
(Figure 7A). In contrast, the transient difference spectrum of 1 consisted only of broad ESA;

the transient bleach at 484 nm was specific to 2.
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5.4 Results and Discussion

The synthesis of PET-protected AuNC in a 3:1 diglyme:tetrahydrofuran (THF)
solvent mixture results in two major products. These products, which are yellow (1) and
orange (2) under ambient lab lighting, are isolable by silica gel chromatography. While
stable as dry powders, these products interconvert in solution to form a mixture comprised
of 1 and 2. Fractionation of the mixture by thin layer chromatography, silica gel
chromatography or size exclusion chromatography results again in only pure 1 and 2.
Three hypotheses were considered to account for interconversion: (i) 1 and 2 are redox
pairs, (ii) 1 and 2 are isomers, or (iii) 2 is an assembly of 1.

The hypothesis of 1 and 2 existing in different oxidation states was tested using
differential pulse voltammetry. It was found that the clusters exhibit irreversible
electrochemical behavior, indicating that 1 and 2 are unlikely to represent different

oxidation states (Figure 2).
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Figure 2. Differential pulse voltammogram of equilibrium mixture of 1 and 2 (100 mM,
CH2Clz). The mixture exhibits irreversible electrochemical behavior, indicating that the
clusters are unlikely to be redox pairs.

We tested the hypothesis that 1 and 2 are isomers by size exclusion
chromatography (SEC) following protocols previously successful in separating Auszs(PET)24
from Auso(PET)24.27 The column was calibrated using recrystallized Auzs(PET)1s and
Au144(PET)6o as standards, representing approximately spherical compounds as known
from x-ray crystallography?® and combined theoretical-TEM studies.??® SEC suggests a
Stokes-Einstein radius of 0.78 nm for 1 and 0.94 nm for 2, which correspond to molecular
weights of 6.0 kDa and 10.0 kDa (Figure 3a). We ruled out the possibility that 1 and 2 are

isomers because of the apparently large difference in hydrodynamic diameter.
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Figure 3. The size and mass of products 1 and 2 as determined by size exclusion
chromatography and mass spectrometry. Panel A shows the size exclusion chromatography of 1
and 2 relative to the well known gold nanoparticles Au,,,(PET),, and Au,;(PET),;. Panels B and
C show the MALDI mass spectrum of each product.

Matrix-assisted laser desorption ionization (MALDI) mass-spectrometry produces
nearly-identical spectra for 1 and 2 when analyzed under identical conditions (Figure 3b,
3c). The parent peaks for 1 and 2 are 5996.7 and 5996.6 m/z, respectively, which
correspond to the formula Auzo(PET)15 with a molar mass of 5997.7 Da. All peaks at lower
m/z are assignable as laser-induced fragments (-AuSR) of the parent, which is a known and
expected result of analyzing AuNC under the ionization conditions of MALDI.3%31 No other
peaks are apparent at higher m/z (Figure 4), implying that the samples studied are pure,
and the theoretical isotope pattern for Auzo(PET):is agrees with the experimentally

obtained spectrum (Figure 5). We validated our mass spectrometry methods by verifying

that recrystallized Auzs(PET)1s gives the expected spectrum (Figure 6).
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Figure 4. Full MALDI spectra of 1 and 2. Parent peak corresponds to Auzo(PET)15 with

lower peaks corresponding to expected -Au(SR) fragments.
6000 m/z indicates that the samples studied were pure.
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Figure 5. Experimental MALDI mass spectra matches simulated isotope pattern of
Auzo(PET)15 parent mass. The ~0.3 m/z discrepancy is attributed to error in calibration.
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Figure 6. MALDI spectrum of recrystallized Auzs(PET)1s used to calibrate mass assignment
of 1 and 2. Due to the nature of the instrument, the laser-induced fragmentation could not
be avoided and is omnipresent in all Au nanocluster samples we studied.

