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Summary

SUMMARY

Noble metal nanoclusters (NM-NCs) are ultrasmall particles with a core size of 2
nm or lower. They can be denoted as M,(L), where n and m are respectively the
number of metal atoms and ligands (e.g., thiolate ligand (SR)). Particles in this size
range exhibit strong quantum confinement effects and molecule-like properties such as
strong luminescence and enhanced catalytic activity. Hence noble metal NCs could
add to the diversity of functional materials for biomedical and catalytic applications.
The self-assembly of NM-NCs is an area of increasing interest in both basic and
applied research. It is important to basic research because it provides a means to form
NM-NC single crystals (i.e., crystallization of NM-NCs) where the precise cluster
structure may be determined by X-ray crystallography; a necessary first step in
establishing reliable structure-property relationships. The self-assembly of NM-NCs
into hierarchical nanostructures also contributes to applied research by providing a
means to further customize the cluster properties for the application of interest (e.g.
via the coupling effects between neighboring NM-NCs).

This thesis project aims to develop a systematic approach to the self-assembly of
NM-NCs by leveraging on molecule-like features of NM-NCs (e.g., small size and
uniformity of structure). NM-NCs are thus treated like molecule analogs (or
supramolecules), and their molecule-like properties are used to regulate the assembly
process. Orderliness of assembly is the special emphasis of this research since high
structural orders (i.e., long-range crystalline order) are preferred in cluster structure
analysis.

The thesis began with the construction of basic building blocks (e.g., monodisperse
atomically precise Au NCs) especially in the small size range (e.g. n < 20) where good

synthesis methods are still lacking. A one-pot two-phase method was developed which
viii
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could produce small and monodisperse Auis(SR)13 and Auig(SR)14 NCs in atomic
precision. In this new method a mild reducing agent, borane tert-butylamine (TBAB),
and two equilibrium conditions were used in tandem to provide a constant reaction
environment conducive for the formation of small and monodisperse NCs. A mild and
unvarying reducing power was maintained throughout the reaction by the equilibrium
partition of a mild reducing agent between an organic solvent and the aqueous solution.
At the same time a slow and constant release of the Au precursor was made possible
by the aggregation-dissociation equilibrium between free and aggregated Au(l)-SR
complexes. The pH sensitivity of the aggregation-dissociation equilibrium was then
used to manipulate the cluster size. This work addresses the current synthesis gap in
the preparation of atomically precise Au NCs in the small size range (n < 20), and
increases the diversity of building blocks that can be used for assembly investigations.
A facile and general method based on the electrostatic interaction between
oppositely-charged species was then developed to assemble charged NM-NCs in water.
Thiolate-capped NM-NCs (e.9., AuU29.43(SG)27.37, Au1s5(SG)13, and Agis(SG)s NCs,
where SG denotes glutathione), which are negatively charged, were bridged by
divalent counter cations such as Zn** and Cd?* into monodisperse spherical assemblies.
Small NM-NCs may be regarded as supramolecular ions in view of their uniformity of
structure, ultrasmall size and high charge density. Indeed they exhibited step-like
assembly behavior analogous to solid formation when its solubility product is
exceeded. The assembly also caused a significant increase of the photoluminescent
intensity of NM-NCs, suggesting that the interaction between closely packed NM-NCs
may be used to customize cluster properties. However, it should be pointed out that
these spherical NM-NC assemblies still lack a long-range crystalline order (no regular

packing spacing d was observed).
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On the other hand, the amphiphilic NM-NCs, as supramolecular amphiphiles, could
be formed by phase-transfer (PT) driven ion-pairing reaction between hydrophobic
cations (e.g., cetyltrimethylammonium, CTA™) and anionic surface functionality (e.g.,
-COOQO") of hydrophilic NM-NCs. Amphiphilic Auzs(MHA)1s@XCTA NCs with x
(number of CTA" per cluster) = 6-9, where MHA is hydrophilic 6-mercaptohexanoic
acid ligand, were synthesized this way. Due to coexistence of flexible hydrophilic
MHA and hydrophobic MHA--CTA ligands in comparable quantity on NC surface,
Auzs(MHA)1s@XCTA NCs (x = 6-9) possessed good amphiphilicity; which not only
rendered them well-soluble in a broad range of solvent with distinctly different
polarities, but also imparted them with molecule-amphiphile-like self-assembly
behavior. The amphiphilic Auzs(MHA)1s@XCTA NCs (x = 6 — 9) could self-organize
into bilayer-based lamellar structures at liquid-air interface, resembling the formation
of lamellar phase of common surfactants. It is worth mentioning that the lamellar
assemblies exhibited regular interlayer packing spacing. However, 3D crystalline
order was still absent in these assemblies.

3D structural order could be achieved by self-arrangement of fully deprotonated
Agu(p-MBA)3; NCs (p-MBA = p-mercaptobenzoic acid) into single-crystalline
supracrystals (SCs). By changing the conterion of p-MBA ligand from H* to Cs*
suppressing the formation of directional hydrogen-bonds between NCs, a non-
directional bonding habit could be imparted to Ags(p-MBA)3y NCs. Owing to the
non-directional bonding habit, together with uniform size, pseudo-spherical geometry
and rigid surface (resulting from rigidity of p-MBA ligands); Cs’-deprotonated
Agsa(p-MBA)3, NCs could be regarded as hard-sphere-like supramolecular atoms. By
mimicking the packing behavior of hard spheres (e.g., entropic effect driven formation

of closest-packed crystals), Cs*-deprotonated Agas(p-MBA)so NCs self-organized into
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f.c.c. single-crystalline SCs with octahedral morphology. We also found the
crystallization of Agas(p-MBA)3so NCs followed a Cs*-assisted nucleation and growth
mechanism, which offered a good opportunity for tailoring SC shape. Simply by
bringing up the concentration of Cs’, the SCs could be selectively shaped into

concave-octahedron by a fast nucleation and slow growth kinetics.
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CHAPTER1 INTRODUCTION

1.1 Background

Ligand (e.g., thiolate or phosphine)-protected noble metal (e.g., Au or Ag)
nanoclusters (NM-NCs) are ultrasmall nanoparticles below 2 nm in size containing
typically several to a few hundreds of metal atoms.® Among them, thiolate-protected
NM-NCs, generally representable by the “molecular formula” M,(SR)n, (where n and
m are the numbers of metal atoms (M = Au or Ag) and thiolate ligands per cluster
respectively), have drawn increasing interest because of the outstanding stability
derived from a strong thiolate-metal interaction.">® Due to the strong quantum
confinement effect in the sub-2-nm regime, the Mn(SR), NCs display discrete, rather
than the continuous or semi-continuous electronic structure of bulk noble metal (bulk-
NM) and noble metal nanoparticles (NM-NPs, >2 nm) respectively.>’ Properties
which are uniquely bulk-NM (e.qg., surface luster) or NM-NPs (e.g., surface plasmon
resonance, SPR) are therefore absent in M,(SR), NCs. The discrete electronic
structure instead introduced a variety of size-dependent molecule-like properties (e.g.,
HOMO-LUMO transition, strong luminescence, quantized charging, and high catalytic
activity).>®" These molecule-like properties can add to the diversity in the use of
Mn(SR)m NCs for energy conversion, biomedicine, environmental monitoring,
catalysis, and etc.>®*% These newfound properties of the M,(SR)m NCs have
stimulated strong research interest in the last two decades to establish reliable

structure-property relations, and to design NC properties for technology deployment.*

4,9,20-22
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Aside from their unique molecule-like properties, Mn(SR)n NCs also display
unprecedented atomic packing structures (“crystal” structures).?*? It is now known
that the atomic packing in M,(SR)m NCs, like their physicochemical properties, varies
greatly with size, and may deviate strongly from the face-centered-cubic (f.c.c.)
structure adopted by most crystalline NM-NPs.?*?° For example, Kornberg and co-
workers have shown that Au;02(SR)s4 NCs consist of a 79-Au-atom (Auzg) core with
pseudo Ds;, symmetry, capped by 19 monomeric SR-Au-SR and 2 dimeric SR-(Au-
SR), motifs.?* It should be noted that Ds, is a forbidden symmetry in f.c.c. structures.
There is a need to establish the “laws” behind properties and atomic packing unique to
the NCs, in order to understand the structural origin of the NC properties and to
rationalize the tailoring of NC properties.”*® The uncovering of structure-property
evolutions with NC size also answers the basic questions in cluster and nanoparticle
research, such as at what size and in what atomic packing structure do SPR properties
begin to appear.?**% As a result of such great importance, the correlation of the size-
dependent properties of NCs with size-dependent structures has been the centerpiece
in the basic research on My(SR), NCs.221:23:25-29:32-33

Property tailoring is another focused area of NC research. Different applications
require different specific performances of the M,(SR)m NCs.>*"? For example, the
Mn(SR)m NCs for in vivo bio-imaging materials are required to have strong
luminescence (e.g., quantum yield (QY) >1 %), good biocompatibility, and an
appropriate renal clearance period.?’ Due to the dependence of the properties of
Mn(SR)m NCs on size (i.e., (n m)) and composition (i.e., M and SR), the desired
properties may be achieved by a size- and composition-controlled synthesis or by post-
synthesis modifications (e.g., post-synthesis surface functionalization).*®**3¢ A great

variety of Muy(SR), NCs with different sizes (e.g., from Aup(SR)10 to
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Au1g7(SR)ss),>*"™ core compositions (e.g., monometallic Au,s(SR)is to bimetallic
AlzsxAgx(SR)1s NCs),3**? ligand combinations (e.g., Auzs(SR1)1s.(SR2)x Where x = 0-
18 and SR; and SR, denotes two different types of thiolate ligands)*®**** have been
produced in the last two decades, giving rise to a wide spectrum of physical (e.g.,
optical and electronic) and chemical (e.g., electrochemical and catalytic) properties.
More details about the synthesis and properties of M,(SR),, NCs can be found in
Chapter 2.

Self-assembly is a process in which building blocks (e.g., molecules, nanoscopic
and microscopic objects), prompted by specific interactions between the building
blocks or between the building blocks and a template, spontaneously organize
themselves into higher hierarchy structures.”*® The self-assembly of Mn(SR)m NCs is
of fundamental importance to both basic and applied research alike. For the former it
is used to confirm the NC structure and for the latter, it is a tool to further modify the
properties of Mp(SR), NCs. Reliable structure-property relations are predicated upon
accurate crystal structure information. The determination of the M,(SR), NC crystal
structure is commonly based on high precision diffraction techniques (e.g., X-ray
crystallography), which require perfect single-crystalline samples.? Advances in
structure-property investigations therefore depend on the successful assembly (or
crystallization) of M,(SR), NCs into single-crystalline supracrystals (SCs). In
application explorations, self-assembly offers an added avenue to modify the NC
properties without changing the size and composition of individual NCs. In a majority
of cases proximal interactions or coupling effects between neighboring NCs of an
assembly can lead to property changes. The NP (>2 nm) literature is replete with
examples of enhanced and/or new NP properties by assembling the NPs into close-

packed structures.*’™" For example, Lee et al. showed that the electromagnetic
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coupling between co-assembled Au NPs and CdTe nanowires could lead to a 5-fold
enhancement of the luminescent intensity of CdTe nanowires (emission maximum at
660 nm, Aex = 420 nm).*® In a different study, Courty et al. reported the narrowing of
the Stokes-anti-Stokes shift in the Raman spectrum of f.c.c. SCs of Ag NPs (diameter
= ~5 nm).”! The new Raman response was attributed to the coherent vibrations of Ag
NPs in the SCs due to the interactions between regularly- and closely-packed Ag NPs
under laser excitation. It is plausible to expect that similar interactions or coupling
effects in closely-packed NCs may also be useful for varying the properties of
M (SR)m NCs.

Contrary to the self-assembly of NM-NPs, which is relatively well-established with
numerous reports of unary, binary, ternary SCs,*%°*>* the self-assembly of Mn(SR)m
NCs is at a very early stage of development, and hence there is limited literature on the
structural determination and structure-property exploration of NCs. There are two
reasons for the lack of progress. First, self-assembly of NCs is a recent discovery
which was hitherto unknown until the successful crystallization of Au1p2(SR)44 NCs by
Kornberg and coworkers in 2007.2* By comparison the self-assembly of NM-NPs has
been investigated for several decades.*’*>*® Second and more importantly, the self-
assembly (especially crystallization) of My(SR)m NCs is technically challenging.?
Despite the considerable activities in the last few years on the self-assembly (primarily
crystallization) of M (SR)m NCs, success remains limited. Up to date, crystallization
of Mn(SR)m NCs was only successful for 8 discrete sizes (e.g., (n m) = (23 16),> (25
18),27%%%8 (28 20),>° (30 18),% (36 24),”° (38 24),%° (44 30)°"* and (102 44)**°Y).
There were also a few report on the self-assembly of Mp(SR), NCs into less ordered
2-dimensional (2D) structures.®”® The limited success was partly due to the fragility

of the NCs, but more importantly, due to a lack of understanding of the governing

4
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principles for NC self-assembly which may be different from NP self-assembly. For
example, uniform orientation of individual NCs is required for packing them into SCs,
while preferential crystal orientation was rarely observed in spherical NPs packed into
SCs.#*%% The self-assembly of Mn(SR)n NCs can definitely benefit from a more

systematic approach to method development.

1.2 Objectives and Scope

This PhD thesis study is an exploration on the self-assembly of M,(SR), NCs with
the primary objective in developing a general approach to produce M,(SR)n NC
assemblies with the desired structural orderliness. This was accomplished by a
molecular (or atomic/ionic) mimetic strategy, where M,(SR),, NCs were regarded as
supramolecules (or supramolecular atoms/ions) to mimic the ways nature arranges
molecules (or atoms/ions) into disordered (amorphous) or/and ordered (crystalline)
structures. The molecular (or atomic/ionic) mimetic approach to assembly is based on
several unique but generic molecule- (or atom-/ion-) like structural features (e.g., well-
defined sizes and uniform structures), which are generally applicable to M,(SR), NCs
in a broad spectrum of sizes. Structural orderliness is a special emphasis of this PhD
study, since a high structural order is necessary for post-assembly investigations (e.g.,
crystal structure determination). However, due to limited time and resources, these
post-assembly investigations were not carried out in this project. The specific research
activities which were completed in this PhD project include the following:

1) This project began with the preparation of monodisperse and atomically precise
Mn(SR)m NCs as the high quality building blocks for self-assembly. Small

Aui5(SG)13 and Auig(SG)i4 NCs, where SG is glutathione ligand, were
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2)

3)

synthesized by a two-phase one-pot method which achieved size and
monodispersity control through the kinetic control of NC formation. The NCs so
produced (e.g., Auis(SR)13 and Auig(SR)14 NCs) also filled the current lack of
monodisperse NCs in the small and metastable size range (n < 20), which could
contribute to understanding the size-dependence of cluster stability and other
physiochemical properties.

Charged Mp(SR)m NCs were used to form hierarchical assemblies by mimicking
the way ionic crystals are formed in nature. Specifically negatively charged
Mu(SR)m NCs (e.g., supramolecular ions of Auzg43(SG)7-37, Au1s(SG)13, and
AQ16(SG)s NCs) were assembled into monodisperse colloidal spheres by
electrostatic cross-linking with divalent cations (e.g., Zn** and Cd?*). Several ion-
like behaviors, most notably a step-like assembly controlled by solubility product
(ksp), were experimentally observed. However, long-range structural order (e.g.,
constant spacing in the packing, d) was not observed in the assemblies formed this
way.

The use of amphiphilic chemistry for self-assembly was then explored.
Amphiphilicity was introduced to sub-2-nm NCs by patching hydrophilic
Mn(SR)m NCs (e.g., Auzs(MHA)15 NCs, where MHA is 6-mercaptohexanoic acid,
with hydrophobic cations (e.g., cetyltrimethylammonium, CTA") to about half of
a monolayer coverage. Amphiphilic Auzs(MHA)1s@XCTA NCs (x = 6-9, where x
is the number of CTA" per NC), as supramolecular amphiphiles, were prepared by
a phase-transfer (PT) driven ion-paring reaction between CTA® and —COO
(derived from the deprotonation of MHA terminal carboxyl group). The self-
assembly characteristics of amphiphilic Auzs(MHA):s@XCTA NCs (x = 6-9) was

then investigated in a dual-solvent system of dimethylsulfoxide (DMSO, poor
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4)

solvent) and ethanol (good solvent). Slow- and selective-evaporation of ethanol
self-assembled the amphiphilic NCs into a bilayer-based structure at the liquid-air
interface, resembling the formation of the lamellar phase (the liquid crystal phase)
of molecular amphiphiles. Regular interlayer packing (as evidenced by a constant
d-spacing) was observed in these bilayers of amphiphilic NCs, but 3D crystalline
order was still absent.

3D long-range crystalline order was then achieved in NC assemblies by packing
hard-sphere-like NCs by depletion forces (i.e., entropic effects). Cs*-deprotonated
Agu(p-MBA)3y NCs, where the p-mercaptobenzoic acid (p-MBA) ligands were
fully deprotonated by reaction with CsOH, were used as supramolecular atoms
and assembled into f.c.c. octahedral SCs, mimicking crystal formation by hard-
sphere-like atoms. The self-assembly (or crystallization) was conducted, similar to
the self-assembly of amphiphilic NCs mentioned before, in a water/DMSO dual-
solvent system by the slow and selective evaporation of water (good solvent). The
kinetics of SC growth was investigated by monitoring the depletion rate of
discrete Agas(p-MBA)3o NCs in the crystallization solution. The insights from the
kinetics study enabled us to vary the shape of Agu(p-MBA)s NC-SCs by
adjusting the concentration of the counter cations, Cs*. At high Cs* concentrations,

concave-octahedral Agas(p-MBA)3, NC-SCs were selectively formed.



Chapter 1

1.3 Thesis Organization

This thesis is organized into 7 chapters. After this introductory chapter, a brief
review of the current research most relevant to the self-assembly of Mp(SR)m NCs is
presented (Chapter 2). Chapter 3 details the synthesis of monodisperse and atomically
precise Auis(SG)13 and Auig(SG)14 NCs, as a demonstration of monodispersity control
and size tuning of My(SR)m NCs. Chapters 4, 5 and 6 describe, respectively, the self-
assembly of negatively charged Auzg.43(SG)27-37, Au1s(SG)13, and Agis(SG)s NCs
(supramolecular ions); of amphiphilic Auzs(MHA)1s@XCTA NCs where x = 6-9
(supramolecular amphiphiles); and of Cs’-deprotonated Aga(p-MBA)3, NCs
(supramolecular atoms). The thesis concludes with Chapter 7 together with several

suggestions for future work.
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CHAPTER 2 LITERATURE REVIEW

This chapter provides a succinct but up-to-date account of the major topics in
understanding the self-assembly of thiolate-protected noble metal nanoclusters (NM-
NCs), or My (SR)m NCs (M = Au or Ag) for short. Since the self-assembly (and other
related processes such as synthesis and device fabrication) are based on the molecule-
like properties of Mp(SR)m NCs, the chapter begins with the discussion of the
molecule-like properties, their origin, size-dependence and potential applications (8
2.1). This is followed by a review of the major methods for synthesizing high quality
building blocks for the self-assembly, i.e. monodisperse M,(SR)nm NCs, in 8 2.2.
Current progress in the self-assembly chemistry of Mn(SR), NCs then round up the

remaining of the chapter (82.3).

2.1 Fundamentals of M,(SR),, NCs

Mn(SR)m NCs have drawn significant research interest in the last two decades,

primarily due to their size-dependent molecule-like properties (e.g., molecule-like UV-

2-3,8,66 14,67 9,11-12,20,68-69 hlgh

vis absorption and redox properties, strong luminescence,

catalytic activity'®1""%7"

) which may find applications in a diversity of technology
areas (e.g., photosensitizers,"®*"3 optical probes,”?* " and catalysts'®*""""). This
thesis study is an effort to promote the acceptance of M(SR) NCs as a new family of
functional materials through the discovery of more structure-property relations and
property engineering. The research builds upon the current understanding of the

molecule-like properties, their origin and their targeted applications given in the

survey below.
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2.1.1 The Electronic Structure of M,(SR)m NCs

The molecule-like properties of M (SR)m NCs are the direct consequence of their

discrete electronic energy levels, 2’7

the first topic of our discussion. M,(SR), NCs
are invariably core-shell structured containing a sub-2-nm metal core and a thiolate
ligand shell (Figure 2.1). The very small size of the metal core elicits a strong quantum
confinement effect which results in discrete electronic energy levels. The thiolate
ligands further modify the discrete electronic structure of Mp(SR)n NCs through

strong metal-thiolate interaction. It is worth noting that the metal-core@ligand-shell

model is a simplified first order structural model for M,(SR)m NCs.

Metal Core

\

Thiolate Ligand Shell

Figure 2.1 Illustration of the core-shell construction of M,(SR), NCs.