Purified 1 and 2 were examined by high angle annular dark field scanning
transmission electron microscopy (HAADF-STEM). Auzs(SR)is single-crystals were also
dissolved, drop-cast and imaged as a control. HAADF-STEM gives contrast proportional to
atomic number, thus small gold clusters are more easily distinguishable on the carbon
support film compared to conventional TEM3? (see Experimental Methods for details). In
addition, this so-called “Z-contrast” can in practice be used to quantify the number of atoms
in a cluster. In conventional TEM it is difficult to distinguish gold clusters with fewer than
~50 atoms from the continuous carbon support.33

Carbon coated TEM grids were glow-discharged under a toluene atmosphere. This
grid treatment appeared to reduce otherwise problematic aggregation of particles on the
grid. HAADF-STEM images were acquired as described in the SI. Processing of the data
was done by a researcher who was blinded to the identity of the sample. We measured

both diameters and integrated intensities for all three samples.
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Measurement of the diameters of 1, Auzs5(SR)1s, and 2 reveal average diameters of
1.33 + 0.07 (99.9% t-test confidence interval, n=305), 1.50+0.09 (99.9% confidence
interval, n=200) and 1.66%0.1 (99.9% confidence interval, n=250) respectively. We applied
a t-test to determine if these diameters have statistically significant differences. The
tealculated Values of 8.7, 4.2, and 3.6, for comparison of 1 to 2, 1 to Auzs(SR)1s, and 2 to
Auzs(SR)1s are all substantially larger than the tiupe value of 1.980 for a 95% confidence
interval. In statistical convention, 1, 2 and Auzs(SR)1s diameters are significantly different
as determined by analysis of HAADF-STEM micrographs.

Because the measured diameters are larger than expected, with values of 1.3, 1.5
and 1.7 nm compared to calculated diameter values of 0.91, 0.99 and 1.15 nm, we
suspected that the particles may both be damaged by the TEM beam and interacting with
the carbon film in a way ‘flattens’ particles that were approximately spherical prior to
deposition on a grid and exposure to an electron beam.

To address this, we used the ‘Z-contrast’ encoded in each HAADF-STEM micrograph.
We integrated the pixel intensity over the area of each measured cluster in a micrograph.
From this integrated pixel intensity we subtracted the integrated pixel intensity from an
equal area of neighboring carbon support (Figure 7 gives example). This blank correction
was done for each particle because STEM-based carbon contamination of the grid resulted

in a background intensity gradient across each micrograph.
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Figure 7. Example HAADF-STEM micrograph used to measure particle sizes for (A) 1, (B)
Auzs(PET)1s, and (C) 2. Green circles represent area measured on each particle; each
particle has a neighboring background measurement of the same area that was subtracted
from the particle measurement.

To generate an approximate value for the number of atoms in each cluster, we
normalized the pixel intensity per gold atom for the Auzs(SR)1s control sample. Applying
this normalized pixel intensity per atom to the experimental samples gives values of 19.3
2.1 atoms (99.9% t-test confidence interval, n=204) for the monomer sample and 39.0 = 2.6
atoms (99.9% t-test confidence interval, n=141) for the dimer, in close agreement with the
expected values of 20 and 40. Histograms of the associated particle diameters are shown in
Figures 8 and 9. A t-test to determine if the distributions are significantly different gives
tealculated Values of 5.3, 12 and 7.5 for comparison of 1 to Auzs(SR)1s, 1 to 2, and 2 to
Auzs(SR)1s for n=204, 137, 141 respectively. This tcalcuated value is greater than the 95%

confidence interval tuple value of 1.970, so the samples are judged as different in a

statistically significant manner.
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Figure 8. Approximate atom count histograms correlating to integrated pixel intensities
from HAADF-STEM examination of 1 (top panel) and 2 (bottom panel).
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Figure 9. A) Histogram of particle size, B) histogram of gold atoms, example micrographs
of C) 1, D) Auzs(PET)1s, and E) 2.

Taken together, SEC and TEM suggest that 1 and 2 differ significantly in size, while
MALDI-MS suggests that each compound is of identical mass. Since the harsh ionization
technique of MALDI may break weak aggregates, we proceeded under the hypothesis that 1
and 2 represent a monomer and (weakly bound) dimer, respectively. Because the

phenomenon is only observed when synthesis is executed in a diglyme cosolvent, this
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working hypothesis incorporates diglyme as a criticial component that induces
dimerization.

Under the dimerization hypothesis, recent work by Pettersson suggests that the
FTIR spectra of monomer and dimer may differ. Specifically, the work of Pettersson shows
that Aui44(PET)s0 in a semi-crystalline state exhibits strong ligand-layer vibrational
coupling among neighboring clusters, evidenced by increase in intensity of a set of
vibrations.3* In particular, the crystalline product exhibits three peaks between 1750 and
2000 cm'l. We observe similar emergent features in the same region for 2 that are absent
in 1 (Figure 10). Under the dimerization hypothesis, these additional vibrations in 2 are
attributed to the proximity of ligands in the dimer. Also consistent with the diglyme
hypothesis is a vibration at ca. 1125 cm! for 2 which is consistent with to the ether stretch-

mode of diglyme.3>
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Figure 10. IR spectra of solid 1 and 2, where 2 is offset for clarity. Spectra appear identical with
the exception of the set of peaks at 1750 — 2000 cm™ present in 2 and absent in 1 (inset), which
correspond to the forced ligand-ligand interactions caused by dimerization.
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Under the dimerization hypothesis, the monomer and dimer are in equilibrium.
Thus, the decay of 2 into 1 as well as assembly of 1 into 2 may be measured to establish an
equilibrium constant. Differences in the optical spectra of 1 and 2 enable assignment of the
relative fraction of each in a mixture. Figure 11A shows the measured spectra for each
product (full spectra in Figure S38). The unique peak for 2 at 484 nm enables quantitative
determination of relative concentration of 1 and 2 through Beer’s law, using the
empirically determined extinction coefficients of €4g84,1=2,583 M-lcm! and €4842=15,347 M-

lcm ! (see Experimental Methods for more details).
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Figure 11. The optical spectra of 1 and 2 allow monitoring of their interconversion. Panel A
shows linear absorption of 1 and 2 as both measured and calculated for a monomer-dimer model.
Relaxed structures of 1 and 2 used to calculate theoretical spectra are shown below the legend.
Panel B shows first order decay of an isolated dimer into monomer, starting at different
concentrations. The concentration dependence of the decay suggests an equilibrium between the
reactant and product.

Solutions of isolated 2 at various concentrations were allowed to equilibrate in
sealed vessels with periodic monitoring. Figure 11b shows the decreasing concentration of
2 due to dissociation into 1 as equilibrium is approached. From this data we determined a

dissociation constant (Kq) of 20.4 + 1.88 uM when starting from 2, by kinetic analysis in

COPASI.36 A dissociation constant of this magnitude is on the order of a typically weak
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biological interaction. The raw data used to generate the isotherms shown in Figure 11b is
given in Figure 12. We also include data showing, with linear optical spectra, the assembly

of 1 into 2 in Figure 12.
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Figure 12. Monitoring the decay of (A) 1 into 2 and (B) 2 into 1. The pure samples
equilibrated at room temperature under continuous UV-Vis monitoring.

Under the dimerization hypothesis, 1 and 2 may display different behaviors in
differential scanning calorimetry (DSC); specifically, the breaking of a dimer may be
observable as a thermal event. To test this 1 and 2 were analyzed by DSC. Both products
exhibit an exotherm at approximately 230 °C which we assign as thermal degradation of
the cluster (Figure 13). We attribute the differences in the temperature at which the high
temperature exotherm appears to experimental variation. For instance, we did not control
for oxidation state or air exposure in this experiment. Previously we observed that a single
electron oxidation event influences the temperature at which Auzs(SCsH13)1s?!
substantially, with degradation peaks observed by DSC in the range of 205°C to 230°C.37

Notably, however, 2 exhibits an exotherm at 170 °C that is not present in the trace of

1. We attribute this additional peak to dissociation of the dimer caused by sufficient
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thermal energy. The subsequent endotherm at 180 °C, which is near the boiling point of

diglyme, could represent the desorption of diglyme for both 1 and 2, and the remaining

clusters degrade at ca. 230 °C.
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Figure 13. DSC traces of 1 and 2. 1.500 mg of 1 and 2 were heated at a ramp of 10 °C/min
with N, flow rate of 90 mL/min. The exotherm evident in 2 at 170 °C corresponds to the dimer
breaking. Both 1 and 2 then behave similarly after the dimer is broken, exhibiting diglyme loss
at 185 °C and subsequent cluster degradation ca. 220 — 235 °C.