2.1.1.1 Metal Core: The Origin of Strong Quantum Confinement Effect

The small metal core in Mp(SR)m NCs having a size smaller than 2 nm (Figure 2.2)
is fundamental to the size transition from discrete noble metal atoms to large noble
metal nanoparticles (NM-NPs, >2 nm).>**"" Such a small core is not able to support

continuous (i.e. bulk metal) or semi-continuous (NM-NPs) electronic states. It elicits

10
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strong quantum confinement effect leading to the quantization of electronic energy

levels in My(SR)m NCs.2"%

o
e ee
L

Noble Metal
Atoms Noble Metal
Nanopaxicles

Bulk Noble Metal

i N N . )
100 nm 0.1cm
Noble Metal
Nanoclusters
Figure 2.2 Illustration comparing the size of noble metal atoms, noble metal nanoclusters

(M(SR)m NCs), noble metal nanoparticles and bulk noble metal.

The quantization of the electronic energy levels in this sub-2-nm regime could be
understood in terms of the free-electron model, as suggested by Jin.? In the free-
electron model of Au, for example, the single-electron Schré&linger equation can be
applied to describe the 6s electron of Au atom if electron-electron and electron-
nucleus interactions are negligible.”

The solution of the single electron Schré&linger equation yields the eigenvalues and

consequently the energy level (E) of the electron

222
_wh

2m a’

E n’ (2.1)

e

11
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where m, is the mass of electron, 7 is the Plank constant, n is the principal quantum
number, and a®is an approximation of the metal core volume of M,(SR)n, NCs. The E
~ né? correlation means equal distribution of the electronic energy states on a spherical
surface with the characteristic radius of ne. Given that ne = Nex’ + Ney” + Ne;” in @ 3-
dimensional (3D) Cartesian coordinate system, and that ney, ney, and ne could only
assume positive integers (i.e., in the positive octant of the 3D Cartesian space), the

number of energy states (N) with an energy up to E could be described as
1.4
N==(=nn> 2.2
3 ( 3™ ) (2.2)

Substitution of Equation 2.1 into Equation 2.2 gives

n 2ma’® 2 3
N== ¢ )2E? 2.3
5 ( P ) (2.3)
The density of energy states is obtained by differentiating Equation 2.3 with E
dN _ a® 2m, 2
—=— £)2E? 2.4
dE  4n* " #? ) @4

The spacing of energy states (8) could be approximated by the reciprocal of the

density of energy states.

3 1
4n? 2

—(
a

)?E 2 (2.5)

Discrete electronic states are noticeable at a certain temperature (T) if the spacing
of energy states is larger than the thermal energy (ksT, where kg is the Boltzmann
constant). i.e.,

0>k, T (2.6)
Assuming T = 278 K (room temperature), and using the Femi energy of Au (EF =5.5

eV) as E, the critical core size of Aun(SR)m NCs to show discrete electronic states is a

12
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= ~1.7 nm. Hence, based on the free-electron model, the quantization of electronic
states is significant for Au,(SR)m NCs in the sub-2-nm metal core region.

Equation 2.5 also provides a first order view on the size-dependence of the
electronic structure of M,(SR)m NCs. In Equation 2.5, the spacing of energy states is
inversely proportional to the metal core volume of M,(SR)m NCs as & ~ (1/a%). Hence
the spacing of energy states is more significant in smaller NCs. This is consistent with
the trend of increasing HOMO-LUMO energy gap (AyL) with decreasing metal core
size observed for the Au,(SR)m NCs.? It should, however, be emphasized that the free-
electron model is a highly simplified model of a complex structure (due to the
omission of several important interactions, e.g., electron-electron and electron-nucleus
interactions), and is not expected to provide precise predictions. For example, the free-
electron model predicts an evenly distributed 6 in M,(SR)m NCs with fixed metal core

size, which is not the case in real world M,(SR)m, NCs.?>"

2.1.1.2 Thiolate Ligand Shell: the Modifier of Electronic Structure

The free-electron model not only leaves out electron-electron or electron-nucleus
interactions, but also neglects the effects of the thiolate ligand shell. The generally
strong metal-thiolate interaction and high surface-to-volume ratio should lead to
significant modifications of the M,(SR)m NC electronic structure.®® Current advances
in the synthesis and crystal structural determination of Myp(SR), NCs have
unambiguously confirmed the inference.?29>9-6081-83

The thiolate ligands could modify the electronic structure of the noble metal
nanoclusters by involving themselves in the formation of the of M,(SR),m NCs

molecular orbitals (MOs). For example, Zhu et al. calculated the Kohn-Sham MO (i.e.,

MO calculations based on Kohn-Sham equation) energy levels of Au,s(SR)1s NCs via

13
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the density functional theory (DFT) based on the crystal structure of Au,s5(SC,H4Ph)g
NCs (SC,H4Ph = 2-phenylethanethiolate ligands).”® The results of the calculation,
which are reproduced in Figure 2.3, show a considerable contribution from the S(3p)
orbital in the HOMO and LUMO orbital sets of Auys(SR)15 NCs, evincing the direct
involvement of the thiolate ligands in construction of the Au,s(SR)18 NC MOs. The
direct involvement of thiolate ligands in the electronic structure of metal nanoclusters

via the S(3p) orbital have also been reported for other types of Mn(SR)m NCs. 2729335%

60,79

Color labels for atomic orbitals

34 — Au(sp) S(3p)
w— Au(d) -~ others
ag (1) LUMO+2
~ 4T 4503 LUMO+1
>
2
w
5+ 9@ =g Y FLUMO A sp-band
a b c
-6+
a,(3) HomMO /
71 %@ HOMO-1 )
a, (3 gromo2 |
aq (3) ‘__-—JHOMO‘3 x
‘lg (1) / HOMO-4
9 “HOMO-5 J

-8+ uu (3) /

Figure 2.3 Kohn-Sham molecular orbital energy level diagram of Au,s(SR)1s NCs.
Each orbital is drawn to show the relative contributions (as line lengths of different
colors) of the atomic orbitals of Au(6sp) (green), Au(5d) (blue), S(3p) (yellow), and
others (unspecified atomic orbitals with <1 % contribution each) (grey). The left
column of the orbitals shows the orbital symmetry (g or u) and degeneracy (in
parenthesis); the right column shows the HOMO and LUMO sets. SR was taken to be
SH for computational expediency. Adopted from Ref.(*) with the permission of the
American Chemical Society.

In addition to their direct involvement in the construction of the M,(SR), NC MOs,
the thiolate ligands could also influence the My(SR),m NC electronic behavior by

rendering certain metal core sizes more stable than others. It has been experimentally

14
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found that stable My(SR)m NCs could only be formed in certain metal core sizes.***®

I 81 I 29,59,86

Recently, Krommenhoek et al.”™ and Zeng et a suggested that the stable metal
core is strongly dependent on the steric hindrance and/or electronic conjugation effects
of the thiolate ligands. By using various bulky thiolate ligands (e.g.,
cyclohexanethiolate (S-c-CsH11) and 1-adamantanethiolate (SAd)) in their synthesis,
Krommenhoek et al. obtained a series of stable Aun,(SR), NCs with unprecedented
metal core sizes (e.g., Auz(SAd)1s, Auzg(SAd)z3, Aues(S-c-CgHi1)30 and Augz(S-c-
CeHu1)0),2* which are distinctively different from the stable products (e.g., Auzs(SR)1s,
Au3s(SR)24, and Aui44(SR)eo) in the synthesis of Aun(SR)m NCs using conventional
thiolate ligands (e.g., SC,HsPh).”*#”® This is a lucid demonstration of the steric
hindrance effects of thiolate ligands on the stable core size of Mp(SR), NCs. In
another work, Zeng et al. reacted 4-tert-butylbenzenethiolate (SPh-t-Bu) with
Auys(SCzH4Ph)1g and  Ausg(SCoH4Ph)22 NCs, which are stable species in the
Aum(SC,H4Ph), NC system, to form monodisperse Au,g(SPh-t-Bu)zo and Ause(SPh-t-
Bu).4 NCs respectively.”>*% The authors attributed the transformation of stable metal
core size (Auxs -> Augg and Auss -> Auss) to the steric hindrance and electron
conjugation effects of the SPh-t-Bu ligand. It should be noted that the SPh-t-Bu ligand
is bulkier than the SC,H4Ph ligand; and S is directly conjugated to the phenyl ring in

the SPh-t-Bu ligand, which could result in a strong inductive effect between the phenyl

ring and the Au core.?
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2.1.2 Molecule-Like Properties and Potential Applications of M,(SR),» NCs

The discrete electronic structure of M,(SR),, NCs determined by the metal core and
the thiolate ligand shell can give rise to very diverse molecule-like physicochemical
properties such as molecule-like UV-vis absorption, strong luminescence, molecule-
like redox charging and high catalytic activity.>>**%17 Al of these physicochemical
properties display a strong dependence on the NC size.®#*¥*1%17 The strong size
dependence of properties is consequential upon the strong quantum confinement effect
and strong metal-thiolate interaction in M,(SR), NCs, where the addition or removal
of even a single metal atom or a thiolate ligand could lead to significant changes in the
electronic structure of My(SR), NCs.?* Based on this argument, we opine that (n m),
which is usually deduced from mass spectrometry analysis, is a better measure of the
size of M,(SR)m NCs, in comparison to diameter measured by conventional electron
microscopy (EM, less effective in <1 nm size range). Hence the (n m) designation will
be used to refer to the NC size hereafter unless stated otherwise.

These unique size-dependent molecule-like properties make the M,(SR)n NCs
potentially useful as solar cell photosensitizers, sensor optical probes and catalysts.**®

¥ The following sections will sample some of the size-dependent molecule-like

properties of M,(SR), NCs and their potential applications.
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Figure 2.4 Size-dependent molecule-like properties of M,(SR),, NCs. (a) UV-vis
absorption spectra of Au,(SG), NCs in various sizes: (n m) = (10 10), (15 13), (18 14), (22
16), (22 17), (25 18), (29 20), (33 22), and (39 24); the black and red arrows indicate the onset
and maximum of UV-vis absorption, respectively. (b) Emission (excitation wavelength A =
520 nm) spectra of Au,,(SG)13 NCs (red, right side) and Au,s(SG)13 NCs (blue); the excitation
(emission wavelength Ae, = 665 nm) spectrum of Aux(SG)is NCs is also shown (red, left
side); the insets are representative digital images of Aux,(SG)ig3 NC (No. 1) and Auys(SG)1s
NC (No. 2) aqueous solutions taken under UV irradiation (A = 365 nm). (c) Differential pulse
voltammograms (DPV) of Au,(SCsHi3)m NCs as a function of core size; core sizes were
measured in terms of the Au,S,, core mass and labeled in each voltammogram; the DVP
analysis was carried out in a toluene/acetonitrile (2/1 v:v) solution of 0.05 M
tetrahexylammonium perchlorate, using a 9.5 <107 cm? Pt electrode, a direct current (DC) 50
mV pulse and a scan rate of 10 mV/s. (d) The turn-over-frequency (TOF) of cyclohexane in
cyclohexane oxidation catalyzed by hydroxyapatite (HAP) supported Au, NCs with different
core sizes (n = 10, 18, 29, 39, and 85); the inset is a schematic illustration of the catalytic
reaction. (a, b, d) were adopted from Refs.(?), (*%), and (*°) respectively with the permission of
the American Chemical Society; and (c) was adopted from Ref.(**) with the permission of the
American Association for the Advancement of Science (AAAS).
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2.1.2.1 Molecule-Like UV-vis Absorption and Applications as Photosensitizers

Since UV-vis absorption spectrum is a direct reflection of the electronic structure,
the discrete electronic structure of Mp(SR)m NCs gives rise to molecule-like absorption
features which are distinctively difference from the surface plasmon resonance (SPR,
arising from a semi-continuous electronic structure) induced absorption of NM-NPs
(>2 nm).2#*! Figure 2.4a shows the UV-vis spectra of a series of glutathione (H-SG
or GSH) protected Au NCs in different sizes; (n m) = (10 10), (15 13), (18 14), (22 16),
(22 17), (25 18), (29 20), (33 22) and (39 24).® These UV-vis spectra are distinctively
different from those of large Au NPs (>2 nm), which generally display an unimodal
broad peak at ~520 nm due to SPR.% This is indication that M,(SR)m NCs are more
similar to molecules (with discrete electronic states) than NM-NPs (>2 nm). In
addition to the lack of a SPR induced absorption, the UV-vis absorption of Mp(SR)n
NCs also shows strong size-dependence. Figure 2.4a shows that the UV-vis absorption
spectra of Aun(SG)m NCs vary significantly with the NC size (i.e., (n m)), with no
shared common features among them. An approximate trend (with the exceptions of (n
m) = (22 16) and (22 17)) of increasing Ay (measured by the absorption onset, the
black arrows in Figure 2.4a) with decreasing NC size may be generalized from these
UV-vis absorption spectra. The trend is consistent with the prediction of the free-
electron model in 82.1.1.1.

The molecule-like UV-vis absorption, and a relatively high LUMO level, make the
M (SR)m NCs useful as a new family of high performance photosensitizers.’®*%" |n
the development of solar cells or water splitting catalysts, the visible light
photoactivity of large bandgap semiconductors (e.g., TiO,) can be augmented by a
photosensitizer.”* A good photosensitizer should be able to absorb visible light

efficiently and deliver the absorbed energy to the large bandgap semiconductor.” The
18
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molecule-like absorption of most Mp(SR)m NCs occurs mostly in the visible light
region, and the high LUMO level of M,(SR),, NCs could facilitate the transfer of the
excited electron to the semiconductor. These make M,(SR),, NCs a contender for
photosensitizers. The Kamat group was the first to explore Mp(SR), NCs as
photosensitizers."®™® They used the Auzg.43(SG)27.37 NCs of Luo et al. (with strong
absorption in the 400-525 nm region)™ as the photosensitizer for a TiO, solar cell. The
as-fabricated Mp(SR)m NC sensitized solar cell could generate a stable photocurrent
density of 3.96 mA/cm? at a power conversion efficiency () of ~2.3 % under visible-
light irradiations (provided by a AM 1.5 solar simulator), which is comparable in

performance with a typical quantum dot sensitized solar cells.**
2.1.2.2 Strong Luminescence and Applications as Optical Probes

The discrete electronic structure of M,(SR)n, NCs can also result in strong
luminescence. A good example is the extensively-investigated Au,s(SG)1s NCs which
exhibit a emission peak at ~700 nm under excitation by Aex = 520 nm (Figure 2.4b,
blue line)."*® The quantum vyield (QY) of Au,s(SG)1s NCs was calculated to be ~0.2
%, which is more than 7 orders of magnitude higher than that of bulk gold (QY =~10"
10y 8 yu et al. recently reported highly luminescent Aux(SG):s NCs (Figure 2.4b, inset
#1). While the emission maximum was similar, at ~665 nm (Aex = 520 nm), the QY
was a much higher ~8 % (Figure 2.4b, red curve to the right)."? This significant
emission enhancement brought about by the deletion of 3 Au atoms (Au2(SG)1s V.S.
Au,s(SG)sg) is a good demonstration of the strong size-sensitivity of the luminescence
of My(SR);m NCs. Other thiolate protected M,(SR), NCs with strong luminescence

have also been reported by the Xie and coworkers,'%**%% Zheng and coworkers ,***%
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22,95,101-102

Pradeep and coworkers , and Nienhaus and coworkers™*'%. A state of art QY,

at 15%, was reported by Luo et al.**

The strong luminescence, together with other features such as low toxicity, small
size and good optical stability, suggests that M,(SR),, NCs may be suitable as the
optical probes for sensors.”*® There are two ways to use the Mn(SR)m NCs in an
optics-based sensor: 1) as a “turn-on” sensor, where the presence of an analyte induces
or enhances the luminescence of Mn(SR)m NCs;***% and 2) as a “turn-off” sensor
where the luminescence of M,(SR), NCs is quenched or diminished by the specific
interaction between the analyte and NCs.”">1%197 For example, Wu et al. found that
Ag" could interact strongly with the Au(0) in the core of Aus(SG)1g NCs resulting in
luminescent enhancement.’® A “turn-on” sensor for Ag" detection with a limit of
detection (LOD) of 200 mM was developed based on this principle."® In sharp
contrast to the Ag™-Au(0) interaction-enhanced luminescence, the strong
metallophilic interaction between Hg®* and Au(l) or Ag(l) (such oxidized metal
species are often present on the M,(SR)n, NC surface to coordinate the metal atoms to
the thiolate ligands) could quench the luminescence of My (SR)m NCs.*'%" The latter
principle was used by the Xie group to develop two prototype “turn-off” optical
sensors for Hg?* detection (LOD < 0.5 nM in both cases) using Ag:»(SG)io NCs
(emission maximum at 435 nm under Aex = 350 nm)*®’ and Au,s(BAS) NCs (emission

106

maximum at 640 nm under Aex = 480 nm)™ where BSA denotes bovine serum

albumin (a thiol-group containing protein).
2.1.2.3 Molecule-Like Redox Charging and Applications as Catalysts

Molecule-like redox charging is another important property of small M,(SR), NCs

due to their large Ay.. The molecule-like redox charging of Mp(SR)m NCs was first
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demonstrated by Chen et al. in 1998.% The authors carried out differential pulse
voltammetry (DPV) on a family of different-sized Aun(SCsH13)m NCs, where SCgH3
is hexanethiolate. The size of Au,(SCeHi3)m NCs in the study was expressed in terms
of the mass of the Au,Sy, core from laser desorption/ionization mass spectrometry
(LDI-MS) analysis. As the Au,Sy, core mass decreased from ~38 kDa (~Auz NCs) to
~8 kDa (~Ausg NCs),'® the electrochemical behavior of the Auy(SCsHis)m NCs
deviated from the typical metal-like double layer charging to molecule-like redox
charging. Figure 2.4c shows that, for a Au,Sy, core mass of ~22 kDa (~Aug, NCs)*° or
higher, the voltage difference between two neighboring current peaks (AV) in the
voltammograms of Au,(SCeHi3)m NCs were regularly spaced, as expected from the
quantized charging of a dielectric film (e.g., thiolate monolayer coated Au(111)
surface; AV = e/C = constant, where ¢ is electronic charge, and C is the capacitance of
thiolate monolayer covered Au surface).’® On the contrary, in Auy(SCeH13)m NCs
with a Au,Sp, core mass of ~8 kDa, the AV was no longer regularly spaced, and a large
voltage gap was present between the first positive and negative current peaks. The
large central AV (AV between the first positive and negative current peaks) could not
be explained by classical metal-like double layer charging, but could be ascribed to the
large AL of small Auy(SCeHis)m NCs.** Therefore, the first positive and negative
current peaks of ~8 kDa NC species could be assigned to NC redox peaks
corresponding to changing the NC charge state from 0/+1 and 0/-1 respectively.”

The molecule-like redox charging was also found in other small-sized M,(SR)nm
NCs, with mostly reversible conversion of the NC charge state.**** For example, the
charge states of [Auxs(SR)1g]” (Where z = -1, 0 and +1 is the net charge of the NC)
could be facilely switched by reversible oxidization and reduction.”*™* The

reversible conversion of the charge states qualifies the Mn(SR)m NCs as good electron
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transfer mediators in redox reactions. The ability to mediate electron transfer, together
with an under-coordinated noble metal surface (which facilitates reactant adsorption),
imparts the M,(SR)m NCs with catalytic activity in a number of redox reactions.'’
Based on this simple concept, a variety of “ligand-on” (thiolate ligands not removed)
and “ligand-off” (thiolate ligands removed, typically by heat-treatment) type Mn(SR)m
NCs catalysts were developed, and used with and without a catalyst support (e.g.,
oxides, and carbon nanotubes (CNTSs)).”%"¢%1418 gome representative applications
of “ligand-on” and “ligand-off” M,(SR), NC catalysts in redox reactions are listed in
Tables 2.1 and 2.2 respectively. In addition to the reversible charge state conversion,
the catalytically active bare metal surface may contribute (perhaps dominantly but this

17,76,116

is still under debate) to the catalytic activity of the “ligand-off” type of M(SR)m

NCs catalysts.** ™

Similar to other molecule-like properties, the catalytic activity of M,(SR)n NCs is
also highly size-dependent. For example, Liu et al. reported a volcano-shaped activity-
size relationship (Figure 2.4d) for their hydroxyapatite (HAP) supported Au, NC
(Au/HAP) catalysts, which were used to catalyze the selective oxidation of

cyclohexane into KA-oil (cyclohexanol/cyclohexanone mixture).”® The origin of the

volcano-shaped activity-size relationship has yet to be well understood.
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Table 2.1 Catalytic performances of “ligand-on” type Mp(SR)m NC catalysts in
selected reactions.
No. | Catalyst* Reaction Conversion | Selectivity Reaction Ref.
(%) (%) Conditions
1 AuUys(SR)1s | Styrene Oxidation: 27 #1: 70 373 K, 24 h, [ ™
#2: 24 under 1 MPa
2 Augg(SR),4 |o 14 #1:72 0..
#2: 24
3 | Auwa(SR)e o112 #1: 80
. o #2: 20
4 AU25(SR)18 N 0, ©/A 18 #1: 80 353 K, 12 h, 115
/SiO, @A — = #2 #2: N.A. under 1 MPa
5 AU38(SR)24 8 #1:79 0,.
SiO, + 7 #2: NA
6 Au144(SR)so O)? 8 #1: 85
/SiO, #2: N.A
7 AUs(SR)15 22 #1: 55
[HAP** #2: N.A
8 AU3g(SR)24 14 #1:59
[HAP #2: N.A
9 AU144(SR)50 14 #1: 62
[HAP #2: N.A
10 | Auy(SR);s | CO Oxidation: 100 100 373 K, 05 h, | ™
/Ce02 CO 0, ECOZ S/S/Oz = 1/2
11 | Aux(SR);s | Benzalacetone Hydrogenation: | 22 100 273 K, 3 h, |7
12 AU,5(SR)1g 43 100 under 1 MPa
[Fe, 04 Q OH H,.
13 | Auss(SR)1s — H, _ 40 100
AT | o
14 | Auns(SR)1s 19 100
/SiO,

* Supported “ligand-on” type M,(SR),, NC catalysts are denoted as M, (SR),/support;

** HAP denotes hydroxyapatite.

23




Chapter 2

Table 2.2 Catalytic performances of “ligand-off” type M;(SR)m NC catalysts in
selected reactions.
No. | Catalyst* Reaction Conversion | Selectivity Reaction Ref.
(%) (%) Conditions
1 Au,s/HAP** | Styrene Oxidation: 90 #1: 92 353 K, 12 h. 118
o #2: N.A.
2 Au,s/HAP @/A 100 #1: 100 1
3 AussHAP #1100 #1: 100
4 Auy/HAP N 100 #1: 100
5 AU,s/SiO, . TBHP 90 #1: 92
©/\—» #2 #2 :N.A.
6 Ausg/SiO, 95 #1: 95
* #2 :N.A.
7 AU144/SiO, ©/R#3 100 #1: 100
R = CH,OH, CHO, and COOH
TBHP = tert-butyl hydroperoxide
8 Au;o/HAP Cyclohexane Oxidation: 11.6 #1: 58 423 K, 05 h, |
#2: 41 under 1 MPa
9 Au;g/HAP OH 12.9 #1: 49 0,.
#2: 50
10 | Auy/HAP #1 | 14.2 #1: 50
O,, TBHP #2: 49
11 | Aug/HAP O L 14.9 #1: 50
o #2:49
12 | Aug/HAP 6.9 #1: 53
é i #2: 41
13 | Au,/CNTs | Benzyl Alcohol Oxidation: 22 #1: 37 303 K, 6 h, [
9 #2: 29 under 1 MPa
#3: 34 0,.