Thermal gravimetric analysis (TGA) reveals 36.4% organic fraction for 2, compared
to an expected organic fraction of 35.0% under the dimerization hypothesis (Figure 14).
This is consistent with the formula Auzo(PET)1s5-dg-Auzo(PET)1s.  The alternative

hypothesis of a single 0.95 nm Stokes-Einstein radius cluster, consistent with the SEC

measurements, theoretically produces a mass loss of 29.8%.
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Figure 14. Thermogravimetric analysis on 2, (Au20(PET)15)2dg. 1.558 mg of sample was
heated at a ramp of 10 2C/min with N2 flow rate of 55 mL/min. Mass loss percent
corresponds closely to percent of organic matter in the formula (Au20(PET)15)2dg (actual
loss 36.4%, expected loss 34.0%), which is roughly equivalent to the percent of organic
matter in 1.

The plausibility of the diglyme-induced dimerization hypothesis was further
investigated through density functional theory (DFT). For DFT modeling we considered
the previously published theoretical structure of Au20(SR)163% and replaced a single -SR
ligand with a diglyme and the rest of -SR by -SMe (Me = methyl). A relaxed structure of
such (Auzo(SMe)1s5)2dg is shown as inset to Figure 11. In the relaxed structure, the terminal
methoxy groups of diglyme interact weakly via oxygen lone pair orbitals with gold atoms
that are part of extended, protecting MeS-Au-Au-SMe units of each cluster. These two gold
atoms in the units are proximal to the methoxy oxygen and have a typical metal-metal
distance of 2.64 A. The diglyme-mediated binding of the clusters is close to thermoneutral
but very slightly endothermic by 0.07 eV (6.8 k] /mol). However, this estimate does not take

into account the solvent effects, which we understand are primarily responsible for the

formation and stability of 1. While the electronic structure of a single Auzo(SMe)1sdg
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cluster shows a zero-spin ground state configuration stabilized by a large HOMO-LUMO
gap, the calculations surprisingly predict a spin-triplet ground state for (Auzo(SMe)1s)2dg.
The twice-degenerate HOMO orbital of the dimer is delocalized over the large part of the
system including the carbon-oxygen backbone of the linker (Figure 15). Computed optical
spectra of Auzo(SR)15dg monomer and (Auzo(SMe)15)2dg dimer are rather similar except for
a distinct broad peak for the dimer at around 470 nm, which is in excellent agreement (a
difference of only 0.08 eV) to the observed peak at 484 nm for 2 that is lacking for 1 (Figure
11a). The low-energy peak at 470 nm in the computed spectra of the model structure for
compound 2 arises from the intercluster interaction mediated by the linker, which gives
qualitative support for the hypothesized linking mechanism. Because we do not yet have
empirical data on the exact atomic structure of this compound, the qualitative agreement

between the experimental and theoretical spectra is remarkable.

Figure 15. Combined orbital contours of the twice-degenerate HOMO of the computed
diglyme-linked Auzo(SMe)1s dimer.

The theoretical prediction for the dimerization hypothesis of a zero-spin multiplicity

for 1 and triplet-spin multiplicity for 2 was interrogated through femtosecond time-
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resolved transient absorption pump-probe measurements to compare the electronic
relaxation dynamics of 1 and 2. Consistent with both linear absorption and theoretical
calculations (Figure 11a), the differential absorption spectrum of 2, resulting from 400-nm
excitation, showed a prominent transient bleach centered at 484 nm and broad excited-
state absorption (ESA) at longer wavelengths (Figure 16a). In contrast, the transient
difference spectrum of 1 consisted only of broad ESA; the transient bleach at 484 nm was

specific to 2.
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Figure 16. Femtosecond transient absorption pump-probe results for 1 and 2 dispersed in
tetrahydrofuran following 400-nm excitation (800 nJ/pulse). (a) Transient absorption spectra of 1
(blue) and 2 (red) recorded at 1-ps pump-probe time delay. Species 2 exhibited a prominent
transient bleach at 485 nm. (b) Comparison of time-dependent differential amplitude at 625-nm
probe wavelength for 1 (blue) and 2 (red). Species 2 included an approximately 100 ps transient
absorption growth not detected for species 1. (c) Summary of electronic relaxation time constants
for species 1 plotted versus probe wavelength. (d) Bleach recovery kinetics monitored at 485 nm
for species 2. (e) Normalized difference between co- and counter-circularly polarized transient
absorption signal (black) monitored at 485 nm plotted versus pump-probe time delay along with
the fit result for a first-order exponential decay. The fit yielded a 1.56 = 0.24 ps time constant,
which was attributed to a spin-flip-relaxation process.
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The electronic relaxation dynamics (Figure 16b) of 1 were fit using two
components: (i) a first-order picosecond ESA growth and (ii) a non-decaying plateau that
persisted for the three nanosecond dynamic range of the transient absorption
measurement. The ESA growth component exhibited a probe wavelength dependence that
was consistent with internal electron thermalization processes (Figure 16c, blue trace). In
contrast to 1, species 2 exhibited multiple relaxation components. Figure 16d portrays the
relaxation dynamics obtained by monitoring the amplitude of the differential response at
485 nm for 2 following excitation by linearly polarized 400-nm light. The transient bleach
was fit to a recovery time constant of 260 + 50 ps; a non-decaying plateau function was also
included to accurately fit the data. Monitoring the electronic relaxation dynamics of 2 at
625-nm probe wavelength (Figure 16b, red trace) revealed an approximately 100
picosecond ESA growth; these time domain data were clearly different from those obtained
from 1 at the same probe wavelength (Figure 16b, blue trace).

In order to examine whether the dramatic differences in electronic energy
relaxation of 1 and 2 originated from the theoretically predicted high-spin configuration of
2, we studied both nanocluster species using co- and counter-circularly polarized pump
and probe laser pulses, which is an established method for isolating spin-dependent
dynamics.3® The difference between co- and counter-circularly-polarized transient
absorption data monitored at 484 nm for 2 is shown in Figure 16e. These data revealed a
spin-dependent relaxation process with a decay time constant of 1.56 + 0.24 ps, which was
not detected for 1. This relaxation process, which was observable only by using
appropriate laser pulse polarizations, is attributed to a spin-flip mechanism that is unique

to the high-spin dimer species. Taken together, the distinguishable transient difference
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spectra, along with the electronic and spin-dependent relaxation dynamics of 2 confirm the
experimental and theoretical aspects of the model.

Overall, we considered three hypotheses to account for the observed dynamic
behavior. Of these hypotheses, a dimerization hypothesis appears to be the best fit for the
data. Under this hypothesis, the synthetic cosolvent diglyme in which these AuNCs are
synthesized substitutes for a thiolate ligand in the ligand shell. In this model developed
under this hypothesis, the terminal methoxy group coordinates to the Au surface. We
propose that 1 is structurally similar to Auzo(PET)1s except that a molecule of diglyme
substitutes for a single thiolate ligand. This Au-O interaction with the AuNC surface is
driven by the large molar excess of diglyme as the synthetic solvent. Without the large
molar excess of diglyme (ie. 3:1 diglyme:THF solvent systems), these assemblies do not
form. Overall, the evidence suggests that diglyme substitutes for a single thiolate ligand. We
cannot rule out THF playing a role in similar ligation of the cluster, but the model we
propose adequately accounts for our data without invoking the complication of THF
ligation.

Initial association among clusters may be driven in part by poor solvation of clusters
by diglyme, resulting in clusters of nanoparticles,*? consistent with our observation that
nanoparticles are insoluble in neat diglyme. Within the aggregates of clusters diglyme can
become a crosslinker. In this case, two species of 1 bind to the terminal ends of diglyme to
form 2, losing a molecule of diglyme in the process. The resulting dimer would have the
formula Auzo(PET)15-dg-Auzo(PET)1s. The Au-O bond between the cluster cores and
diglyme is weak, allowing spontaneous dissociation of 2 into 1. Under the dimerization

hypothesis, the mass spectrum of 1 and 2 appear identical because the weak interaction of
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diglyme-induced dimerization in 2 does not survive the ionization in MALDI. We do not
expect to observe free diglyme in the spectra because it is smaller than the mass range
studied during the experiment (4,000 - 15,000 Da).