* Supported “ligand-off” type M,(SR),, NC catalysts are denoted as M,/support;
** HAP denotes hydroxyapatite.
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2.2 Synthesis of Monodisperse Atomically Precise M,(SR),, NCs

Since the electronic structure and physiochemical properties of M,(SR),, NCs are
strongly size dependent. The ability to synthesize monodisperse My(SR)n NCs in
atomic precision (i.e., with narrow deviations from the defined (n m)) is a prerequisite
for establishing unambiguous size-property relationships, and for obtaining reliable
performance from M,(SR), NC based functional materials.* In addition, a successful
self-assembly of Mp(SR)n NCs also depends on the availability of high quality
building blocks, i.e., monodisperse M,(SR), NCs. This is especially important for the
assembly of M,(SR),, NCs into a 3D ordered crystalline structure (i.e., Mp(SR);m NC
supracrystals or M,(SR)n, NC-SCs) for crystal structure determination, and for
collective property investigation. This is because the long-range order of the assembly
is more demanding of the monodispersity of the building blocks.?>*?

The synthesis of M,(SR), NCs could be dated date back to the early 1990s, when
Brust et al. reported their seminal work on the preparation of small-sized thiolate
protected Au NPs (2-5 nm).'*® The preparation was based on two primary reactions:

1) The reduction of Au(lll) (e.g., from HAuUCI,) by the thiol ligand (H-SR) to form

Au(l)-SR complexes:
Au(lll) + H-SR — Au(l)-SR Complexes (2.7)

2) The reductive decomposition of Au(l)-SR complexes in presence of a strong

reductant (e.g., NaBH,) to form Au NPs:
Au(D)-SR Complexes + ne” — Au NPs (2.8)

Based on these two reactions, the groups of Whetten and Murray were able to

produce Au,(SR)m NCs with sizes smaller than 2 nm by varying the thiol-to-Au ratio

Rn-sryrag (modified Brust method or Brust-like method). For example, by increasing
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the Rin-sryau from ~1 (the value used by Brust et al.) to 2, Whetten et al. synthesized

~1.5 nm Aun(SR)m NCs, with a core mass (as AunSy,) of ~28 kDa according to LDI-

108 79
l. l.

MS analysis® (the later work by Chaki et al.'® and Qian et al.” suggested that this ~28
kDa NC species could be Au144(SR)e0). A further reduction of the NC size (down to a
AunSm, core mass of ~8 kDa) could be obtained by increasing Risryay to 3, as shown
by the follow-up studies from the same group.’**® Murray and coworkers also
reported the preparation of ~1.5 nm Aun(SR)m NCs via a similar Brust-like method.**
Agn(SR)m NCs could also be prepared by the Brust-like methods but with Equations
2.7 and 2.8 replaced by Equations 2.9 and 2.10 respectively.*?*24

Ag(l) + H-SR — Ag(l)-SR Complexes (2.9)
Ag(l)-SR Complexes + ne” — Ag, (SR),, NCs (2.10)

However, the strong reducing power of NaBH, typically produces M,(SR)n NCs
with a broad size distribution in a Brust-like method.3***? For the preparation of
monodisperse M,(SR),n NCs with atomic precision, the as-synthesized polydisperse
Mn(SR)m NCs have to be size-refined by either physical separation (Route | in Figure

2.5) or chemical selection means (“size-focusing” reaction, Route II in Figure 2.5).
2.2.1 Physical Separation Approaches

In a typical physical separation, polydisperse M,(SR)n NCs are fractionated into
monodisperse Mn(SR)m NCs by post-synthesis high resolution separation techniques.
The most common separation or isolation of monodisperse M,(SR)m NCs techniques
include  solubility-based  fractionation (SF), electrophoresis, and liquid

chromatography.
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M(I) or M(llI Physical
”Salt[ } + H-SR Separation
l Route 1
M NaBH,
TSR »
X Monodisperse
M.(SR),, NC
M(1)-SR Polydisperse n(SR)m NCs
complex Mn(SR)r, NCs Chemical
Selection
Route 2

Figure 2.5 Schematic illustration of the processes for monodisperse M,(SR), NC
synthesis.

2.2.1.1 Solubility Based Fractionation

Solubility based fractionation (SF) is a separation technique that leverages the size-
dependent solubility of M,(SR)m NCs.*®'%° |n a typical SF process, the solvent
polarity is fine-tuned by introducing a certain amount of poor solvent into the
Mn(SR);m NC solution to induce the precipitation of Mn(SR)m NCs in a given size
range (usually centrifugation is applied to facilitate precipitation). Soluble and
insoluble fractions are then separated, and the fractionation procedure is repeated until
the desired monodispersity in the fractionated M,(SR)n NCs is obtained.

The SF method was pioneered by the Whetten group and demonstrated for the
preparation of monodisperse M,(SR),, NCs. In the late 1990s they succeeded in
fractionating a mixture Aun(SR)m NCs of different sizes prepared by a Brust-like
method, into a series of discrete-sized Au,(SR)m NCs.3*%° Core sizes (expressed by

the Au,Sp, core mass) of these Au,(SR)m NCs based on LDI-MS measurements were
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~8, 14, 22, and 29 kDa. The precise assignment of molecular formula for these
AuUL(SR)m NC species was not possible at that time due to the lack of advanced
characterization techniques (e.g., high resolution electrospray ionization mass
spectrometry, ESI-MS). In subsequent studies, several other groups have reproduced
these Au,(SR)n NC species by SF methods which were modifications of the original
Whetten method, and successfully assigned molecular formulas of Ausg(SR)2a,
Augs(SR)34, Au102(SR)as, and Au144(SR)eo to the ~8, 14, 22, and 29 kDa NC species

respectively, 34089108

2.2.1.2 Electrophoresis

Polyacrylamide gel electrophoresis (PAGE) is the most widely used electrophoresis
technique for the separation of My(SR)m NCs.31221% |t is able to differentiate
between water-soluble charged M,(SR), NCs based on their size-dependent mobility
in polyacrylamide gel under an external electric field. By using a properly condensed
polyacrylamide gel, PAGE can produce atomically precise monodispersity in each
fraction.®"

The use of PAGE for the fractionation of M,(SR)y, NCs first appeared in the
seminal work of Schaaff et al. in 1998, where Au,(SR)n NCs in a mixture of sizes
prepared by a Brust-like method were separated into 4 fractions by PAGE.*® The most
predominant fraction showed a relatively clean (ESI-MS) spectrum (implying high
monodispersity), which allowed the authors to assign a molecular formula of
Au,g(SG)6 (corrected later by Negishi et al.® to be Aups(SG)is). Using improved
sampling and electrophoresis methods, Negishi et al. were able to isolate 9 fractions
from a similar mixture of differently sized Aun(SG)m NCs prepared by a Brust-like

method.®2 A careful ESI-MS analysis disclosed these 9 fractions as monodisperse
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Aun(SR)m with (n m) = (10 10), (15 13), (18 14), (22 16), (22 17), (25 18), (29 20), (33
22) and (39 24). Very recently, Yu et al. also applied PAGE to isolate a highly
luminescent (emission maximum at 665 nm with a QY of ~8%, A« = 520 nm)
AU, (SG)y NC species from a mixture of Aun(SG)m NCs produced by the CO-
reduction of Au(l)-SG complexes.”® The high monodispersity of the isolated highly
luminescent Aun(SG)m NC species allowed the authors to assign a molecular formula
of Aux(SG)1s by ESI-MS. Likewise monodisperse Agn(SR)m NCs could also be
isolated by PAGE. The monodisperse Ags»(SG)1s NCs of Guo et al.*® are one such

example.
2.2.1.3 Liquid Chromatography

Despite the success of PAGE in the separation of charged M,(SR), NCs in agqueous
solution, the use of PAGE for separating Mn(SR), NCs in organic solution can be
limited by compatibility issues between the polyacrylamide gel and organic solvents.”
Liquid chromatography, which is extensively used in the purification of organic
compounds, would be a good alternative in this case. Size exclusion chromatography
(SEC) and high performance liquid chromatography (HPLC) are two common liquid
chromatography techniques used for the separation of organic soluble Mp(SR)m
NCS.41,44,85,126-128

SEC separates M;(SR), NCs based on their sizes, where larger My(SR)m NCs are
eluted before the smaller ones. The resolution of SEC can be significantly improved
by cycling the SEC procedure, where M,(SR), NC fractions are allowed to repeatedly
pass through the SEC column.” The cycling-SEC technique was used by Tsunoyama
et al. to successfully isolate a series of Aun(SCigHss)m NCs (where SCigHs3s is 1-

octadecanethiolate) into discrete core masses (as AunSm) of ~8, 11, 21, and 26 kDa.®

29



Chapter 2

Aun(SR)m NCs with a Au,Sy, core mass of ~11 kDa were also isolated by Qian et al.
using a similar cycling-SEC method.'® Qian et al. further characterized this Auy(SR)m
NC species by ESI-MS and assigned a molecular formula of Auss(SR)s1.*? Qian et al.
also demonstrated the capability of SEC to isolate Aus(SC,HsPh),4 NCs from a
mixture of closely-sized Ausg(SCoH4Ph)24 and Auso(SCoH4Ph)24 NCs.2” Very recently,
SEC was used by Crasto et al. to purify Auso(S-t-Bu)ig NCs (where S-t-Bu denotes
tert-butanethiolate) to a level high enough for the crystallization of Auszo(S-t-Bu)is
NCs.*

HPLC could differentiate M,(SR)m NCs not only by size but also by the polarity of
the ligand shell. It should be noted that the polarity of Au,(SR)m NCs is also
dependent on the NC size."*'?° Based on the size-sensitive polarity, Negishi et al.”’
isolated Au130(SCi2Hzs)50 and  Auig7(SCioHzs)es NCs  (where SCioHps is 1-
dodecanethiolate) from a mixture of Aun(SCi2Hzs)m NCs (containing mostly
Au102(SC12H25)aa, AU130(SC12H25)s50, AU144(SC12H25)60 and Auig7(SCi2Hz2s)es NCs) in a
reverse-phase HPLC column based on the size of the Au,(SR)m NCs. The polarity
difference caused by the heterogeneity of thiolate ligands in the shell of mixed-thiolate
protected M(SR)m NCs could be sufficient to drive HPLC separation. For example,
Niihori et al. prepared Au,s(SCi12H25)18-x(SC2H4Ph)x and Ausg(SCi2H25)24-x(SC2H4P)
NCs by the ligand exchange reactions of Au,s(SCioH2s)1s and Ausg(SCioHzs)24
respectively with 2-phenylethanethiol (H-SC,H4Ph).** The mixed-thiolate protected
Auys and Auzg NCs were then separated by reverse phase HPLC where monodisperse
NCs in all possible ligand combinations (i.e., x = 1-18 for Auus(SCi2H2s)1s-
x(SC2H4Ph)x NCs, and x = 1-24 for Ausg(SCi2H25)24x(SC2H4PhH),) were isolated as

products.
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2.2.2 Chemical Selection Techniques

Although physical separation methods are able to refine M,(SR), NCs to a
sufficiently high monodispersity, the laboriousness of the separation procedures
inevitably leads to a low production rate.*** Such drawbacks can be largely avoided
by using a chemical selection approach (Route Il in Figure 2.5). In a chemical
selection approach, ligands that can strongly coordinate to the metal atoms (typically
known as the etchants, e.g., thiol) are used to etch a population of polydisperse
Mn(SR)m NCs. The etching reaction introduces natural size selection based on the size-
dependent reactivity of the polydisperse M,(SR), NCs, where the less stable sizes are
eliminated and the more stable sizes survive.™ Since such etching reactions typically
result in a very narrow size distribution (ideally to a lone survivor) for the M,(SR)m

NCs, they are also frequently referred to as “size-focusing” reactions.*®

2.2.2.1 Size-Dependent Stability of My(SR)m NCs: The Foundation of “Size-

Focusing”

The size-dependent stability of M,(SR)m NCs, the basis of “size-focusing” reactions,
has long been recognized experimentally. Several sizes of Au,(SR)m (e.g., (n m) = (25
18),88132 (38 24),7%1% (102 44)***° and (144 60)*****) and Agn(SR)m (e.g., (N m) = (32
19),1221% (44 30)*' and (152 60)***) NCs have shown unparalleled stability over other
homologues. For example, the exceptional stability of Au,s(SR)1s NCs has been
reported by various groups in the last two decades. The observation of Schaaff et al. in
1998 on the predominance of Auys(SG)ig NCs in a mixture of Au,(SG)n NCs
produced by the NaBH, reduction of Au(l)-SG complexes (Brust-like method), is one

of the early indications of the high stability of Au,s(SR)1s NCs.'? Negishi et al. in
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2007 provided a more direct experimental evidence for the stability of Au,s(SR)1s
NCs.'® They evaluated the stability of different sizes of Au,(SG)m NCs (n = 10-39) by
reacting them with excess GSH at elevated temperature (328 K) for 3 h. Their results
showed that all Aun(SG)y, with n > 25 were converted to Au,s(SG)1g NCs while those
with n < 25 decomposed into Au(l)-SG complexes by the aggressive thiol-etching
reaction. The stability of Au,s(SG)1s NCs over other sizes of Au,(SG)m NCs was also
demonstrated by other groups; such as the works of Pradeep® and Dass®.

Although the size-dependent stability of M,(SR), NCs has been known in the
research community for a long time, the origin of the size-dependent stability is still
under debate. Walter et al. suggested that the stability of Mp(SR), NCs could be
predicted by the “superatom electronic theory” based on their valence electron count
(electronic effect).”* The total valence electron count (Na) of a NC species
[Mn(SR)m]? could be calculated by the equation

Na=nxXVa-m-z (2.11)
where V4 is the number of valence electrons per metal atom (Va = 1 for Au and Ag),
and z is the net charge of the NC. According to the “superatom electronic theory”, the
valence electrons of M,(SR),, NCs are delocalized and filled the superatom electronic
orbitals (S, P, D, F...) via an appropriate aufbau rule, i.e. 1S%1P°|1D*°[2S8%1F%...
Mn(SR)m NCs with Na corresponding to a shell-closing electronic structure (i.e., Na =
2, 8, 18, 34...) are expected to be stable. The “superatom electronic theory” has been
proven to be successful in explaining the unique stability of a number of Mp(SR)n,
NCs. These Mp(SR)m NCs include Aun(SR)m NCs: [Auxs(SR)ig]” (18 e-), and
[AU102(SR)44]° (58 e-); and Agn(SR)m NCs: [Agas(SR)z0]"*" (18 e-) and [Agis2(SR)s0]’

(92 e-).
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However, the “superatom electronic theory” alone could not rationalize the good
stability of some M,(SR), NCs with a non-shell-closing Na (e.g., Aun(SR)m NCs:
[Auzs(SR)16]° (17 €-), [Auzs(SR)1s]™ (16 €-), [Auss(SR)24]° (14 €-), and [Au144(SR)e0]’
(84 e-); and Agn(SR)m NCs: [Ags2(SR)1g]° (13 e-)). The most striking finding is the
comparable stability of [Auzs(SR)1s]° NCs with z = +1, 0, and -1, corresponding to Na
= 16, 17 and 18 respectively.''? Based on these observations, Tsukuda and coworkers
suggested that structural factors, in addition to electronic effect, also contributed to the
stability of Mn(SR)m NCs.'* They reasoned that the structural anisotropy of Mn(SR)m
NCs could cause deviations from the “superatom electronic theory” which is based on
a spherical shell assumption.**®

Although the origin of NC stability is still unclear, the size-dependent stability of
Mn(SR)m NCs can be used to narrow the size distribution of a polydisperse sample by
presenting an aggressive chemical environment (e.g., thiol-etching reaction). This
stability-based principle (chemical selection) was first used in the synthesis of
Auys(SR)15 NCs. Zhu et al., aged mixed sizes of Au,(SC,H4Ph)m NCs in excess of H-
SC,H4Ph overnight at room temperature. Au,s(SC,H4Ph)1s NCs were the dominant
species in the product (judging from the UV-vis spectrum of the final product where
the characteristics of Au,s(SR)1s NCs were shown).®” The authors also found that the
purity of Au,s(SC,H4Ph)15 NCs could be further improved (evidenced by more distinct
UV-vis absorption features of Au,s(SR)1s NCs) by prolonging the aging time in thiol

and optimizing the solvent polarity.**

As an attempt to gain some insights on the
predominance of Au,s(SC;H4Ph)1g NCs in the thiol-etching reaction, Dharmaratne et
al. followed the evolution of mixed sizes of Au,(SC,;H4Ph), to monodisperse

Auys(SCyH4Ph)1s NCs in excess thiol with time by matrix assisted laser

desorption/ionization mass spectrometry (MALDI-TOF-MS).28 The occurrence of a
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“size-focusing” process was confirmed (Figure 2.6a) where Au,(SC,H4Ph)y, NCs with

a broad size distribution (n = 25-102, top line in Figure 2.6a) slowly transformed into

monodisperse Au,s(SC,H4Ph)1g NCs (bottom line in Figure 2.6a) over a course of 3 d

of etching in excess thiol. A similar “size-focusing” approach was also used by

Muhammed et al. for the synthesis of monodisperse water soluble Auys(SG);g NCs.*

a 25 38 ~44 68 102  Au atoms b 38 Au atoms
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Figure 2.6 MALDI-TOF-MS spectra of Au,(SR), NCs mixtures in the “size-focusing”

(thiol-etching) synthesis of (a) Au,s(SR)1s, (b) Ausg(SR).4 and (c) Aui(SR)so NCs at different
reaction times. The asterisked peaks in (a) and (b) indicate fragments of Au.s(SR)is and
Auzs(SR),s NCs, respectively. (a-c) were adopted from Refs.(*®), (), and (*) respectively with
the permission of the American Chemical Society.
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2.2.2.2 Size Distribution of Starting M,(SR), NCs: A Determining Factor for the

Size of Final Product

An appealing feature of the “size-focusing” approach is its size-tunability. For
example, stable Aun(SR)nm NCs in other sizes (v.s. Auys(SR)1s NCs) could be
synthesized in atomic precision monodispersity, by controlling the size distribution of
the staring polydisperse Aun(SR)m NCs. Figure 2.7 shows how this can be done. In
essence the staring polydisperse Au,(SR)n NCs needs to be in a size range where only
one stable size prevails. The thiol-etching reaction can then be applied to narrow the
size distribution to that stable size. Based on this principle, Jin and coworkers

79,140 and

succeeded in applying “size-focusing” to the synthesis of Auzg(SR)24
Au144(SR)6>*** NCs. They controlled the size distribution of the starting polydisperse
AU (SR)m NCs to fall within a proper range (25 <n < 102, top line of Figure 2.6b) by
manipulating the solvent polarity, and successfully converted the polydisperse
Aun(SR)m NCs into Auzg(SR)24 NCs via thiol-etching reaction in 40 h (bottom line in
Figure 2.6b).” If polydisperse Au,(SR)m NCs with high initial sizes (n > 102, top line

in Figure 2.6¢) were used as the starting material, the “size-focusing” thiol-etching

produced monodisperse Au(SR)so NCs (bottom line in Figure 2.6¢) instead.®

Au,(SR),,
e.g. n=25 38 102 144
W "'J:z,‘ w as |
At
Figure 2.7 Schematic illustration of the working principle of the “size-focusing”

approach to the synthesis of monodisperse M,(SR)m NCs. Aun(SR), NCs were used as
examples. Adopted from Ref.(**") with the permission of the American Chemical Society.
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Equipped with the above knowledge, researchers were capable to synthesize a
series of monodisperse Mp(SR)n NCs in atomic precision, through the deliberate
control of the conditions for the starting polydisperse M,(SR), NC formation and the
thiol-etching reaction (e.g., reaction temperature, stirring rate, solvent polarity, type
and quantity of reductant, and type and quantity of thiol). Monodisperse M,(SR)m NCs
which have been prepared this way include: Au,(SR)m NCs: (n m) = (19 13),** (20
16),'* (23 16),°" (24 20)," (25 18),°"*" (30 18),% (36 24),”% (38 24),**"% (64
32)"*, (99 42)* and (144 60)*; and Agn(SR)m NCs: (n m) = (7 4),"* (9 6),” (16 9)®

and (280 120)'*’.