We expect that we do not observe discrete dimers in TEM because of electron beam
induced sintering of neighboring particles in this high electron flux method. Such dynamic
instability of small metal clusters under an electron beam is well documented.#1-44
Likewise, we observe many larger aggregates, which we attribute to clusters-of-clusters
forming during solvent evaporation, followed by beam-induced sintering. In Figure 8,
bottom panel, the sample assigned as the dimer appears to have some component of
monomer. In this TEM experiment, we are attempting to correlate the observation of a
drop cast, desolvated sample to its solvated, solution state. The act of drying a sample on
the grid may influence its overall aggregation state.

We considered that the products could be formed by interaction with the silica gel
column, but dismissed this possibility by showing that purified 1 and 2 are both stable to

subsequent analysis on silica based thin-layer chromatography (Figure 17).
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A B C D

Figure 17. An example thin layer chromatography (TLC) plate of 1 and 2 as fractions
eluting from a silica gel column. From left to right, fraction (a) is pure 1, (b) is a mixture of
1 and 2, (c) is pure 2, and (d) is 2 with some apparent byproduct. These fractions show
that the materials remain pure after elution from the column and that the material does not
undergo any chemistry while moving through the stationary phase of the column.

The most similar Aux(SR)y cluster to the Auzo(SR)is of the present report is
Auz0(SR)16 reported by Jin*> and modeled by Zeng.38 Auzo(PET)1s is apparently missing a
single thiol ligand from the known Auz0(SR)1s. In other mass spectrometry experiments
(Figure 18) on Aux(SR)y nanoclusters synthesized in diglyme in slightly different

conditions, we observe x/y=24/17 and x/y=28/19, which are also one-ligand deletions of

the previously reported clusters x/y=24/18 and x/y=28/20.4647
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Figure 18. Simplified (low intensity signals removed) MALDI spectrum of crude Au@PET
synthesized in the presence of diglyme that highlights three parent peaks corresponding to
Auz0(PET)15, Auz24(PET)17, and Auzg(PET)19. Fragmentation patterns of roughly -Au(SR) are
color coded to match their parent peak, and their corresponding Aux(SR)y is listed with the
mass of each fragment.
5.5 Conclusions

In conclusion, we report the assembly of diglyme-mediated dynamic assemblies of
AuNCs. Notably, in previous work examining a large set of solvent conditions, we do not
observe solvent based assembly except when diglyme is present.2> While we explored the
assembly, dynamics, theory and spectroscopy of 1 and 2 in the present work, the diglyme-
mediated assembly into dynamic structures may be a general property of gold
nanoparticles Our work opens the avenue to investigate further the dynamic and
environmentally responsive nature of these assemblies, control over interparticle spacing,

the generality of the electron sharing among neighboring nanoparticles. Applications in

sensing may follow from these fundamental properties.
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CHAPTER 6

Summary

The research reported herein details a novel approach for Au cluster total synthesis.
Glymes drastically increase the monodispersity of products formed and appear to favor one
size for each ligand. Although the exact mechanism is yet to be understood, glyme is
observed coordinating to the metal in the metallopolymer precursor and in the final cluster
product. All products formed using this approach appear to undergo a surface modification
and sacrifice a single thiol ligand in favor of a single molecule of glyme on the cluster
surface. This modification results in spontaneous self-assembly with other products that
incorporate glyme and potentially allows for single glyme-for-thiol exchange to tailor the
cluster properties for specific application. These clusters are metastable and rely on the
presence of glyme or another coordinating molecule for stability once removed from their

reaction conditions.
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SUPPLEMENTAL INFORMATION