2.3 Self-Assembly of M,(SR),, NCs

The self-assembly of M,(SR) NCs is of interest to both basic and applied research
of NCs. For basic research, the ability to assimilate M,(SR)m NCs into 3D ordered
structures (Mn(SR)m NC supracrystals or Mp(SR) NC-SCs) could facilitate the crystal
structure determination of M,(SR)m NCs by X-ray crystallography, an essential first
step in the establishment of reliable structure-property relations.?***?® For applied
research, the self-assembly of M,(SR), NCs into hierarchical structures could offer a
means for customizing the NC properties, via the coupling effects between
neighboring Mn(SR);m NCs.*°%°2 Despite these motivations, the self-assembly of
Mn(SR)m NCs is still in the very early stages of development. Only limited successes
have been reported to date on the self-assembly of M,(SR), NCs. The successful
attempts were based primarily on two categories of methods: 1) template-assisted self-
assembly, and 2) template-free self-assembly. In the review below, we will focus on

the structural orderliness of Mn(SR)m NC assemblies prepared by these methods; since
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the structural orderliness of Mp(SR),, NC assemblies is critical to post-assembly

investigations (especially to crystal structure determination of M(SR)m NCs).2*2
2.3.1 Template-Assisted Self-Assembly

Soft-templates, which are easy to remove after the assembly, are often used in
template-assisted self-assembly to create ordered free-standing M,(SR)m NC-SCs.%4®
Liquid-liquid interface is the most common soft template used to guide the self-
assembly of M,(SR)m NCs.%2%3

Wang et al. reported the in-situ formation and self-assembly of Aun(SC12H25)m NCs
at water/octadecane (ODE) interface.®” In their method, organic-soluble Au(lIl)-
SCioH2s complexes (the +3 oxidation state of Au was inferred from the X-ray
photoelectron spectrum (XPS) of the authors) were reduced by a weak water-soluble
reductant (formaldehyde) at the water/ODE interface to Au,(SCi12H2s)m NCs. The core
diameter of the NCs was 1.8 +0.3 nm according to transmission electron microscopy
(TEM). The authors, however, did not attempt a precise determination of the (n m)
values. The in-situ generated Aun(SCi2Hzs)m NCs were found to spontaneously
organize into ribbon-like assemblies (~50-100 nm in width and ~20-30 pum in length)
at the water/ODE interface. High resolution TEM (HR-TEM) images suggest that the
Au,(SC12H25)m NCs were orderly aligned in the ribbon-like assemblies with an inter-
NC spacing of 3.3 nm. The ordered arrangement of Aun(SCizHzs)m NCs was
confirmed by X-ray diffraction (XRD) analysis, where a regular inter-layer spacing (d)
of 3.2 nm (consistent with the 3.3 nm in TEM measurements) could be calculated. It is
worth noting that these ordered assemblies of Au,(SC12H25)m NCs exhibited enhanced

emission maximum at 598 nm (QY = 13.3 %, Aex = 360 nm), which was different from
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randomly aggregated Aun(SCi2H25)m NCs (QY = 6.7 %, Aex = 360 nm). The cause for
the structural-orderliness-induced luminescence enhancement has yet to be understood.

The templating effect of the liquid-liquid interface was also put to good use by Wu
et al. to arrange Aun(SCi2H25)m NCs (core diameter = 1.5 0.3 nm) into sheet-like
structures.®® The liquid-liquid interface used in their study was formed by the micro-
phase-separation of two miscible nonvolatile solvents (e.g., dibenzyl ether (DE) and
liquid paraffin (LP)) at high temperature (e.g., 413 K). Heating a DE/LP (88/12 v/v)
solution of Aun(SC12H25)m NCs at 413 K for 1 h led to the formation of a single-NC-
thick sheet-like structure (~300 nm in width and ~200-1000 nm in length). TEM
analysis revealed a semi-ordered arrangement of Aun(SCi2H25)m NCs in the sheet-like
structure with both ordered and disordered packing domains in each sheet. The authors
suggested that the self-assembly of Au,(SCi2H25)m NCs at the DE/LP interface was a
result of surface energy minimization, and the generation of ordered domains in the
sheet-like assembly was thermodynamically favored and kinetically promoted by the
heat treatment. Since the luminescent property of the Aun(SCi2H25)m NCs (emission
maximum at 600 nm under Aex = 320 nm) was largely retained after self-assembly, the
single-NC-thick sheet-like Au,(SC12H25)m NC assembly was said to be useful for the
construction of ultra-thin optical devices for real world applications.

While the liquid-liquid interface is a good template to align M,(SR)m NCs into
ordered 2-dimensional (2D) structures, the inherent lack of a third dimension in any
liquid-liquid interface suggests that such a soft template is not suitable for the growth
of 3D ordered M,(SR)m NC assemblies. Given that there are very few 3D templates
for self-assembly and the inherent disadvantages of 3D templates (e.g. added

complexity to the assembly system and hard to remove after assembly),*”® one may
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have to rely on template free approaches to assemble M,(SR), NC into free-standing

3D ordered structures.

Table 2.3 Summary of successful crystallization of Mn(SR), NCs (M = Au or Ag).
The crystallization method, and the shape and space group of Mp(SR);,, NC-SCs are
given in this Table.

No. M (SR)m NCs* M,(SR), NC-SCs Ref.
Shape (Space Group) Crystallization
Method
1 Au;(p-MBA) 44 Needle-like (C2/c) Protein-like 2440
crystallization
2 Au;0(p-MBA) 4(p-BBT), N.A. (C2/c) Protein-like o
crystallization
3 Ausg(SC,H,Ph),, N.A. (P-1) Liquid-liquid diffusion | ©
4 Augs (SPh-t-Bu),, Rhombic-shaped (C2/c) | Liquid-liquid diffusion | *°
5 AuzoS(S-t-Bu)sg Rhombic-shaped (P-1) | Vapor-liquid diffusion | *
6 Au,g(SPh-t-Bu) Rhombic-shaped (P-1) Liquid-liquid diffusion | *°
7 Ausg 3Ads7(SCHAPh) 16 N.A. (P-1) Vapor-liquid diffusion | >
8 Au,s5(SC,H,Ph) 4 Needle-like (P-1) Liquid-liquid diffusion | %
9 Aly; (S-c-CeH11) 16 N.A. (Ccca) Vapor-liquid diffusion | °'
10 Aga(p-MBA) Rhombic-shaped (R-3c) | Slow evaporation 2
11-12 | Agu(SPhF,)z0, x =1 0r 2 Rhombic-shaped (P-1) | Liquid-liquid diffusion |
13 AQu(SPNCF3)3 N.A. (P21/n) Liquid-liquid diffusion | %
14-15 | AupAgso(SPhFy)s, x=10r2 | N.A. (P-1) Liquid-liquid diffusion | %
16 Au,AQs0(SPNCF3)3 N.A. (P21/n) Liquid-liquid diffusion | %

* p-BBT = p-bromobenzene thiolate, SPhF = 4-fluorothiophenolate, SPhF, = 3,4-difluorothiophenolate,

and SPhCF; = 4-(trifluoromethyl)thiophenolate.
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2.3.2 Template-Free Self-Assembly

Many of the template-free self-assembly approaches demonstrated in the past
decade were based on the crystallization of monodisperse Mn(SR)m NCs.%*% While
the topic has drawn a significant amount of interest and research activities, the
crystallization of M,(SR), NCs remains to be a great challenge and only a limited
number of successful attempts were reported. A summary of the successful

crystallization of Mp(SR)m NCs to date is given in Table 2.3.
2.3.2.1 Crystallization Approaches

Based on the information in Table 2.3, M,(SR)n NCs could be crystallized by
mainly 4 approaches: 1) liquid-liquid diffusion, 2) vapor-liquid diffusion, 3) slow
evaporation, and 4) protein-like crystallization.

The liquid-liquid diffusion method involves the slow diffusion of a poor solvent (in
the liquid state) to the Mp(SR), NC solution, gently altering the polarity of the
Mn(SR)m NC solution to induce the formation of Mp(SR), NC-SCs. Yang et al., for
example, were able to grow 6 different single-crystalline M12Ag30(SR)30 NC-SCs,
where M = Ag or Au, and SR = SPhF (4-fluorothiophenolate), SPhF, (3,4-
difluorothiophenolate), or SPhCF3 (4-(trifluoromethyl)thiophenolate) (6 = 2 < 3, see
No. 11-16 in Table 2.3) by this method.?® In the growth of Agas(SPhF)sy NC-SCs, the
authors infused a poor solvent (hexane) into a dichloromethane (DCM) solution of
Ad44(SPhF)3, NCs at a reduced temperature (277 K, for a slow diffusion rate) to
induce crystallization.”® Single-crystalline rhombic-shaped Agas(SPhF)sy NC-SCs (P-1
space group) were obtained after a slow SC growth lasting for 10 d. Other

M12Ag32(SR)30 NC-SCs were grown similarly (layering hexane into DCM solutions of
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NCs).? The liquid-liquid diffusion approach was also used by Jin and coworkers for
the crystallization of selected Aun(SR)m NCs (i.e., Ausg(SCH4Ph)2s,® Ause(SPh-t-
Bu)2s,”® Aug(SPh-t-Bu)zo,® and Auas(SCHsPh)is NCs,® No. 3, 4, 6 and 8
respectively in Table 2.3). In these works, ethanol (poor solvent) was mixed with a
DCM or toluene (good solvent) solution of monodisperse Au,(SR)m NCs. Single-
crystalline Au,(SR);,, NC-SCs could be formed after 1-5 d of still incubation at
ambient conditions (298 K and 1 atm). Crystallization was made possible by the slow
diffusion of ethanol into the DCM or toluene solvation layer of Aun(SR)m NCs, which
caused the de-solvation of Au,(SR)n, NCs from DCM or toluene to induce
crystallization. The de-solvation induced crystallization approach was also used by
Heaven et al. for the crystallization of Au,s(SC2H4Ph)1s NCs (No. 8 in Table 2.3).%°
The vapor-liquid diffusion approach is similar to liquid-liquid diffusion, except that
the poor solvent (a volatile liquid) is introduced to the M,(SR), NC solutions in vapor
form. Das et al. slowly diffused pentane (a poor solvent) vapor into a DCM solution of
Au3(S-c-CgHa1)16 NCs over a period of 1-2 d under ambient conditions, and reported
the formation of single-crystalline Auys(S-c-CsH11)16 NC-SCs (Ccca space group, No.
9 in Table 2.3).>" Crasto et al. obtained single-crystalline rhombic-shaped AusoS(S-t-
Bu);s NC-SCs (P-1 space group, No. 5 in Table 2.3) via the slow diffusion of ethanol
vapor into a toluene solution of Aus(S-t-Bu)ig NCs over a period of 7-10 d.**®
Interesting an additional S atom was added to the Aus(S-t-Bu)is NC during
crystallization, giving rise to AuzS(S-t-Bu)1g NC-SCs instead of Auso(S-t-Bu);g NC-
SCs. The mechanism for the crystallization-induced transformation of Ausy(S-t-Bu)ig
NCs to AuzeS(S-t-Bu)1g NCs is not known to date. The diffusion of ethanol vapor into
toluene solution of M,(SR), NCs was also used by Kumara et al. to produce single-

crystalline SCs (P-1 space group, No. 7 in Table 2.3) of Auzs.xAgx(SC,H4Ph)15 NCs
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with heterogeneous cores of different alloy compositions (the statistical molecular
formula was Auigs3Ags7(SC2HsPh)1s based on their X-ray crystallography data).”® The
successful co-crystallization of Auzs.xAgx(SC2H4Ph)1g NCs despite variations in core
compositions could be attributed to the similar sizes of Au and Ag atoms,™*® which
allowed the retention of geometry and size uniformity in the variously constituted
AUzs.yAgy(SC,H4Ph)15 NCs.

In addition to changing the solvent polarity, as in the case of liquid-liquid or vapor-
liquid diffusion, the crystallization of M,(SR), NCs could also be induced by the slow
evaporation of solvent. This method was demonstrated by the Bigioni group for
crystallizing Agas(p-MBA)s; NC-SCs (where p-MBA is p-mercaptobenzoic acid)?’
from the dimethylformamide (DMF) solution of Agu(p-MBA)3; NCs. Single-
crystalline rhombic-like Agss(p-MBA)3g NC-SCs (R-3c space group, No. 10 in Table
2.3) were formed after the slow evaporation of DMF by bubbling Ar for 1-3 d. The
bubbling of Ar was critical to this protocol, since DMF is a nonvolatile solvent hard to
evaporate at ambient conditions. It is worth noting that the p-MBA ligands (each p-
MBA ligand carries a carboxyl group) of Ags(p-MBA)s;; NCs need to be fully
protonated before Agas(p-MBA)3o NCs could be dissolved in DMF, and the hydrogen
bonds (H-bonds) thus developed between the protonated p-MBA ligands promoted the
crystallization of Agas(p-MBA)3, NCs (more discussion later in §2.3.2.2).%*

Mn(SR)m NCs with amino acid like surface functionalities (e.g., carboxyl group)
may be crystallized in ways similar to proteins, given the comparable size between
Mn(SR)m NCs and proteins. The first successful crystallization of Mp(SR), NCs by a
protein-like crystallization method was in 2007, by Jadzinsky et al®*. Jadzinsky and
coworkers dissolved Aujo(p-MBA)4s NCs in a water/methanol (54/46 v/v) mixture,

followed by slowly “salting out” the dissolved Auig(p-MBA)s, NCs at high ionic
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strengths (by adding sodium chloride and sodium acetate to the solution to final
concentrations of 300 mM and 100 mM respectively) at a target pH (~2.5).2* Single-
crystalline needle-like Aujgz(p-MBA)as NC-SCs (C2/c space group, No. 1 in Table 2.3)
were formed after “salting out” the NC solution for 1-3 d. A similar protein-like
crystallization method was also used by Heinecke et al. for the growth of single-
crystalline Aup2(p-MBA)40(p-BBT)4 NC-SCs (C2/c space group, No. 2 in Table 2.3,
where p-BBT is p-bromobenzene thiolate).®* The Augo(p-MBA)4o(p-BBT), NCs were
prepared by partially displacing the MBA ligands with the p-BBT ligands in the ligand

exchange reaction of Au;oa(p-MBA)4s NCs with p-BBT %
2.3.2.2 Interactions Promoting the Crystallization of M,(SR),, NCs

Different from the template-assisted methods where the organization of My(SR)n
NCs is guided by the template, the self-assembly or crystallization of Mp(SR), NCs in
template-free methods is driven by the affinity interactions between M,(SR)m NCs.
Thus an analysis on the inter-NC interactions which promote the crystallization of
Mn(SR)m NCs, will be useful for understanding the genesis of ordered structures in
M;(SR)m NC-SCs.

First of all, depletion forces (entropic effect) is an important consideration in the
crystallization of M,(SR), NCs. Depletion forces are well represented by the hard-
sphere model where the building blocks are treated as impenetrable spheres.®4910
According to the hard sphere model, the system entropy is maximized by organizing
the hard spheres into closest-packed structures, suggesting that the crystallization of
hard-sphere-like building blocks is thermodynamically favorable. It is worth noting

that all M,(SR),, NCs that have been successfully crystallized were protected by rigid

thiolate ligands containing either an aromatic ring (e.g., SC,H4Ph, SPh-t-Bu, SPhF, (x
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= 1-2), SPhCF3; and p-MBA) or a short but bulky alkyl group (e.g., S-t-Bu and S-c-
CsHi1). These rigid thiolate ligands could impart a rigid surface to the M,(SR), NCs.
The rigid surface, together with the uniform size and pseudo-spherical geometry of the
NCs, suggest that the Mp(SR)n NCs can be approximated well by hard spheres.
Therefore, depletion forces should contribute, at least partially, to the crystallization of
the Mn(SR)m NCs. The entropic effect has been used extensively in the construction of

NP-SCs. For example, Murray and co-workers have prepared 15 different NP-SCs

151-152

based on depletion forces.

Figure 2.8 (a-b) m-n stacking interactions and (c-d) H-bonding in M,(SR),, NC-SCs. (a)
Crystal structure of packed Auig(p-MBA)4(p-BBT), NCs. (b) Expanded view of the boxed
area in (a), showing the m-m stacking interactions between neighboring Auig(p-MBA)4(p-
BBT)4 NCs; a ball-and-stick model is used to show the p-BBT ligands in the boxed area (dark
red = Br, red = O, grey = C, white = H, green = S, and yellow = Au). (c) Crystal structure of
packed Agu(p-MBA)s, NCs; the arrows indicate the unit cell vectors a and 1/2c of triclinic
Agu(p-MBA);; NC-SCs. (d) Expanded view of the boxed area in (c), showing the formation
of H-bonds between neighboring Ags(p-MBA)3, NCs (orange = O, grey = C, and dark grey =
H). (a-b) were adopted from Ref.(***) with the permission of the American Chemical Society;
and (c-d) were adopted from Ref.(**) with the permission of the Nature Publishing Group.
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In addition to depletion forces, the interactions between M,(SR) NC surfaces due
to the intermolecular bonding of the thiolate ligands (e.g., n-x stacking interaction and
hydrogen bonding), could also influence the crystallization behavior of Mp(SR)n NCs.

53,154-155 the

While each intermolecular bond is weak (e.g., ~ksT at T = 298 K),
multitude of such intermolecular bonds between two surfaces can result in strong
surface interactions. This is especially so when the surface-to-volume ratio is high, as
in the case of Mp(SR)m NCs.

n-n stacking interaction is a prevalent attractive interaction in all w systems. The
binding energy (B.E.) arising from the n-n stacking interaction is typically ~0.08-0.14
eV at room temperature (~3.2-5.6 kgT at T = 298 K).'***® |t has been well
documented that m-m stacking interaction is the origin of molecular recognition
chemistry and drives the self-assembly of DNAs, proteins and other molecules with
aromatic rings.™"**° Since phenyl group is a common surface functionality among the
Mn(SR)m NCs which have been successfully crystallized, n-n stacking interaction is
likely to be a contributor, if not a significant one. This inference has been supported by
the DFT calculation of Gao et al.**® who simulated the packing behavior of Ausg(p-
MBA)40(p-BBT)4 NCs based on the crystal structure of Aup2(p-MBA)4o(p-BBT)4 NCs

reported by Heinecke et al.*

As shown in Figure 2.8a-b, the spacing between the
phenyl rings of p-BBT ligands on two neighboring NCs is about 3.40 A (calculated
value), which is the typical distance for n-n stacking interaction.’***** The authors
further demonstrated (via DFT calculations) that the formation of n-m stacking
interaction could reduce the total energy of Auig(p-MBA)4(p-BBT)s NC-SCs and
thus stabilize the NC-SCs.'**

H-bond formation is an attractive interaction which occurs between two highly

electronegative centers (e.g., N, O and F atoms) and a bridging hydrogen atom
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between them. The B.E. of H-bonds at room temperature could vary from ~0.1-0.4 eV
(~4.0-16 kgT at T = 298 K).>*'*® The involvement of H-bonds in molecular crystal
engineering has been quite extensively investigated and reported.**>***" H-bonds
were likely involved in the formation of Ags(p-MBA)s and Auiga(p-MBA)44 NC-SCs
since they could be easily established between the carboxyl groups of p-MBA ligands.
This was especially so in the case of Agss(p-MBA)3; NC-SCs which were built from
the fully protonated form of p-MBA ligands.”’ The involvement of H-bonds in Agas(p-
MBA)3;; NC-SCs was proven in a very recent publication of Yoon et al., which
showed all of the 30 p-MBA ligands per NC formed intermolecular H-bonds with the
p-MBA ligands from neighboring NCs (Figure 2.8c).** Figure 2.8d shows that each
pair of p-MBA ligands could form two H-bonds in Ag(p-MBA)3, NC-SCs,
suggesting that each NC bonds to the neighboring NCs via 60 H-bonds. A elaborate
H-bond network is thus formed which should be strong enough to keep the Agas(p-
MBA)3; NCs together in the SCs. This corollary was confirmed by comparing the
calculated H-bond energy with the cohesive energy of the Agss(p-MBA)s, NC-SCs.
The comparison showed that the H-bond energy dominated the cohesive energy of
Agas(p-MBA )30 NC-SCs with only trace contributions from other interactions.®*

In summary, the assembly of M,(SR)n NC-SCs into a long-range 3D ordered
structures can be based on depletion forces, intermolecular forces, or both. Depletion
force assembly is promoted by the use of high quality hard-sphere-like building block
NCs; and this requires the NCs to be prepared with high monodisperse of size and
structure, and protected by thiol ligands to provide a rigid surface. Since
intermolecular interactions (e.g., n-n stacking interaction and H-bonds) are mostly
surface forces; the deliberate control of the Mn(SR)m NCs surface chemistry (e.g. via

post-synthesis modification through ligand exchange reactions) should also be
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considered to promote self-assembly. In extreme cases as has been shown in previous

work, the latter may even dominate the crystallization of M,(SR),, NCs.
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CHAPTER3 SYNTHESIS OF BUILDING
BLOCKS WITH ATOMIC PRECISION:
THE CASE OF AU;5(SR);3 AND AU;5(SR) 14

NANOCLUSTERS

3.1 Introduction

It is current interest to use NC assembly for structural determination and for
diversifying the application potential of M.(SR)n NCs.2*?"% As extensively
demonstrated in precedent chapters, NC size has a determining influence on the
structure and properties of the M,(SR),, NCs, and a high size monodispersity could
technically facilitate the self-assembly process. Thereby, the development of size-
property relationships and property engineering principles can be made more
comprehensive if the building blocks (i.e., Mn(SR) NCs) are available in a wide
range of sizes (e.g., n = several to a few hundred), with atomic precision size
monodispersity and in sufficiently large quantities.