Table S1. Table of Solvent Properties

Dielectric Dipole
Solvent Constant Solvent Moment Solvent Density
Dioxane 2.3 Dioxane 0 iPrOH 0.785
DMM 2.7 DMM 0.74 MeCN 0.786
DME 7.2 iPrOH 1.58 EtOH 0.789
Diglyme 7.3 nPrOH 1.55 MeOH 0.791
THF 7.6 nBuOH 1.66 nPrOH 0.803
nBuOH 17.5 EtOH 1.69 nBuOH 0.81
iPrOH 19.9 MeOH 1.7 DMM 0.86
nPrOH 20.3 THF 1.75 DME 0.868
EtOH 24.6 DME 1.8 THF 0.886
MeOH 32.7 Diglyme 1.97 Diglyme 0.943
DMF 36.7 DMF 3.82 DMF 0.944
MeCN 37.5 MeCN 3.93 Dioxane 1.033
DMSO 46.7 DMSO 3.96 DMSO 1.092

Ref: Lide, D.R. CRC Handbook of Chemistry and Physics 77t Edition; CRC Press: Boca Raton,
1996.
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Figure S1. With p-mercaptobenzoic acid as the ligand (arranged by dielectric constant)
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Figure S2. With thiomalic acid as the ligand (arranged by dielectric constant)
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Figure S3. With glutathione as the ligand (arranged by dielectric constant)
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Figure S4. With p-mercaptobenzoic acid as the ligand (arranged by dipole moment)
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Figure S5. With thiomalic acid as the ligand (arranged by dipole moment)
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Figure S6. With glutathione as the ligand (arranged by dipole moment)
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Figure S7. With p-mercaptobenzoic acid as the ligand (arranged by chelating ability)
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Figure S8. With thiomalic acid as the ligand (arranged by chelating ability)
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Figure S9. With glutathione as the ligand (arranged by chelating ability)
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Figure S10. With p-mercaptobenzoic acid as the ligand (arranged by density)
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Figure S11. With thiomalic acid as the ligand (arranged by density)
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Figure S12. With glutathione as the ligand
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Figure S13. Monodispersed products as synthesized after the refinement process. Solvent
conditions: A —40% nBuOH, B —20% THF, C — 30% DMM, D - 20% DME.

The reaction parameters of four solvent conditions from the thiomalic acid solvent screen
were slightly adjusted (Au:Tm ratio, method of addition, order of addition, pH and/or [NaOH],
and [BH,]) and was upscaled to 5 ymol scale from 0.5 gmol scale. A reasonable amount of
monodispersed product was obtained from each of these reactions, however, we were not able to
assign molecular formula to these compounds. The final conditions that yield monodispersed
products are A) 40% nBuOH, 1:1 Au:Tm, 1 equivalent BH, , reduction at rt for 3 h; B) 20%
THF, 1:1 Au:Tm, 0.5 equivalent BH, , reduction at rt for 3 h; C) 30% DMM, 1 equivalent BH,,
reduction at rt for 3 h; D) 20% DME, 0.3 equivalent BH, , reduction at rt for 3 h (Figure 5). All

these products run faster in PAGE in comparison to Au,,pMBA,,.

et e T

EtOH* nPrOH® iPrOH*
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Figure S14. Original PAGE images of the solvent screen with pMBA as the ligand (increasing
solvent concentration from 10% to 80% from left to right)

*First lane is Au,,pMBA,, and Au,,,poMBA, standards

®Last lane is Au,,,pMBA,, and Au,,,pMBA, standards
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Figure S15. Original PAGE images of the solvent screen with thiomalic acid as the ligand
(increasing solvent concentration from 10% to 80% from left to right)

*First lane is Au,,,pMBA,, and Au,,,poMBA,, standards

®Last lane is Au,,,pMBA,, and Au,,,pMBA, standards
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methanol ethanol isopropanol n-propanol

n-butanol

dimethoxyethane

dioxane acetonitrile dimethylformamide  dimethy! sulfoxide

Figure S16. Original PAGE images of the solvent screen with glutathione as the ligand
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Figure S17. PAGE, TEM image, and histogram of the pMBA protected-AuNP synthesized using
40% iPrOH.

Particle size: 2.30 nm = 0.59 nm.
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Peak # Compound Mass (Da) sw«a :;’d‘“” Ret Vol (mL)

1 Thyroglobulin 670.000 86 1.00

2 y-globulin 158,000 51 1098

3 Cvalbumin 44,000 28 128

4 Myoglotin 17,000 19 146

5 Aprotinin 6,500 1.35 164

6 Vitamin 812 1.35%0 085 196

Figure S18. Standard calibration curve of proteins with mass ranging from 1350 Da to 67000
Da.
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Figure S19. Chromatogram of the Au cluster synthesized with 76% diglyme
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Figure S20. Raw linear absorption (a) of Cu-TM/Gn while drying and (b) comparison

between Cu-TM/Gn. Data presented in the main text (Figure 11) were smoothed under
Savitzky-Golay method with a 10-point window.

Figure S21. Polyacrylamide gel electrophoresis of Au,,(pMBA),, that shows the purity of the
compound.
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Figure S22. Relative amounts of compounds 1-3 in urine and feces at 6, 12, and 24 hours post
injection time.
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Figure S23. Relative amounts of compounds 4.5, and the 1:1 exchange Au,y,-based compound
(Au,;,pMBA,, exchanged with HS-(CH,),, EG,-OH) in urine and feces at 6, 12, and 24 hours
post injection time.
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Figure S24. Au,;(GSH),;, Compound 1

Figure S25. Au,(GSH),(OEG),, (OEG = HS-(CH,),-EG-OH), Compound 2
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Figure S26. Au,(GSH)(OEG),,, (OEG = HS-(CH,),-EG-OH), Compound 3

Figure S27. Au,(OEG),,, (OEG = HS-(CH,),-EG-OH)
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Figure S28. Au,,(pMBA),,, Compound 4

Figure S29. Au,,,(pMBA),.(OEG),,, (OEG = HS-(CH,),-EG-OH), Compound 5
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Figure S30. Au,,(OEG),,, (OEG = HS-(CH,),-EG-OH)
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Figure S31. Percent dosed in tissue for compound 1 at noted post-injection time points.
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Figure S32. Percent dosed in tissue for compound 2 at noted post-injection time points.
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Figure S33. Percent dosed in tissue for compound 3 at noted post-injection time points.
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Figure S34. Percent dosed in tissue for compound 4 at noted post-injection time points. Data
points of liver are not included.
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Figure S35. Percent dosed in tissue for compound § at noted post-injection time points. Data
points of liver are not included.
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Figure S36. 'H NMR of compound 5

Table S2 Information on Au,y,-based 1:1 exchanged compound

Expected
Calculated Net Surface Surface Hydrophobic Clearance
Stokes Charge .
. Charge . Surface Area Mechanism
Diameter ©) DenSlt): , (%) % Renal / %
(nm) (Charge/A”%) RES
5.92 22 1.8x10*(-) 74% 40/ 60

Ligand exchange reaction of Au,,(pMBA),, with 23-mercapto-3,6,9,12-tetraoxatricosan-1-ol
[HS-(CH,),-EG,-OH]

A 500 uM solution of Au,,,pMBA,, (6.6 ymol, 178 mg in 13.37 mL H,0O) and a 0.1 M
solution of HS-(CH,),,-EG,-OH (0.79 mmol, 304 mg in 7.90 mL THF) were prepared. For the
1:1 incoming ligand:outgoing ligand reaction: 3 mL of Au,,pMBA,, solution and 0.66 mL of
HS-(CH,),,-EG,-OH solution were mixed and diluted with H,O to a final volume of 15 mL.
Then the reaction was shaken at rt for 1 h, then the crude product was purified by ultrafiltration

spin columns (5000 Da cutoff) and was washed with 3 x 10 mL 1:1 H,O:MeOH. The remaining

orange liquid was placed into a 15 mL conical and lyophilized until dry.
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The Au,y,-based 1:1 exchanged compound was dissolved in 5% DMSO, 5% Tween-80 in
90% D5W solution. The particle solutions were filtered through a 0.45 micron filter, and the
dosage concentrations were determined after the filtration step.  Approximate dosage

concentration for this compound was 3.14 x 10”° M.
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Figure S37. Blood drug concentration vs. time curves of Au,,,-based compounds

155



Absorbance / arb

rFr rr rrr 1 1t 7 T 1
250 300 350 400 450 500 550 600 650 700 750
Wavelength / nm

Figure S38. Normalized linear absorbance of 1 and 2 in CHCs.
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