In this chapter Au,(SR)n NCs are used as the model system to demonstrate
atomically precise size monodispersity control and size tuning in NC synthesis. In the
earlier days of NC synthesis, Au,(SR)n NCs were often produced in a mixture of sizes

and then size-sorted by various high resolution separation technique such as solubility

40,84,108,120 8,11,125,162-163

based  fractionation, gel  electrophoresis and liquid
chromatography®*#12612 stable Aun(SR)m NCs with core sizes of n = 15, 18, 25, 30,

38, 55, 68, 102, 130, 144, and 187 were obtained this way.?33108:112120128 The |ast two
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decades have witnessed the growth in the use of direct synthesis approaches to
circumvent the laborious post-synthesis size sorting process. “Size-focusing” is one
such direct synthesis method. In a typical “size-focusing” synthesis, Au,(SR)n NCs
(typically in a broad size distribution) are formed by reacting Au(l)-SR precursor
complexes with a strong reducing agent (e.g., NaBH;). This is followed by a
thermodynamically driven “size-focusing” process where excess thiol ligands are used
to gradually decompose the metastable NC species.”#878913L144145  gply  the
thermodynamically stable NCs survive through the “size-focusing” process to appear
in the final product. The “size-focusing” method has been successful for the
preparation of medium and large (n = 19, 25, 38, 64, 99 and 144)"%8789.141.144-145
Aun(SR)m NCs.

In comparison to Au,s, Ausg and Auisq NCs, smaller Au, NCs (e.g., n < 18) are less
stable and readily decomposed to Au(l)-SR complexes in “size-focusing” step.** The
metastability of these small NCs, on the one hand, suggests their critical role in
understanding the origin of cluster stability; but on the other hand, makes “size-
focusing” method less effective in preparation of these NCs. A possible strategy is to
kinetically trap Au NCs into well-defined small sizes (kinetic trapping). Since the
formation of NCs in well-defined sizes is in principle achievable through a deliberate
control of the kinetics of precursor reduction and NC growth, we posit that a relatively
weak reducing agent and suitably low concentrations of the reducing agent and Au(l)-
SR complexes would provide a mild reaction environment and hence more
controllability in the formation of small Au NCs in high monodispersity.

The work in this chapter aims to fill the current technology gap in the synthesis of
monodisperse Aun(SR)m NCs in the small size range (n < 18). Specifically a one-pot

two-phase strategy was developed for the preparation of Au NCs as Auis(SR)13 and

49



Chapter 3

Aui3(SR)14 species with atomic precision. A mild reductant (borane tert-butylamine
complex or TBAB), the equilibrium partition of TBAB between water and an organic
phase, and the aggregation-dissociation equilibrium of Au(l)-SR complexes were used
in tandem to create an unvarying mild reaction environment most conducive for the

creation of Au;5(SR)13 and Auig(SR)14 NCs in aqueous solution in high purity.

3.2 Experimental Section

3.2.1 Materials

Hydrogen tetrachloroaurate(lll) trihydrate (HAuCl, 3H,0) from Alfa Aesar; L-
glutathione reduced form (GSH), borane tert-butylamine complex (TBAB) and
sodium borohydride (NaBH4) from Sigma Aldrich; nitric acid (HNO3) from J. T.
Baker; ethanol and sodium hydroxide (NaOH) from Merck; and toluene from Tedia
were used as received without further purification. Ultrapure Millipore water (18.2
MQ) was used for the preparation of all aqueous solutions. All glassware was washed

with aqua regia and rinsed with ethanol and ultrapure water before use.

3.2.2 Synthesis of Au NCs

3.2.2.1 Synthesis of Auis(SR)13 NCs

Stock aqueous solutions of GSH (20 mM) and HAuUCI, (10 mM) were prepared in
ultrapure water. A 10 mM TBAB solution in toluene was freshly prepared by
dissolving 34.8 mg TBAB in 40 mL of toluene. 0.75 mL of the GSH stock solution
and 0.5 mL of the HAuCl, stock solution were added to 3.75 mL of ultrapure water.

The pH of the mixture was then adjusted to ~2.0 by adding 1 M HNO3 until the target
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pH was reached. The mixture was then incubated for 5 min for the Au(l)-SG
complexes to form. A semi-translucent dispersion (Figure 3.2, no. 1) was obtained. 5
mL of the 10 mM TBAB solution in toluene was then added to the Au(l)-SG complex
dispersion. The growth of NCs occurred for 4 h under vigorous stirring (1000 rpm).
The light-yellow solution obtained at the end of the procedure was centrifuged at 5000
rpm for 5 min to remove the insoluble species. The resulting supernatant was purified

by a PD-10 desalting column into a light-yellow effluent (the final product).

3.2.2.2 Synthesis of Auig(SR)14 NCs

The procedure was similar to the preparation of the Auis(SR)13 NCs except for
some minor changes. The pH of the aqueous solution was increased to ~2.7 (by adding
1 M NaOH) where a cloudy dispersion of Au(l)-SG complexes was formed (Figure
3.2, no. 2). The TBAB reduction time was increased to 10 h because of the slower
reduction kinetics at this pH (fewer free Au(l)-SG complexes available, see detailed
discussion in 8.3). The final product was a light-brown solution after centrifugation

and purification by the PD-10 desalting column.

3.2.3 Control Experiments

3.2.3.1 Synthesis of Au(0) Nanocrystals

A fresh NaBH, solution was prepared by dissolving 43 mg NaBH, in 2 mL of 1 M
NaOH, followed by the addition of 8 mL of ultrapure water. 0.125 mL of the 10 mM
HAuUCI, stock solution (same as that in 8.2.2.1) and 0.05 mL of the freshly-prepared
NaBH, solution were added to 5 mL of ultrapure water. Reaction was completed in 5

min.
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3.2.3.2 Synthesis of Au NCs by NaBH,

1.9 mg NaBH,; was dissolved in 5 mL of an ethanol-toluene (1:4 v/v) mixture.
Ethanol was used here to increase the solubility of NaBH, in the mixed solvents. 0.75
mL of 20 mM GSH stock solution (same as that in 8.2.2.1) and 0.5 mL of 10 mM
HAUuUCI, stock solution were added to 3.75 mL of ultrapure water. After pH adjustment
to ~2.0, the dispersion was incubated for 5 min and then mixed with the NaBH,4
solution in ethanol-toluene mixture. The reaction was completed in 5 min, forming a

dark-brown solution with a featureless UV-vis absorption spectrum (Figure 3.9, no. 1).

3.2.3.3 One-Phase Synthesis of Au NCs

0.75 mL of 20 mM GSH stock solution and 0.5 mL of 10 mM HAuCI, stock
solution were added to 3.75 mL of ultrapure water. The pH of the mixed solution was
adjusted to ~2.0. After 5 min of incubation, 4.3 mg TBAB solid was added. The
mixture was vigorously stirred for 4 h and the crude product was collected after the

removal of the insoluble species by centrifugation (5000 rpm for 5 min).

3.2.3.4 Synthesis of NCs at pH ~ 10.0

Similar procedure as that in 8.2.2.1 except that the pH of the aqueous solution was

~10.0.

3.2.4 Characterization

pH was monitored by a Mettler Toledo FE 20 pH-meter. Crude products were
centrifuged by an Eppendorf Centrifuge 5424. PD-10 desalting columns with a
molecular weight cut-off (MWCQO) of 5000 Da were purchased from GE Healthcare.

The vyield of products was determined by inductively coupled plasma mass
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spectroscopy (ICP-MS) on an Agilent 7500A. UV-vis spectra were recorded on a
Shimadzu UV-1800 spectrometer. Photoluminescent (PL) spectra were recorded by a
Fluorolog spectrofluorometer. Electrospray ionization mass spectrometry (ESI-MS)
analysis was conducted on a Bruker microTOF-Q system in the negative ion mode. X-
ray photoelectron spectroscopy (XPS) was performed on a VG ESCALAB MKII
spectrometer operating at 25.0 KV. All binding energies were referenced to the C(1s)
carbon peak at 284.6 eV. Polyacrylamide gel electrophoresis (PAGE) was carried out
on a 5-lane BIO-RAD Mini-Protean unit. The acrylamide monomer contents in the
stacking and resolving gels were 3 wt% and 30 wt% (acrylamide/bis(acrylamide) = 94 :
6) respectively. The eluting buffer contained 192 mM glycine and 25 mM
tris(hydroxymethykamine). The as-synthesized Au NCs were dissolved in 5% (v/v)
glycerol-water. 0.1 mL of the sample was loaded and allowed for elution at 150 V for

6 h.

3.3 Results and Discussion

(
TBAB in toluene i

Route 1 4h
pH ~ 2.0
Au(l)-SG
intermediates

g
: TBAB in toluene

Aqueous phase

Toluene phase Route 2
pH ~ 2.7

o Au(l)-SG

aggregates
Au(l)-SG Au5(SG)yy

intermediates

Figure 3.1 Schematic illustration of the two-phase synthesis of high purity Aus(SG)13
and Aug(SG)14 NCs.
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3.3.1 Synthesis of Aui5(SR)13NCs

Glutathione (GSH or H-SG), a natural tripeptide, was the thiolate ligand in the
synthesis. The protocol as illustrated in Figure 3.1 consists of two steps. For example,
in the synthesis of SG-protected Au;s NCs, aqueous solutions of HAuCl, (0.5 mL, 10
mM) and GSH (4.5 mL, 3.33 mM) were vigorously mixed by stirring. The solution pH
was adjusted to ~2.0 where Au(l)-SG complexes could be quickly formed in water to
yield a semi-translucent dispersion (Figure 3.2, no. 1). TBAB (5 mL, 10 mM) in
toluene was then added to this aqueous dispersion and the mixture was vigorously
stirred (1000 rpm) at room temperature for 4 h (route 1 in Figure 3.1). The color of the
aqueous solution turned to light-yellow after 4 h while no color change was noticed for
toluene. An insoluble species, most likely large aggregates of Au(1)-SG complexes,™*
was removed by centrifugation. The resulting light-yellow supernatant was collected
as a crude product (inset no. 1 of Figure 3.3a). The typical yield of Aujs NCs based on
the amount of Au atoms in the starting mixture was ~44% according to inductively

coupled plasma mass spectrometric (ICP-MS) measurements.

Figure 3.2 Digital photos of Au(l)-SG complexes formed at different pH: pH ~2.0 (no.
1), 2.7 (no. 2) and 10.0 (no. 3).
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Figure 3.3 UV-vis spectrum (a) and ESI spectra (in negative ion mode; b-d) of as-
synthesized Au;s NCs. The inset of (a) shows a digital photo (no. 1) and the PAGE analysis
(no. 2) of the crude product. The dotted line in (a) shows the zero of optical absorbance of as-
synthesized Au;s(SG)1s NCs. The red line in (d) is the simulated isotope pattern of [Au;5(SG)13
—4H]*.

UV-vis spectroscopy was used to characterize the crude product. The as-
synthesized Au;s NCs showed two absorption features at 370 and 410 nm (Figure 3.3a)
which correspond well with the characteristic absorption of Au;5(SG)13 NCs reported
by Negishi et al.® The distinct absorption spectrum suggests a high monodispersity of
Auis NCs in the crude product. The absorption spectrum of the crude product after
passing through a desalting column (PD-10, GE healthcare) with 5000 Da molecular
weight cut-off (MWCO) was almost the same (Figure 3.4, solid line), confirming the
high monodispersity of Au NCs in the crude product. Further supporting evidence was
also provided by the PAGE analysis of as-synthesized Au NCs where only a single

band was found (inset no.2 of Figure 3.3a). It should be mentioned that the as-
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synthesized Au;s NCs had excellent stability in water. The loss of the optical intensity

at 370 nm was < 15% after storage at 4 °C for 4 months (Figure 3.4, dotted line).

Absorbance /a.u.

T T T T T T
200 400 600 800 1000

Wavelength /nm

Figure 3.4 UV-vis spectra of as-synthesized Auis NCs after passing through a PD-10
column: freshly prepared (solid line) and after 4 months’ storage at 4 °C (dotted line). The
inset shows the enlarged view of the boxed area.

ESI-MS was then used to determine the NC formula.**!*>1% Several intense peaks
were present in the m/z 1500 — 3000 range of the ESI-MS spectrum (Figure 3.3b). The
two most pronounced peaks at m/z ~1732 and 2312 could be assigned to
[Au15(SG)13 — 4H]* and [Auis(SG)iz — 3H]® respectively while other identifiable
peaks could be assigned to small fragmented species such as [Aus(SG)4]’, [Aus(SG)s]
and [Aus(SG)4] (see Figure 3.5 for the detailed assignment).*?>*®* The base peak at
m/z 1732.86 (#1, Figure 3.3c) was accompanied by a series of less-intense but similar-

looking peaks (#2 - #4) with two distinct spacings: 5.5 m/z (#1 to #2, #3 to #4) and 9.5
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m/z (#1 to #3). Isotope pattern analysis (Figure 3.3d, solid line) of the 1732.86 peak
(#1) indicates that the ionized NCs carried four units of negative charge (isotope peak
spacing = 0.25). Hence the molecular weight of the NCs was 6931.44 Da (1732.86 %< 4)
which is consistent with the molecular formula of [Au15(SG)13— 4H]* (the simulated
molecular weight is 6931.4; see the simulated isotope pattern in Figure 3.3d, dotted
line). The 5.5 or 9.5 m/z spacing between the ionized species in Figure 3.3c is equal to
22 Da (5.5 x4) or 38 Da (9.5 x4) respectively, which is typical of the mass difference
caused by H" dissociation and Na* or K coordination (i.e., [- H + Na] or [- H +
K]).}**®* Therefore the other ionized species in Figure 3.3c could be identified as
[Auss(SG)1s — 5H + Na]* (#2), [Auis(SG)1s— 5H + K]* (#3) and [Auis(SG)iz— 6H +
Na + K]* (#4). As an important corollary of the above ESI-MS analysis, the as-
synthesized Aui5(SG)13 was charge neutral with a total valence electron count of 2
(The total valence electron count Na of [Au,(SR)m]* was calculated by Equation 2.11).
It has been well-documented that Au,(SR)n NCs with a shell-closing electron count
(Na = 2, 8, 18, 34 ...) are stable in solution.”®” The Auis(SG)1s NCs in this study
contained 2 valence electrons, which could contribute to their good stability in

solution.
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Figure 3.5 Detailed assignment of the fragments in the ESI spectrum of as-synthesized

Aus in Figure 3.3b. L denotes the SG ligand.

3.3.2 Synthesis of Au;g(SR)14NCs

The most useful feature of this new preparation method is its size tailorability.
Monodisperse SG-protected Au;g NCs were synthesized by this method by simply
adjusting the pH of the Au(l)-SG complex solution to ~2.7 (route 2 in Figure 3.1)
while keeping other reaction conditions intact. More large aggregates of Au(l)-SG
complexes were formed at pH ~2.7, as indicated by the increased turbidity of the
dispersion (Figure 3.2, no. 2). The addition of the same amount of TBAB in toluene to
the aqueous solution of Au(l)-SG complexes, followed by 10 h of incubation at room
temperature turned the white turbid solution into a light-brown solution after
centrifugation (inset in Figure 3.6a). The as-synthesized Au NCs were purified by a
PD-10 column with a MWCO of 5000 Da. The typical yield of Au;g NCs based on the
amount of Au atoms in the starting mixture was ~58% as determined by ICP-MS. The

stability of as-synthesized Au;g NCs was similar to that of Aus NCs.
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Figure 3.6 UV-vis spectrum (a) and ESI spectra (in negative ion mode; b-d) of as-
synthesized Au;g NCs. The inset in (a) shows the digital photo of the crude product. The
dotted line in (a) shows the zero of optical absorbance of as-synthesized Au;g NCs. Peaks #1 -
#6 in (c) are assigned to [Auys(SG)1s — 4H]*, [Au1s(SG)1s — 5H + Na]*, [Auys(SG)ws — 5H +
K1*, [Au1s(SG)1s — 6H + 2Na]*, [Auis(SG)1s — 6H + Na + K]*, and [Au1s(SG)14 — 6H + 2K]*
respectively. The dotted line in (d) is the simulated isotope pattern of [Auys(SG)— 4H]".

The as-synthesized Au;g NCs were similarly analyzed by UV-vis spectroscopy and
ESI-MS. The absorption spectrum in Figure 3.6a shows the characteristic absorption
of Auig(SG)wsat 570 and 618 nm.2 The absence of other absorption features suggests
high monodispersity of the Au;g NCs in the product. A molecular formula for the Auig
NCs could be deduced from ESI-MS measurements. The three intense peaks at m/z
~1902, 1957, and 2011 in Figure 3.6b could be attributed to [Aus(SG)s],
[Aug(SG)ws — 4H]* (see the isotope pattern in Figure 3.6d) and [Aus(SG)a]
respectively. Hence on the basis of UV-vis and ESI-MS analysis, a molecular formula
of Auyg(SG)14 may be proposed. The total valence electron count of Auig(SG)14 NCs is
4 (Na = 18 x1 — 14 — 0 based on Equation 2.11), which is not a shell-closing electron

count predicted by the "superatom electronic theory” (based on the spherical shell
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assumption). The good stability of Auis(SG)14 NCs, however, could be understood
from a non-spherical shell model. Recent DFT simulations have predicted a stable
cluster structure for Aug(SR)14 containing a prolate (non-spherical) Aug core covered
with two dimeric SR-(Au-SR), and two trimeric SR-(Au-SR); staple-like motifs.*°®%’
Similar observations of good solution stability of thiolate-protected NCs with a total
valence electron count of 4 have also been reported for other NC systems both in

theory and eXperiments_l“z'l"’G*lGB

3.3.3 Au Oxidation State and Photoluminescence of As-Synthesized Au;s(SR)i3

and AUlg(S R)14 NCs

The oxidation states of Au in Auis(SG)1s and Au1g(SG)14 Were determined by X-ray
photoelectron spectroscopy (XPS). The Au 4f, binding energies (B.E.) of Aus5(SG)13
(Figure 3.7, blue line) and Au1g(SG)14 (Figure 3.7, red line) were intermediate between
those of Au(l1)-SG complexes (prepared by mixing HAuCl, with GSH, Figure 3.7,
black line) and large Au(0) nanocrystals (> 3 nm, prepared by the NaBH, reduction of
HAuUCI, without any protecting agent, Figure 3.7, pink line), thereby suggesting
mixtures of Au(l) and Au(0) in Auss and Aug NCs. The Au 4fy; B.E. of Auig(SG)14
were closer to large Au(0) nanocrystals than Auis(SG)is. Hence there should be a
relatively higher content of Au(0) in Auig NCs than in Au;s NCs, agreeing well with
the lower thiolate-to-Au ratio in Au;g NCs.? Both Auis(SG)i3 and Aug(SG)is NCs
showed weak luminescence with an emission wavelength (Aem) of ~920 nm (or 1.35
eV, Figure 3.8), similar to the Aen reported in other studies (~1.5 eV).2 The small
wavelength difference could be due to solvent effects and the variation in the charge of

I igand.110-111,169-170
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Figure 3.7 Au(4f) XPS spectra of as-synthesized Auis NCs (blue), Auig NCs (red),
freshly prepared Au(0) nanocrystals (pink) and Au(l)-SG complexes (black). The Au(l)-SG
complexes were prepared by the direct mixing of GSH and HAuCI, and the Au(0)

nanocrystals were synthesized by the reduction of HAUCI, in excess NaBH,; without any
protecting agent.
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Figure 3.8 Photoemission (solid lines) and photoexcitation (dotted lines) spectra of as-

synthesized (a) Aui5(SG)i3 and (b) Auig(SG)1s. The A for photoemission spectra were 370
and 570 nm for Au;s5(SG)13 and Auig(SG)14, respectively. The Aen for the photoexcitation
spectra was 920 nm for both Au;5(SG)13 and Auig(SG)14. The insets show the corresponding
digital photos taken under UV illumination (A = 365 nm).
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3.3.4 Origin of the High Monodisperseity and Size-tunability

An unvarying gentle reduction environment for Au NC formation, made possible
by the controlled release of the mild reductant TBAB and free Au(l)-SG complexes,
was essential for the synthesis of high purity Auss and Auig NCs. TBAB, 171172 5
milder reductant than the commonly used strong reducing agent NaBH,4, was chosen
for this study. The weak reducing power of TBAB gave rise to a slower reduction
kinetics and hence more controllability of the reduction environment. The opposite
result of a fast and uncontrollable reduction was demonstrated by replacing TBAB
with NaBH,; which formed only polydispersed Au NCs in water, as evinced by the
featureless absorption spectrum (Figure 3.9, no. 1).1”® The two-phase design is another
important element of this synthesis of small Auis(SR)13 and Auig(SR)i3 NCs. The
direct addition of TBAB into an aqueous solution of Au(l)-SG complexes (a typical
one-phase synthesis) also resulted in a mixture of different sizes of Au NCs and hence
a featureless absorption spectrum (Figure 3.9, no. 2). The equilibrium partition of
TBAB between organic and aqueous phases provided the mechanism to release TBAB
into the aqueous solution as replenishment of the TBAB consumed by NC formation
and growth. The combination of a weak reducing agent and the two-phase design was
able to maintain a low and constant reducing power in the aqueous solution for the

conversion of Au(l)-SG complexes into Au NCs.
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Figure 3.9 UV-vis spectra of the NC products by NaBH, reduction (no.1) and one-phase
TBAB reduction (no.2).

Another equally important factor was the aggregation-dissociation equilibrium
between aggregated and free Au(l)-SG complexes in the aqueous solution. Aggregated
Au(l)-SG complexes had to be dissociated into free Au(l)-SG complexes before
reduction could occur. It is reasonable to expect that the thiolates in the Au(l)-SG
complexes would affect the aggregation-dissociation equilibrium. The thiol used in
this study, GSH, has two carboxyl, one amine and one thiol groups (resulting in four
pK, values: pKa = 2.12, pKy, = 3.53, pKas = 8.66, and pKas = 9.62, see Figure 3.10 for
details),*™ providing the means to vary the surface charge on Au(l)-SG complexes and
consequently their extent of aggregation through pH adjustments (Figure 3.2). At low
pH (e.g., pH ~2 and 2.7), the SG ligand in Au(l)-SG complexes is either singly
positively charged (pH ~2 < pKai) or neutral (pKa < pH ~2.7 < pKgy,). The limited
electrostatic repulsion between the Au(l)-SG complexes promoted the formation of

Au(1)-SG aggregates (Figure 3.2, no. 1 and 2) and established the equilibrium between
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aggregation and dissociation. The concentration of free Au(l)-SG complexes could
then be kept at a constant and low level in the aqueous solution for TBAB reduction.
The combination of constant reducing power and constant free complex concentration
stabilized the chemical kinetics for Au NC formation, and consequently
monodispersity of the product in well-defined sizes. A low and constant concentration
of free Au(l)-GSH complexes in water was maintained by the controlled release of
free Au(l)-SG complexes according to the aggregation-dissociation equilibrium. A
control experiment using an alkaline pH (~10.0) to disrupt the aggregation-
dissociation equilibrium resulted in a mixture of Au NCs in different sizes as shown
by a featureless absorption spectrum (Figure 3.11). At pH ~10.0 (> pKa = 9.62 of
GSH), the SG ligand in the Au(l)-SG complexes was completely deprotonated into
doubly charged anions. The electrostatic repulsion in this case was strong enough to
inhibit aggregation. Free Au(l)-SG complexes were abundant as shown by the high
clarity of the solution (Figure 3.2, no. 3). The relatively high concentration of free
Au(l)-SG complexes at this pH (~10.0) created an uncontrollable reaction environment,

leading to the formation of Au NCs in mixed sizes.
SH SH SH
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Figure 3.10  Molecular structure and protonation/deprotonation processes of GSH, where
pPKa = 2.12, pK,, = 3.53, and pK,3 = 8.66. pKy, = 9.62.
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Figure 3.11  UV-vis spectrum of the as-prepared NC product at pH ~10.0.

The aggregation-dissociation equilibrium could be used to advantage to produce Au
NCs in fixed but different sizes. The only difference between the conditions for routes
1 and 2 of Figure 3.1 was the pH of the Au(l)-SG complex solution. The aggregation-
dissociation equilibrium is strongly pH dependent due to the progressive ionization of
different functional groups in GSH. Route 1 was carried out at pH lower than pKy
(2.12) and hence the SG ligands in Au(l)-SG complexes were singly charged. When
the pH was increased slightly to ~2.7 (route 2), which is between pKa; (2.12) and pKa,
(3.53) of GSH, the SG ligands in the Au(l)-SG complexes were neutral. Hence there
should be more aggregation of Au(l)-SG complexes at pH ~2.7 (Figure 3.2, no. 2) than
at pH ~2.0 (Figure 3.2, no. 1); and consequently a lower concentration of free Au(l)-
SG complexes in the aqueous solution for TBAB reduction. This could result in more
difficult nucleation and hence larger NCs (Aus) were formed.”® Therefore, our
synthesis method provides a facile strategy to tailor the cluster size (precise number of

atoms) simply by varying the reaction pH.
65



Chapter 3

Absorbance /a.u.

. , .
200 400 600

Wavelength /nm
Figure 3.12  UV-vis spectrum of Aui5(SG).s produced in a scaled-up synthesis. The inset
shows the digital photo of the Au;5(SG);3 solution in a 250 mL flask after centrifugation. For

the scaled-up synthesis the reaction volume was increased from 10 to 150 mL, and all other
reaction conditions remained the same as that in 8.2.2.1.

3.4 Conclusion

In summary, we have developed a simple one-pot two-phase method for the
synthesis of small NCs (Aui5(SG)13 and Auig(SG)i4) in atomic precision
monodispersity. The method can be easily scaled up for volume production (e.g., to
150 mL, see Figure 3.12). A constant and gentle reduction environment, made possible
by the combined use of a weak reducing agent (TBAB), the equilibrium partition of
TBAB between organic and aqueous phases, and pH dependent aggregation-
dissociation between aggregated and free Au(l)-SG complexes, facilitated the
formation of NCs in well-defined sizes. The two equilibriums could be fine-tuned to

vary the reduction kinetics of Au(l)-SG complexes to form Au NCs in different sizes
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(e.g., Augs and Au;g were synthesized by changing the pH only). The products and the
synthesis approach demonstrated in this study are of interest not only because they
provide the convenience of a one-pot method for the preparation of high quality small
Auis(SR)13 and Auig(SR)14 NCs, but also because they exemplify the use of
equilibrium partition and aggregation-dissociation equilibrium to regulate the supply
of reactants and to create a mild and more controllable reaction kinetics for the
formation of NCs in customizable sizes. Based on the synthesis method developed in
this chapter as well as those documented in cluster literature, we now have the tools of
high quality building blocks (e.g., atomically precise Au NCs over a wide size
spectrum) for self- or directed-assembly. In the coming chapters, several specific
interactions (e.g., attractive electrostatic forces, amphiphilicity, and depletion forces),
which are used by nature for creating ionic/molecular/atomic crystals, will be
exploited for the assembly of atomically precise metal NCs. Since water-soluble metal
NCs (of which the GSH-protected NCs synthesized in this chapter are a good example)
are easy to acquire negative charges by deprotonation at neutral or high pH,

electrostatically induced self-assembly will be discussed first in Chapter 4.
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CHAPTER 4 SELF-ASSEMBLY OF

SUPRAMOLECULAR IONS VIA

ELECTROSTATIC INTERACTIONS: ION-

LIKE BEHAVIOR OF CHARGED NOBLE

METAL NANOCLUSTERS

4.1 Introduction

Despite its essential importance to both basic (e.g., NC crystal structure
determination) and applied (e.g., NC property tailoring) research, self-assembly of
thiolate-protected noble metal (Au or Ag) nanoclusters (Mn(SR)m NCs) is still at its
infant stage of development. Only a few M;(SR), NC species (most of them are
protected by aromatic thiolate) have been assembled in organic solvents or semi-
aqueous phase (methanol/water mixture) to date.?*2%33°759%0 There are still no reports
on the self-assembly of hydrophilic metal NCs in aqueous solution. The hydrophilic
thiolate ligands on the NC surface do not contain the rigid aromatic rings which could
effectively drive the self-assembly of M,(SR),, NCs in organic solution through strong
7-7 interactions.

On the other hand the hydrophilic thiolate ligands on the NC surface may contain
functionalities such as the carboxyl group (—-COOH) which, upon deprotonation, can
impart the NCs with a negative charge in aqueous solution.®*"**"® Due to a very high

8,41

ligand-to-metal ratio (~0.4 to 1 typically)>™ and an ultrasmall size (< 2 nm), a high

charge density can be developed on the surface of the NCs. The high charge density,
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together with well-defined (atomically precise) size and highly symmetric pseudo-
spherical geometry qualify the hydrophilic metal NCs as a new family of ion mimics
(“supramolecular ions”) in the aqueous phase. We hypothesize that the ion-like
features (high charge density, well-defined size and pseudo-spherical morphology)
could promote strong electrostatic interactions between the hydrophilic M,(SR), NCs
and counter cations, in ways similar to the formation of ionic crystals from real ions.
Herein, we report a facile method to self-assemble negatively charged Mn(SR)m
NCs in water via the electrostatic interactions between the dissociated carboxyl groups
on the NC surface and divalent counter cations (e.g., Zn** and Cd?*) which are
introduced to the solution. The divalent metal cations are used to electrostatically
cross-link the negatively charged NCs into large assemblies. An interesting ion-like
behavior of the charged NCs was observed, where the self-assembly of NCs occurred
in a step fashion and only when the counter-cation (M.)-to-thiolate-ligand ratio
(denoted as Rpwqr-sry) exceeded specific threshold values. The NC assemblies formed
as such were spherical and monodisperse in shape and size. The difference from the
random aggregation of large colloidal NPs by counter ions is distinct and also suggests
a high order of regularity in the assembly structure which is more akin to the
formation of ionic crystals from real ions in solution. More interestingly,
photoluminescence (PL) of the NCs was significantly enhanced after assembly,
implying the existence of strong synergistic effects between the close-packed NC

building blocks.
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4.2  Experimental Section

4.2.1 Materials

Hydrogen tetrachloroaurate(l1l) trinydrate (HAuCl, 3H,0), L-glutathione reduced
form (GSH), borane tert-butylamine (TBAB) and sodium borohydride (NaBH,) from
Sigma Aldrich; hydrochloric acid (HCI) and nitric acid (HNO3) from J. T. Baker; zinc
chloride (ZnCl,), silver nitrate (AgNO3) and sodium hydroxide (NaOH) from Merck;
and cadmium chloride (CdCly) from Strem were used as received without further
purification. Ultrapure Milipore water (18.2 MQ) was used in the preparation of all
aqueous solutions. All glassware was washed with aqua regia and rinsed with ethanol

and ultrapure water before use.
4.2.2 Synthesis of M,(SR),, NCs
4.2.2.1 Synthesis of Orange-Emitting Auzg.43(SG)27-37 NCs

The synthesis of orange-emitting Auzs.43(SG)27.37 NCs (0-Au NCs) was conducted
following a previously-reported procedure.’ Briefly, 0.5 mL of 20 mM HAuCl, and
0.2 mL of 100 mM GSH aqueous solutions were mixed with 4.35 mL of ultrapure
water at room temperature (298 K). After incubation under gentle stirring (500 rpm) at
343 K for 24 h, o-Au NCs were formed. As suggested by the ESI-MS in the original
work, the o-Au NCs consist of mainly 5 sizes of Au,(SG)y, NCs, i.e., (n m) = (29 27),

(30 28), (36 32), (39 35), and (43 37).*
4.2.2.2 Synthesis of Red-Emitting Aui5(SG)13 NCs

The detailed synthesis of Au;s5(SG)13 NCs can be found in Chapter 3. Briefly, 0.75

mL of GSH aqueous solution and 0.5 mL of HAuCl4 aqueous solution were added to
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3.75 mL of ultrapure water. The pH of the mixed solution was adjusted to ~2.0 by
adding 1 M HNOs until the target pH was reached. The mixture was then incubated for
5 min for the Au(l)-SG complexes to form. A semi-translucent dispersion was
obtained. 5 mL of 10 mM TBAB solution in toluene was then added to the Au(l)-SG
dispersion. The growth of NCs occurred over a period of 4 h under vigorous stirring
(1000 rpm). The light-yellow Au;5(SG)13 solution obtained at the end of the procedure

was centrifuged at 5000 rpm for 5 min to remove the insoluble byproducts.
4.2.2.3 Synthesis of Red-Emitting Agi16(SG)g NCs

Ag16(SG)g NCs were prepared by a cyclic reduction-decomposition method detailed
elsewhere.®® Briefly, 125 plL of 20 mM AgNO; and 150 pi of 50 mM GSH aqueous
solutions were added to 4.85 mL of ultrapure water under vigorous stirring (~1200
rpm) to form Ag(l)-SG complexes. 50 pL of 112 mM NaBH, aqueous solution was
then introduced to reduce the Ag(l)-SG complexes, giving rise to a deep-red solution
of Ag NCs within 5 min. The As-formed Ag NC solution (deep-red) was allowed to
decompose to Ag(l)-SG complexes (colorless) after ~3 h of incubation at room
temperature (298 K). 50 pL of 112 mM NaBH, aqueous solution was then added to
this colorless solution under vigorous stirring (~1200 rpm). The color of solution
turned from colorless to light-brown within 15 min. This light-brown Ag NC solution
was allowed to stand (without stirring) at room temperature (298 K) for 8 h to form

Ag16(SG)g NCs in aqueous solution.

71



Chapter 4

4.2.3 lon-Induced Self-Assembly of Mp(SR)y, NCs
4.2.3.1 lon-Induced Self-Assembly of Orange-Emitting Auzg.43(SG)27.37 NCs

ZnCl, and CdCl; aqueous solutions in specific concentrations were freshly prepared
by dissolving calculated amounts of ZnCl, and CdCl, in ultrapure water respectively.
The pH of each metal salt solution was adjusted to ~6.5 by adding 0.1 M NaOH. The
as-prepared o-Au NC aqueous solution was diluted 4 times (4> diluted) and the pH
was adjusted to ~6.5 before use. In a typical self-assembly (taking Rizn2+y-sg) = 0.6 as
an example), 0.25 mL of 1 mM ZnCl, was quickly added to 1 mL of the diluted 0-Au
NC solution, followed by mixing on a vortex mixer (1500 rpm for 30 s). The pH of the
mixture was maintained at ~6.5. Subsequently, the mixture was kept still at room
temperature (298 K) for 15 min to allow the self-assembly to complete. Self-assembly
of 0-Au NCs by Zn?* in other concentrations and by Cd?* solution were also carried

out likewise, using different metal salt solutions before mixing.
4.2.3.2 lon-Induced Self-Assembly of Red-Emitting Au;s(SG)13 NCs

The pH of Au;5(SG)13 NC as well as 3 mM ZnCl, aqueous solution was brought to
~6.5 before use. Similar to the Zn*" induced assembly of o-Au NCs, 1 mL of
Au;5(SG)13 NC and 0.25 mL of 3 mM ZnCl;, aqueous solutions were mixed while pH
was maintained at ~6.5, followed by still incubation at room temperature (298 K) for

15 min.
4.2.3.3 lon-Induced Assembly of Red-Emitting Agi16(SG)g NCs

The pH of Agi15(SG)s NC as well as 2 mM ZnCl, aqueous solution was brought to

~6.5 before use. Similar to the Zn*" induced assembly of o-Au NCs, 1 mL of
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Ag16(SG)g NC and 0.25 mL of 2 mM ZnCl, agueous solutions were mixed while pH
was maintained at ~6.5, followed by still incubation at room temperature (298 K) for

15 min.
4.2.4 Characterization

pH was monitored by a Mettler Toledo FE 20 pH-meter. UV-vis absorption and PL
spectra were recorded by a Shimadzu UV-1800 spectrometer and a PerkinElmer LS-
55 fluorescence spectrometer respectively. TEM, scanning transmission electron
microscopy (STEM), and energy-dispersive X-ray spectroscopy (EDX) elemental
analysis were performed on a JEOL JEM 2010 microscope operating at 200 kV. The
size and {-potential of NCs before and after assembly were measured by dynamic light
scattering (DLS) and electrophoresis light scattering (ELS) on a Malvern Zetasizer
Nano ZS, respectively. The samples were centrifuged on an Eppendorf Centrifuge
5424. NC solutions were dialyzed by sealing 5 mL of NC solution in a semipermeable
bag (MWCO = 3500 Da; Spectra/Por®), followed by immersion into 5 L of ultrapure
water under moderate stirring (1000 rpm) overnight. The Au and Zn contents in the
samples were analyzed by ICP-MS measurement on an Agilent 7500A. The GSH and
carboxyl group contents were calculated based on the Au content via the relation Au :
GSH : COOH =1 : 0.84 : 1.68." The ionic strength of NaCl or ZnCl; solution was
calculated by the equation
lion=0.5 Y cizi? (4.1)
where ljon IS the ionic strength, c; is the concentration of a specific ion, and z; is the

specific charge number of the ion.
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4.3 Results and Discussion

43.1 Zn**-Induced Self-Assembly of Orange-Emitting Aug.43(SG)27.37 NCs

As a proof-of-concept, highly luminescent SG-protected Au NCs reported by some
of us™ were chosen as the model supramolecular ions. The Au NCs synthesized as
such showed strong orange emission which peaked at a wavelength of ~610 nm with a
state of art QY at ~15 %,"" which could be used to monitor the self-assembly process.
As shown in Figure 4.1a, these orange emitting Au NCs (0-Au NCs) were small
spheres with a core size below 2 nm, and may be described by the molecular formula
of Alye.43(SG)27.37 NCs as suggested by the ESI-MS analysis in the original work™.
The as-synthesized o-Au NCs had a high SG content on the NC surface (the SG-to-
Au-atom ratio was ~0.84 as reported in the original study).”* The GSH ligands are
likely to be present as oligomeric GS-(Au(1)-SG), motifs'* on the NC surface and
determine the charge and surface properties of the o-Au NCs. Each GSH moiety
carries two carboxyl groups with pK, below 4.*"* Hence at the near neutral condition
of pH 6.5 in our experiments, all of the carboxyl groups on the NC surface were
deprotonated to give rise to a negative charge on the 0-Au NCs. The {-potential plot in

Figure 4.2 illustrates the pH dependence of the charge on the 0-Au NCs.
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Figure 4.1 (a-d) TEM images of 0-Au NCs assembled in different Zn?*concentrations:
Riznz+yss1= 0 (a), 0.3 (b), 0.6 (c), and 0.9 (d); the insets in (c) and (d) show the corresponding
HR-TEM images (scale bar = 20 nm). (e) DLS analysis of 0-Au NCs assembled at Rjzn+y-s]
= 0 (black), 0.3 (red), 0.6 (blue), and 0.9 (green); the inset in (e) shows the dependence of the
hydrodynamic diameter of the assembly on Rznz+-sq)-
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Figure 4.2 pH dependence of the {-potential of 0-Au NCs. The isoelectric point (IEP) of
the 0-Au NCs was estimated to be 3.23.

Zn?* was the counter cation used in this study. Zn?* carries two positive charge and
can electrostatically bind to two monovalent anionic -COO™ groups. Therefore, Zn**
can be used as a bifunctional cross-linker to electrostatically bridge between two
negatively charged o-Au NCs to build large NC assemblies. In a typical Zn**-induced
NC assembly, 1 mL of o-Au NCs at an optimized concentration of 0.46 mM (on Au
atom basis as determined by ICP-MS) was mixed with 0.25 mL of ZnCl; solution at a
given concentration. The pH of the mixture was brought to ~6.5 by the addition of 0.1
M NaOH. The solution was well-mixed in a vortex mixer (1500 rpm, 30 s) and kept at
room temperature for ~15 min to allow the reaction to complete. The procedure was
repeated by using different concentrations of ZnCl, while keeping the concentration of
the 0-Au NCs constant.

The size of the assembled NCs formed with different concentrations of Zn?* was
analyzed by TEM and dynamic light scattering (DLS). The degree of assembly was

determined by the ratio of divalent cations (Zn*") to negatively charged NCs (poly-
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anions). Since the latter depends on the SG ligands on the NC surface, a controllable
experimental variable would be the ratio of divalent cation (Zn®*) to SG on the 0-Au
NC surface (taking into account that there are two anionic carboxylate groups in one
SG moiety), termed as Zn**-to-SG ratio or Ryznspsa). If N0 Zn** ions were added to
the 0-Au NC solution (or Rizn2+y1-sg1 = 0), the 0-Au NCs were well-dispersed in water
and remained separated, as shown in the TEM image (Figure 4.1a). The discrete nature
of the 0-Au NCs was also supported by DLS measurements, where a hydrodynamic
diameter (HD) of ~2.7 nm was calculated (Figure 4.1e, black line). When Rizn2+y1-sg]
was increased to 0.3, some small and irregularly-shaped NC assemblies began to
appear in the TEM image (Figure 4.1b). The slight increase in HD in the DLS
measurements (Figure 4.1e, red line) is consistent with the formation of small NC
assemblies. The small amount of counter cations introduced to the NC solution at a
low Ryzn2+y-sg) Value (0.3) could only induce controlled aggregation of the negatively
charged NCs to a limited extent; and only NC assemblies smaller than 10 nm were
formed (Figure 4.1b). The small size of the NC assemblies was also corroborated by
UV-vis spectroscopy (Figure 4.3) where scattering intensity increase (indication of a
significant particle size increase)™ was not found relative to the discrete 0-Au NCs.

Fractal-like spheres displaying limited self-similarity*’’

(spherical supramolecular
ion to spherical colloidal assembly at the scale of ~1 and 100 nm, respectively) were
present in the TEM image when Ryznz+yp-sg) Was increased to 0.6 (Figure 4.1c). The
spherical assemblies had a uniform core size of 136.2 nm (100 colloidal spheres
counted) and a HD of ~137.6 nm (Figure 4.1e, blue line). The assembled structure at a
higher Rzn2+y1-sc) Value of 0.9 was visually similar (Figure 4.1d). The diameter of the

NC assemblies was however smaller, at ~92.8 nm (100 colloidal spheres counted) and

likewise the measured HD decreased to ~93.5 nm (Figure 4.le, green line). An
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increase in the scattering intensity of the NC assemblies was noted when Riz2+)/-sc]
was increased from 0.6 to 0.9 (Figure 4.3). This is an indication of the increase in the
number of NC assemblies at Rjzn2+j-se; 0f 0.9. Hence at the higher Ryzn2+yr.sg) Value of
0.9, there were more NC assemblies formed but the size was smaller (vs Rzn2+-s61 =
0.6). This finding can be understood based on the common nucleation-growth
mechanism."”® At a higher Rznjse; (0.9), more Zn** ions were available as
electrostatic cross-linkers, leading to a faster formation of “assembly nuclei”. More
“nucleation sites” were available for growth through continuous assembly of NCs.
Consequently smaller NC assemblies were formed when the same NC concentration
was used. The dependence of the NC assembly size on the concentration of the
counter cations (Zn**) is summarized in the inset of Figure 4.1e, where the maximum

in the size of the NC assemblies was found to be around ~137.6 nm.
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Figure 4.3 UV-vis absorption spectra of o-Au NCs assembled at different Rizno+yp-se)
values; the inset shows the absorbance at 400 nm as a function of Rizn+y-sg)-
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J— Zn Kol e—

Figure 4.4 (@) Scanning transmission electron microscopy (STEM) image of a
representative 0-Au NC colloidal sphere assembled at Riznp+j.s6;= 0.6. (b-c) EDX elemental
maps of the circular region in (a) in terms of Au (b), and Zn (c). The insets of (b) and (c) show
respectively the Au and Zn signals in the EDX line scan across the yellow line in (a).

The structure and composition of fractal-like NC assemblies assimilated by Zn*
were also examined by HR-TEM. The HR-TEM images of assemblies formed at
Rzn2+11-sg) Of 0.6 and 0.9 are shown as insets in Figure 4.1c and d respectively, where
NCs smaller than 2 nm are clearly visible within the assembly. UV-vis spectroscopy
also provided supporting evidence for the assimilation of primary NCs (Figure 4.3).
The characteristic absorption peak of isolated (primary) o-Au NCs at ~400 nm was
mostly retained in the UV-vis spectra of the NC assemblies. The surface plasmon
resonance (SPR) of large spherical Au NPs, which absorbs at ~520 nm (for ~50 nm
Au NPs)* was conspicuously absent, suggesting that the size and structure of the 0-Au
NC building blocks were preserved in the assemblies. No increase in the size of the
NC building blocks was detected in the assemblies, confirming that the ion-induced
NC self-assembly is a soft approach. The relatively weak electrostatic interaction
between the NCs and the counter ions was unable to alter the size and structure of the
NC building blocks. The chemical composition of the NC assemblies was analyzed by
energy dispersion X-ray spectroscopy (EDX). Line scan analysis across the diameter

of a representative assembly (Figure 4.4a) and the elemental maps of the latter confirm
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the uniform distribution of Au (Figure 4.4b) and Zn (Figure 4.4c) throughout the
colloidal sphere, suggesting that the spherical assembly was formed by the

assimilation of o-Au NCs by Zn*" ions.
4.3.2 lon-Like Self-Assembly Behavior of 0-Au NCs

The self-assembly of negatively charged o-Au NCs (supramolecular ions) exhibited
an intriguing ion-like behavior, where a step-wise dependence on the concentration of
counter cations (Zn**) was observed, as shown in the insets of Figure 4.1e and Figure
4.3. The negatively charged NCs were initially inert to the addition of a small amount
of Zn** up to a threshold value of Ryzn+ypsey (~0.3). Increase in the Ryzno+pse Value
beyond this threshold value (e.g., 0.3 < Ryzn2+j-se; < 0.6) triggered the formation of
spherical NC assemblies, similar to the formation of precipitates beyond the solubility
limit defined by the solubility product K. In precipitation, taking A* + B" = AB| as
an example, the ionic product Q = [A'][B7] is always a constant (Ksp) in a solution
saturated with the precipitate AB. Similarly, a constant Q value (= [COO][Zn*]
considering the formation of ~COO™--Zn**-~OOC- ion pairs) was also observed in the
“saturated solutions” of negatively charged NCs and counter cations (Zn**). The Q
values (determined by ICP-MS) obtained in Ryzn2+jp-se; 0f 0.6 and 0.9 were 3.31 < 10°
! and 3.35 x10™ M? respectively. The Kg, was therefore estimated to be 3.33 x10™
M3. The high ligand-to-metal ratio (the SG-to-Au ratio is ~0.84), the high symmetry of
pseudo-spherical geometry and the uniform size of the 0-Au NCs are key contributors
to their ion-like properties (step-like assembly). The possession of ion-like structural
features in the 0-Au NCs not only made it possible for the step-like assembly, but also

produced an ordered structure mimicking the formation of ionic crystalline compounds.

In nature oppositely charged ions are often packaged into crystalline ionic compounds
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with long-range order. Similarly, the NC assemblies here adopted a fractal-like
spherical geometry (Figure 4.1c and d). It should be reiterated that such fractal-like
assembly was different from the counter-ion-induced assembly of large NPs (> 3 nm)
where the aggregates display only a low symmetry.** However, it should be noted
that the spherical NC assemblies did not exhibit long-range crystalline order. This
could be attributed to the relatively large difference in size between the negatively
charged NCs and the counter cations (Zn**). Due to the relatively large diameter (~1.5
nm), surface charge was localized at the surface carboxylate groups of o-Au NCs,
rather than delocalized over the whole cluster; a behavior substantially different from
common anions. The uneven distribution of surface charge due to the largeness of o-
Au NCs could be the major factor for the deviation from the assembly habit of

common ions (e.g., the lack of a long-range structural order).
4.3.3 Origin of lon-Like Assembly Behavior of 0-Au NCs

4.3.3.1 Bridging Effect of Zn*" Dictated Self-Assembly
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Figure 4.5 Proposed mechanism for Zn?*-induced assembly of 0-Au NCs
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The counter cations Zn®* exerted their influence on the self-assembly of negatively-
charged o-Au NCs through principally two effects. The first was the screening effect
where Zn** reduced the negative charge on the o-Au NC surface through the formation
of intra-cluster —-COO™-Zn?*-"O0C- electrostatic linkage (referred to henceforth as
intra-EL). The second was the bridging effect forming inter-cluster —-COO™+Zn%*"-~
OOC- electrostatic linkages (inter-EL). The bridging effect brought two separate NCs
together while intra-EL did not bring about NC self-assembly per se. These two
effects are illustrated schematically in Figure 4.5.

At low Rznz+jpse) (<0.3), the amount of Zn** in the NC solution was small and
Zn?* tended to bind to anionic carboxylate group on the same NC, thus leading to the
formation of intra-ELs. This was the phase | stage in the self-assembly of NCs.
Charge screening effect was dominant in this stage, as evidenced by the rapid increase
in the C-potential of the NCs with the increase in the Zn®* concentration (Rpznz+1-s6]
from 0 to 0.3, Figure 4.6). The formation of intra-ELs gradually approached saturation
with the continuing increase in Zn®* concentration. At the threshold value of Ryzno+j-
sc] (determined to be ~0.3 in this study), inter-ELs began to form resulting in the
formation of small and irregularly-shaped NC assemblies due to partial bridging effect
(Figure 4.1b). Further increase in the Zn** concentration increased the extent of inter-
ELs (ionic cross-linking) until the step-like assembly of the o-Au NCs occurred, the
inception of which is identified as phase Il in Figure 4.5. For example, at Rizno+j-s¢) =
0.6, the o-Au NCs were extensively assimilated into colloidal spheres (Figure 4.1c).
However, the {-potential of the NCs (Figure 4.6) was nearly unchanged when Rzn2+j-
sc] Was increased from 0.3 to 0.6. This observation suggests that in the concentration
range of 0.3 < Ryznz+yse] < 0.6, the charge screening of Zn** was nearly constant and

the bridging effect of Zn** was more important than the screening effect. A further
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increase in the Zn** concentration from R [zn2+] jsq) = 0.6 to 0.9 led to the gradual
depletion of 0-Au NCs in the solution, and the completion of the NC assembly process.
The gradual depletion of NCs was accompanied by the accumulation of excess Zn®*
through adsorption on the surface of NC assemblies, which resulted in a second series

of {-potential increase of the NC solution (Figure 4.6).
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Figure 4.6 C-potential of 0-Au NCs assembled under different Rizn+yss) values. The -
potential at Ryzn+y-ss; = 0 was arbitrarily set at -1 for ease of comparison.

4.3.3.2 lonic Strength Dependence of Self-Assembly

Several independent measurements also suggest the bridging effect of divalent Zn**

ions as the primary factor in the self-assembly of o0-Au NCs. First, common
monovalent cations such as Na* ions (from dissolved NaCl), which could also screen
the surface charge of o-Au NCs, were unable to cause a similar assembly of the o-Au
NCs. 0-Au NCs remained separate in 0.6 mM NaCl solution (same ionic strength as

the 0.2 mM ZnCl; used to provide Ryzn2+j1-sc) = 0.6, please refer to the section §1.2.4.2
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for the details of the ionic strength calculation). The HD measurement in Figure 4.7
(second column) indicated likewise. A further increase in the ionic strength of the
NaCl solution (e.g., by increasing the NaCl concentration to 0.5 M) also did not help
to bring about the assembly of o-Au NCs (Figure 4.7, third column). Hence the
screening effect of cations on the surface charge of the NCs is not critical to the self-
assembly of NCs. The increase in the solution ionic strength could however disrupt the
electrostatic interaction between Zn®* and anionic carboxylate groups. The presence of
NaCl in large excess in the 0-Au NC solution (~0.5 M in the final reaction mixture)
prior to ZnCl, addition could suppress the assembly to a great extent. The HD of the
NCs in the presence of both Na* and Zn** was also the same as that of discrete NCs,

thereby suggesting no significant assembly of the o-Au NCs (Figure 4.7, fifth column).
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Figure 4.7 Measured hydrodynamic diameters of assembled/disassembled o-Au NCs at

different pH and in the presence of different ions. The assembly with Zn*" was carried out at
R[Zn2+]/[-SG] =0.6.
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4.3.3.3 pH Dependence of Self-Assembly

Excess H™ had the same effect as Na* in disrupting the self-assembly of NCs by
Zn?*. For example, by adjusting the pH of the NC solution to ~2.7 (a value lower than
the isoelectric point of 0-Au NCs, Figure 4.2), the self-assembly of o-Au NCs was
significantly inhibited, as shown by the nearly invariant HD of the NCs in the presence
and absence of Zn?* at pH ~2.7 (Figure 4.7, the last two columns). More interestingly,
the assembly and disassembly of the o-Au NCs could be reversed by cycling the pH of
the solution between 6.5 and 2.7. The zigzag changes in the HD of the o-Au NCs
under pH cycling (Figure 4.8a) indicate that the o-Au NCs could undergo repeated
assembly and disassembly at pH 6.5 and 2.7 respectively.

There was irreversibility shown, however, as the HD of the o-Au NCs at pH 6.5
gradually decreased with the increase in the cycle number. This trend could be
attributed to the slow accumulation of ionic strength due to the way pH cycling was
implemented: The pH of the solution was adjusted by the addition of a given amount
of 0.1 M HCl or 0.1 M NaOH, leading to the gradual buildup of ionic strength with the
increase in the cycle number. A higher ionic strength of the solution increased the
screening effect on the electrostatic interactions between Zn** and negatively-charged
NCs, thus leading to a smaller degree of assembly (decreasing size of the NC
assemblies). The ionic-strength-induced irreversibility could be eliminated by
removing the excess small ions. We "refreshed" the o-Au NC solution at the lower pH
of cycle 3 (corresponding to point 7 in Figure 4.8a) by dialysis, where a
semipermeable membrane with a MWCO of 3500 Da was used to filter away the small
ions (e.g., H", Na*, Zn* and CI"). After pH adjustment to 6.5 and Zn?* addition, a HD
of 124.4 nm (the red dot in Figure 4.8a) could be obtained from the “refreshed” 0-Au

NC solution, similar to the HD assembled at pH = 6.5 in cycle 1 from a fresh 0-Au NC
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solution (137.6 nm, point 1 in Figure 4.8a). This observation led us to conclude that
the reversibility of assembly and disassembly could be greatly improved through the

control of the ionic strength.
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Figure 4.8 Effects of pH cycling on the hydrodynamic diameters (a) and photoemission
spectra (b, excited at 365 nm) of 0-Au NCs assembled by Zn**. The 0-Au NCs were initially
assembled at pH ~6.5 (#1), and then pH was varied in the sequence of ~2.7 (#5) -- 6.5 (#2) --
2.7 (#6) -- 6.5 (#3) -- 2.7 (#7) -- 6.5 (#4). In a separate experiment, solution #7 was dialyzed
overnight followed by reassembly with Zn** at pH 6.5. The hydrodynamic diameter of the
reassembled “refreshed” 0-Au NCs was recorded as the red dot in (a). The inset of (b) shows
the expanded view of the circled area. All self-assembles were carried out at Rizy+y.se; = 0.6.

4.3.4 Self-Assembly Induced Photoluminescent Enhancement

The physical and chemical properties of the Au NCs could be altered by proximity
effects in an ionically cross-linked close-packed structure. One most interesting
property of the Au NCs is their strong optical luminescence, as shown in Figure 4.9

(black line). The as-synthesized o-Au NCs had a unique Au(0)@Au(l)-thiolate core-
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shell structure, where the intra-cluster aurophilic interaction (Au(l)-Au(l)) contributed
to the PL of the NCs.*''®'% The distance between the o-Au NCs could be
significantly shortened after self-assembly to promote inter-cluster aurophilic
interaction. The increase in inter-cluster aurophilic interaction could increase the PL of
the NCs. The assembly of 0-Au NCs could also reduce non-irradiative relaxation of
excited electrons, which also enhances the PL of the NCs.'®% For example, the
bridging Zn?* between neighboring anionic carboxylate groups (via either an intra- or
inter-EL) could inhibit the vibration or rotation of the thiolate ligands, which is one of
the non-irradiative relaxation pathways.® Experimentally the PL (at 610 nm) of the NC
assemblies (Figure 4.9) was significantly higher than that of discrete 0-Au NCs. In
order to rule out the possibility of PL enhancement through the formation of Zn?*-
thiolate (SG) complexes, a control experiment was carried out by mixing Zn** and
GSH in water. The resultant Zn-SG complexes did not exhibit any luminescence (data
not shown). Two other experimental observations also provided supporting evidence
on proximity-induced properties in the NC assemblies. First, as shown in the inset of
Figure 4.9b, the PL enhancement effect also displayed a similar step-like trend with
the increase of the Zn®* concentration, which corresponds well with the step-like
assembly of the 0-Au NCs. Second, the PL enhancement could also be turned on or off
corresponding to the assembly or disassembly of o-Au NCs in pH cycling (Figure

4.8b).
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Figure 4.9 (a) Digital photos of 0-Au NCs assembled at various Rzn+ypse values: 0 (#1
and #5), 0.3 (#2 and #6), 0.6 (#3 and #7), and 0.9 (#4 and #8); #1~4 were taken under normal
light while #5~8 were taken under UV illumination (365 nm); (b) Photoemission spectra
(exited at 365 nm) of 0-Au NCs assembled under different Rizn+ys) Values: 0 (black), 0.3

(red), 0.6 (blue), and 0.9 (purple); the inset shows the emission intensity maximum as a
function of R[Zn2+]/[—SG]-

4.3.5 Versatility of lon-Induced Self-Assembly Approach

Since the self-assembly process only depends on the electrostatic interaction
between bivalent cation and negatively charged NC surface, the ion-induced assembly
of NCs developed in this study is expected to be generic, and hence should be
applicable to other charged M,(SR),, NCs and divalent counter ions. For example,

other divalent cations, such as Cd®*, may be used to substitute for Zn®*. Similar
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spherical NC assemblies were indeed obtained by using Cd** as the counter cations
(inset of Figure 4.10a). Similarly, the PL intensity of the NCs assimilated by Cd?* was
also significantly higher than that of discrete o-Au NCs (Figure 4.10a). The ion-
induced assembly of NCs could also be extended to SG-protected Au NCs in other

15 As shown in the

sizes; e.g., Auis(SG)13 NCs which exhibited weak red-emission.
inset of Figure 4.10b, the addition of Zn* to the Auis(SG)13 NC solution also
assembled Au;s5(SG)13 NCs into spherical NC assemblies. Enhanced PL in the visible
light range was also detected for the Au;5(SG)i3 NC assemblies (Figure 4.10b). In
addition to NC size, the ion-induced assembly approach is also tolerant to the change
in the chemical composition of the NC core. A red-emitting Ag NC, whose formula
was characterized as Agis(SG)s in the original work,*® could also be assembled into

colloidal spheres via the bridging effect of Zn®* (inset of Figure 4.10c). The assembly

in this case again resulted in a significant enhancement of the PL of Ag16(SG)g NCs

(Figure 4.10c).
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Figure 4.10  Emission spectra of 0-Au NC (a, after excitation at 365 nm), Au;5(SG)13 NC
(b, after excitation at 370 nm) and Ag:1s(SG)s NC (c, after excitation at 440 nm) before (black
line) and after (red lines) self-assembly in presence of divalent cations (Cd** for (a) and Zn**
for (b) and (c)). Corresponding TEM images of assembled NCs are shown in the insets.
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4.4 Conclusion

In summary, we have developed a facile and general ionic mimetic method to
assemble charged Mp(SR), NCs in water based on the electrostatic interaction
between oppositely-charged entities. Negatively-charged o-Au NCs were assembled
into monodisperse and spherical assemblies by divalent counter cations such as Zn**
and Cd**, via the formation of inter-cluster electrostatic linkages (inter-EL) of the type
—COO™-+M?*"+"00C-. Owing to their high charge density, uniformity of size, and
pseudo-spherical geometry, the o-Au NCs may be regarded as an ion-mimic
nanomaterials (supramolecular ions), exhibiting ion-like properties of step-like
assembly dictated by Ksp, and a high structural order in the assembly. The bridging
effect of the divalent cations is essential to the formation of NC assemblies. A strong
synergy between the NCs due to the close-packed order in the assembly resulting in
the PL enhancement of NCs was also demonstrated in this study. The NC assemblies
and the self-assembly methods in this study are of interest not only because they
provide a simple and general method to generate a suprastructure of functional
Mn(SR)m NCs, which is of interest to both basic and applied research; but also because
they exemplify a NC surface with charged hydrophilic ligands as three-dimensional
supramolecular ions, with the potential to mimic some of the useful behavior of real
ions in various practical settings. However, long-range crystalline order was absent in
these NC assemblies formed by the electrostatic interaction between negatively
charged NCs and small divalent cations. Further work is still needed to improve the
symmetry order in the NC assembly, and Chapter 5 will demonstrate the use of

amphiphilicity to accomplish that.

90



Chapter 5

CHAPTER S5 INTRODUCING

AMPHIPHILICITY TO NOBLE METAL

NANOCLUSTERS VIA PHASE-TRANSFER

DRIVEN ION-PAIRING REACTION:

SYNTHESIS AND SELF-ASSEMBLY OF

AMPHIPHILIC NOBLE METAL

NANOCLUSTERS

5.1 Introduction

Thiolate-protected noble metal (e.g., Au or Ag) nanoclusters (NM-NCs) or
Mn(SR)m exhibit strong size-dependent properties (e.g., HOMO-LUMO transition,
intense photoluminescence, and high catalytic activity) 810121617:256797.185 g ) face
engineering is yet another approach to vary their properties. For example, the
electronic and optical properties of NCs are modifiable by tailoring the ligand
environment; and the decisive role of NC surface on the recognition chemistry of NCs
is well-known, 101235364344 1IL110.086-187 - A yphiphilicity is a desirable NC surface
property, but it has yet to be explored to date. This is because an amphiphilic surface
can impart to NCs good solubility in a wide range of solvents with markedly different

polarities, thereby extending their usability in both basic and applied research.'®1% |t

may also introduce molecular-amphiphile-like self-assembly properties (formation of
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191-198 199-201

spherical, cylindrical or disk-shaped micelles, vesicles and bilayers®®) for

packing the NCs into higher hierarchy structures with the desired geometry, symmetry
and structural order for NC structural determination and property tuning, 2233203204
Amphiphilic NCs, as supramolecualr amphiphiles, make it easier to study the
difference between discrete and assembled NCs.

In principle, a good NC amphiphile (or amphiphilic NC) should possess a
comparable number of hydrophilic and hydrophobic moieties on its surface.'#81%20°
Such amphiphilic NCs can be formed by two methods: 1) ligand-exchange

36.43,79.130.206-207 g 2) partial modification of a uniform surface.?® However,

reaction,
in the first approach where the creation of amphiphilicity relies on the exchange
reaction between ligands with very different polarities, the perturbation of the metal
core is often observed resulting in random changes to the NC optical and catalytic
properties.”*®3% Thus, the alternative of a “soft” surface modification without
perturbation of the metal core is the center of attention here. Partial patching of
hydrophilic NCs with hydrophobic moieties is an appealing approach since
hydrophilic NCs often contain functionalities (e.g., carboxyl (-COOH) and sulfonic (-
SOsH) groups),®?*™!¥" which are useful for the surface modification reactions.
Hydrophobic NCs, quite on the contrary, lack such functionalities. In addition, since
most of these hydrophilic functionalities can readily deprotonate at neutral pH or
above and thus acquire negative charges, electrostatic interaction can be a means to
drive the surface modification of hydrophilic NCs.*%-11165:204

Herein, we demonstrate the preparation of amphiphilic NCs by coating hydrophilic
NCs with hydrophobic cations to about half of a monolayer coverage. This was made

possible by the phase-transfer (PT) driven ion-paring reaction between hydrophobic

cations (e.g., cetyltrimethylammonium, CTA") and anionic surface functionalities of
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hydrophilic NCs (e.g., caryboxylate, -COQO’). A moderately-polar organic medium
was used to selectively extract similarly moderately-polar hydrophilic NCs coated
with about half a monolayer of hydrophobic cations (i.e., amphiphilic NCs) from the
aqueous phase, driving the ion-pairing reaction in the aqueous phase to continuously
regenerate these amphiphilic NCs. The amphiphilic NCs produced as such were
readily soluble in many organic media covering a wide range of relative dielectric
constants (g, = 4.15-42.5). More interestingly, the amphiphilic NCs (or supramolecular
amphiphiles) could be self-assembled into bilayer-based structures at the liquid-air

209-210

interface, similar to the formation of the lamellar liquid crystal phase of

molecular amphiphiles.

5.2  Experimental Section

5.2.1 Materials

Hydrogen tetrachloroaurate(lll) trihydrate (HAuCl, 3H,0), 6-mercaptohexanoic
acid (MHA), cetyltrimethylammonium bromide (CTAB) and sodium borohydride
(NaBH,4) from Sigma Aldrich; acetone, acetonitrile, dichloromethane (CH,CI,), and
sodium hydroxide (NaOH) from Merck; ethanol (EtOH) and hexane from Fisher;
methanol (MeOH) from J. T. Baker and dimethylsulfoxide (DMSO) from Tedia were
all used as received. All aqueous solutions were prepared in Ultrapure Milipore water
(18.2 MQ). All glassware was washed with aqua regia and rinsed with ethanol and

ultrapure water before use.
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5.2.2 Synthesis of Auzs(MHA)15 NCs

The synthesis of Au,s(MHA)s followed a reported procedure with several minor
modifications.'®® Briefly, 29.7 g MHA and 5 mL 20 mM HAUCI, agueous solution
were mixed in 100 mL ultrapure water to form yellowish Au(l)-MHA complexes. 4
mL 1 M NaOH aqueous solution was then added to bring the pH of the solution to ~10,
followed by the drop-wise addition of 2 mL 112 mM NaBH, in 0.2 M NaOH aqueous
solution. After vigorously stirring (at 1,000 rpm) for 3 h, a brownish aqueous solution

of Auzs(MHA)15 NCs was collected as the raw product.
5.2.3 Synthesis of CTA" Coated Au,s(MHA)15 NCs (Auzs(MHA)13@XCTA NCs)
5.2.3.1 Synthesis of Phase-Transferred Au,s(MHA)1s@XCTA NCs

The raw product (Auzs(MHA)1g NCs) were used for surface modification without
further purification. 80 mL of the Auys(MHA)15 NC aqueous solution was mixed with
80 mL 100 mM CTAB solution in ethanol under vigorous stirring (1,000 rpm),
followed by the addition of 80 mL toluene. The mixture was stirred for another 5 min,
and then kept still for 10 min to allow phase-transfer to complete. At the end of this
procedure, phase-transferred Auz;s(MHA)1s@XCTA NC raw product could be
collected from the organic phase.

Raw phase-transferred  Au,s(MHA);s@XCTA NCs were precipitated by
centrifugation (8,000 rpm, 5 min) after mixing with 2 equivalent volumes of hexane
(i.e., 200 mL hexane for every 100 mL of NC solution). The precipitate was recovered
and washed by acetone-dichloromethane-dichloromethane-acetone (in that sequence)
to remove residual CTAB and other impurities. The cleaned phase-transferred
Auzs(MHA)1s@XCTA NCs were then dissolved in 2 mL ethanol and kept for further
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use. ESI-MS analysis suggests x = 6-9 in the cleaned phase-transferred

Auys(MHA)13@XCTA NCs (see &.3.1 for details on ESI-MS analysis).

5.2.3.2 Synthesis of Intermediate-Phase-Transferred and Non-Phase-Transferred

AU25(M HA)lg@XCTA NCs

The intermediate-phase-transferred and non-phase-transferred
Auzs(MHA)1s@XCTA NCs were similarly prepared; but with some revision of the
amount of ethanol used in the synthesis. In the preparation of intermediate-phase-
transferred Au,s(MHA)1s@XCTA NCs, 80 mL of Auzs(MHA)15 NC aqueous solution
was added with 40 mL of 200 mM CTAB ethanol solution (instead of 80 mL 100 mM
CTAB ethanol solution). In the preparation of non-phase-transferred
Auzs(MHA)1s@xCTA NCs, 80 mL of Auxs(MHA)1s NC aqueous solution was added
in an amount equal to that of solid CTAB (8 mmol). The raw products of intermediate-
phase-transferred and non-phase-transferred Au,s(MHA);s@XCTA NCs  were

collected at the aqueous-organic interface and from the aqueous phase, respectively.

5.2.4 Self-Assembly of Auzs(MHA)1s@XCTA NCs (x = 6-9)

The phase-transferred Aus(MHA)1s@XCTA NCs (x = 6-9) after cleaning were
dissolved in a DMSO/ethanol mixture (50/50 v/v) to a final NC concentration ([NC])
of 0.53 mM. The solvent was then evaporated at the ambient condition (298 K and 1
atm). The self-assembly was allowed to progress for 3 d. A brownish-black film was

collected at the air-liquid interface as the self-assembly product.

5.2.5 Characterization

UV-vis absorption spectra were recorded by a Shimadzu UV-1800 spectrometer.

The molecular formulas of Auz NCs were deduced by ESI-MS on a Bruker
95



Chapter 5

microTOF-Q system operating in negative-ion mode. The ESI-MS samples of
Auzs(MHA)13 NCs and non-phase-transferred Auzs(MHA)1s@XCTA NCs  were
prepared in ultrapure water, while those of intermediate-phase-transferred and phase-
transferred Au,s(MHA):s@XCTA were prepared in an acetonitrile/methanol mixture
(75/25 viv). The XRD patterns of assembled Au,s(MHA);s@XCTA NCs (X = 6-9)
were recorded by a Bruker D8 advance X-ray diffractometer using a Cu K, source (A =
1.5405 A). TEM and field emission scanning electron microscopy (FESEM) were
performed on a JEOL JEM 2010 microscope operating at 200 kV, and a JEOL JSM-
6700F microscope operating at 5 kV respectively. TEM and FESEM samples of the
solution product were typically prepared by dispensing a drop of the solution onto a
copper grid, following by overnight drying at the ambient condition (298 K and 1 atm).
The FESEM sample of the assembled film was prepared by slicing a piece of film
from the air-liquid, followed by drying in a Binder VVD-23 vacuum oven (333 K and

~20 mbar) overnight.

5.3 Results and Discussion

5.3.1 Synthesis of Amphiphilic Auzs(MHA)1s@XCTA NCs (x = 6-9)

Au,s(MHA);g NCs where MHA is 6-mercaptohexanoic acid, and CTA", were the
model hydrophilic NCs and hydrophobic cations used in this study respectively. The
binding of CTA" to the surface of Auxs(MHA)s NCs was likely to occur via the
following ion-pairing reaction; %%

CTA"+ Na'(‘00C-) = (CTA")('0OC-) + Na* (5.1)

where -COQO" was derived from the deprotonation of the -COOH group (one -COOH

group per MHA molecule) and Na® from the ionization of NaOH (pH adjuster) in

96



Chapter 5

water. In view of the dynamics of reversible reactions of which the above ion-paring
reaction in aqueous phase is one, the CTA" bound Auys(MHA);g NCs (hereafter
referred as Auys(MHA);s@xCTA where x is the number of CTA™ per NC) should
initially contain a variable number of x values. It is plausible to expect that
Aus(MHA)1s@XCTA NCs with x exceeding certain threshold values were sufficiently
hydrophobic to be transferred selectively from the aqueous phase to the organic phase;
and the ion-pairing reaction would reform the transferred species in the aqueous phase
in an attempt to reestablish equilibrium. We term such regenerative mechanism as “PT
driven ion-pairing”. Since the PT was driven by the mutual affinity of
Auzs(MHA)1s@XCTA NCs and the organic medium, it would be most effective when
there was a match of polarities of the NCs and the medium. We therefore posit that a
deliberate control of the organic medium polarity should allow us to selectively extract
Auzs(MHA)1s@XCTA NCs with the desired polarity or designed x values from the
aqueous phase. In particular, Au,s(MHA)1s@XCTA NCs with good amphiphilicity and
moderate polarity imparted by a moderate x value (e.g., X = ~9), should be highly
extractable by a moderately-polar organic medium to support the volume production
of NC amphiphiles by the PT driven ion-pairing mechanism. The following is a
detailed account of the experimental demonstration of this hypothesis.

The synthesis of Au,s(MHA)13 NCs was based on a previous procedure with some
minor changes.'® The raw Aus(MHA):;g NC aqueous solution prepared as such was
brown in color (inset #1 of Figure 5.1a) and showed the absorption characteristics of
pure Auys(SR)1s NCs at 440 and 672 nm (Figure 5.1a, black line). The well-defined
absorption spectrum suggests the high quality of the Au,s(MHA)13 NCs in the raw

product.
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Figure 5.1 (@) UV-vis absorption spectra of Au,s(MHA);s (black line) and phase-
transferred Au,s(MHA)s@XCTA (red line) NCs; the insets in (a) are the digital images of
freshly prepared Aux(MHA);g NCs in aqueous solution (#1) and phase-transferred
Au,s(MHA)3@XCTA NCs in the organic phase (#2). (b) Negative-ion mode ESI-MS
spectrum of Au,s(MHA);g NCs; inset #1 in (b) is the zoomed-in spectrum of ionized
Auzs(MHA)s NCs with 5- charge, with the number of coordinated Na* shown above each
peak; inset #2 in (b) shows the experimental (black line) and simulated (red line) isotope
patterns of [Aus(MHA) s + 6Na — 11H]”. (c) Negative-ion mode ESI-MS spectrum of phase-
transferred Au,s(MHA);s@XCTA NCs, with the value of x* (the apparent number of CTA" in
each NC with charge z) shown in red above each peak; the inset in (c) is the experimental
(black line) and simulated (red line) isotope pattern of [Au,s(MHA);s@2CTA — 7TH]”.

The molecular formula of Auzs(MHA);s NC was determined by ESI-MS analysis
operating in the negative-ion mode. In the broad m/z range of 1000-4000, two sets of
intense peaks were found around m/z = 1280 and 1540 (Figure 5.1b), which could be
assigned to ionized NCs with 6- and 5- charges respectively. The detailed assignment
of the ESI-MS spectrum of ionized NCs with 5- charge is given below as an example.
The zoomed-in ESI-MS spectrum in the 1510-1590 m/z range (inset #1 in Figure 5.1b)
contained a number of peaks with a regular m/z spacing of 4.4. The isotopic peaks
around the most pronounced peak at m/z = 1540.01 (black line in inset #2 in Figure

5.1b) were spaced 0.2 m/z apart, suggesting that the ionized NC species carry a 5- (=
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1/0.2) charge. Therefore, the m/z = 1540.01 peak corresponds to a molecular mass of
7700.05 (= 1540.01 = 5) Da, which could be assigned to [Auzs(MHA)g + 6Na —
11H]>. The simulated isotope pattern of [Auys(MHA);g + 6Na — 11H]* (red line in
inset #2 in Figure 5.1b) matches well with the experimental measurements (black line
in inset of #2 in Figure 5.1b), corroborating the validity of our assignments. The series
of peaks in the inset #1 of Figure 5.1b with a m/z spacing of 4.4 were therefore formed
by successive coordination of Na® and dissociation of H* (i.e., + Na — H,
corresponding to a mass change of 22 = 4.4 x5 Da).

Amphiphilic Auzs NCs were prepared by the PT driven ion-paring reaction between
CTA" and —-COO" on the surface of Auys(MHA);s NCs. A moderately-polar
ethanol/toluene mixture was the organic medium used to selectively extract
amphiphilic Auzs NCs from the aqueous phase. Experimentally, calculated amounts of
CTAB and Auzs(MHA)15 NCs (in CTAB : Au mole ratio of 100 : 1) were mixed in a
hybrid solvent system consisting of equal volumes of water, ethanol and toluene. The
partition of ethanol between water and toluene led to the formation of an organic phase
containing ethanol and toluene. The mixture was stirred for 5 min and then kept still
for 10 min. The Au,s NCs could be completely transferred from the aqueous phase to
the organic phase (inset #2 in Figure 5.1a), implying that the CTA" ions had
successfully bound to the surface of Auzs(MHA)1g NCs. UV-vis spectroscopy was first
used to examine the core size of phase-transferred NCs (denoted as PT-NCs). The
resulting spectrum, which is shown in Figure 5.1a (red line), is almost identical to the
spectrum of the parental Auys(MHA)1g NCs. This is indication that CTA™ binding did
not alter the core structure of the parental Au,s(MHA)15 NCs.

ESI-MS (in the negative-ion mode) was then used to examine the extent of CTA"

binding on PT-NCs, i.e., the x value in Au;s(MHA)1s@XCTA NCs. The ESI-MS
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spectrum of PT-NCs in Figure 5.1c shows 3 sets of intense peaks in the broad m/z
range of 1000-4000. They could be assigned to ionized Auzs(MHA)1s@XCTA NCs
with 5- (m/z = ~1627), 4- (m/z = ~2105) and 3- (m/z = ~2902) charges respectively. A
representative isotope analysis of [Auxs(MHA)s@2CTA — 7H]* is appended as the
inset in Figure 5.1c. The apparent number of CTA" in each ionized NC species that
carried a z charge (referred as x) is also labeled in the ESI-MS spectrum (Figure 5.1c)
for easy identification. It can be seen that the x* species (corresponding to the cluster
of peaks at m/z = ~2902) consisted of a distribution of x in the range of 3-6 (with a
population maximum at 4), while the distributions of x* and x* contained mostly x =
2-5 (population maximum at 3) and x = 1-3 (population maximum at 2) respectively.
Despite the variations in peak intensity, the outlines enveloping the peaks of NC
species with 3-, 4-, and 5- charges are visually similar, and the peak intensities follow
the approximate relation of x> ~ x* + 1 ~ x> + 2. This suggests that the development
of negative charge in these ionized NCs was most likely due to the successive
dissociation of CTA". Observations of bulky hydrophobic cation dissociation in ESI
processes before the smaller cations (e.g., H") have previously been reported by Lee et
al."® On this basis, the total number of CTA" in the neutral form of individual
Auys(MHA)1s@XCTA NC (i.e., x) can be calculated by the equation

X=X*-z (5.2)
Therefore, we infer that there were 6-9 (population maximum at 7) CTA" per
Auys(MHA)1g NC in charge-neural PT-NCs. Given that each Au,s(MHA)1g contains
18 hydrophilic MHA ligands and the 1 : 1 pairing between MHA and CTA", the 6-9
CTA" per NC would correspond to approximately half a monolayer coverage of
hydrophobic moieties on the Au,s(MHA)s NC surface (see the illustration in Figure

5.2b). This means that Auzs(MHA)1s@XCTA NCs (x = 6-9) protected by a comparable
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number of hydrophilic MHA and hydrophobic CTA™-MHA paired ligands (i.e.,
MHA---CTA where hydrophobicity is imparted by the hydrocarbon chains of CTA"),
or amphiphilic NCs could be formed in high yield by the PT driven ion-pairing

reaction, using a moderately-polar ethanol/toluene mixture as the organic medium.
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Figure 5.2 Schematic illustration of the synthesis of Au,s(MHA);s@XCTA NCs (x = 6-9)
and their self-assembly.

Several control experiments were wused to verify the formation of
Auzs(MHA)1s@XCTA NCs (x = 6-9) via the proposed polarity-dependent PT driven
ion-pairing mechanism. First, we disabled the PT of Auzs NCs by tuning the polarity
of the organic phase to highly non-polar (CTAB has low solubility in a typical non-

polar solvent such as toluene). As shown in the inset of Figure 5.3a(i), the
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Aus(MHA)1s@XCTA NCs were unable to migrate to the organic phase from the
aqueous phase when ethanol was eliminated from the tri-solvent system (volume
fraction of ethanol, fe,on = 0). In this case (feron = 0), since no NC species could be
transferred to the organic medium, the ion-pairing reaction occurred to the full extent
allowable by thermodynamics in the aqueous solution, giving rise to the non-phase-
transferred Auzs(MHA)1s@XCTA NCs (x = 3-5, with a population maximum at 5,
referred as non-PT-NCs hereafter). The x value was calculated based on the x> species
in Figure 5.3b(i) according to Equation 5.2. These non-PT-NCs (x = 3-5) were much
more hydrophilic than those PT-NCs (x = 6-9, obtained with fgon = 0.33, the ESI-MS
spectra of which are also included in Figure 5.3 (panels (iii)) for ease of comparison).
The formation of these much more hydrophilic non-PT-NCs could be attributed to the
excess Na* present in the aqueous phase, which could shift the ion-pairing equilibrium
(Equation 5.1) significantly to the left, giving rise to a smaller extent of CTA" binding
on the Auxs(MHA);s NC surface. This hypothesis is supported by the extensive
presence of Na* as counter cations on the non-PT-NCs, as evidenced by the series of
peaks due to Na* coordination in the ESI-MS spectrum (Figure 5.3c(i)). It is worth
noting that there were no similar peaks due to Na’ coordination in the ESI-MS

spectrum of PT-NCs (Figure 5.3c(iii)).
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Figure 5.3 Comparison of ESI-MS spectra (in negative-ion mode) of non-phase-
transferred (i), intermediate-phase-transferred (i), and  phase-transferred  (iii)
Aus(MHA)s@XCTA NCs prepared with fg,on = 0, 0.20 and 0.33 respectively. (a) Spectra in
the broad 1500-4000 m/z region; the insets in (a) show corresponding digital images of
Au,s(MHA) s@XCTA NCs, where the blue arrow in (ii) indicates the intermediate-phase-
transferred Au,s(MHA);s@XCTA NCs agglomerating at the aqueous-organic interface. (b)
Zoomed-in spectra of NC species with 3- charge. () Zoomed-in spectra of representative
peaks in (b). (d) Isotope patterns of the most pronounced peak in (c), where (i) corresponds to

red lines in (d) are the experimental and simulated isotope patterns respectively.
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Using a solvent mixture with an intermediate fgion (= 0.20) and thus intermediate
polarity, we were able to control the PT to the extent that Au,s(MHA)1s@XCTA NCs
were agglomerated at the aqueous-organic interface (inset of Figure 5.3a(ii)). These
NCs may be referred to as intermediate-PT-NCs. Since the intermediate-PT-NCs were
in contact with both aqueous and organic phases, they acquired the surface features of
non-PT-NCs and PT-NCs. This is evidenced from the broad distribution of x values (x
= 3-9, population maximum at 6) in their ESI spectrum. The x values were calculated
based on the x* species in Figure 5.3b(ii) according to Equation 5.2. Peaks due to
some slight Na" coordination were detected in the ESI-MS spectrum of intermediate-
PT-NCs (Figure 5.3c(ii)). All of these observations are consistent with the proposed
PT driven ion-pairing mechanism, where polarity-dependent selective PT of certain
NC species (e.g., Auxs(MHA)1s@XCTA NCs with x = 6-9, obtained by using a
moderately-polar ethanol/toluene mixture) could drive the ion-pairing reaction to
sustain the formation of the extracted NC species. More details about the ESI-MS
spectra (including the wide range spectra and representative isotope analyses) of non-

PT-NCs, intermediate-PT-NCs and PT-NCs can be found in Figure 5.3.
5.3.2 Amphiphilicity of Au;s(MHA)1s@XCTA NCs (x = 6-9)

Due to the coexistence of hydrophilic MHA and hydrophobic MHA-CTA ligands
in comparable quantities on the NC surface, together with the flexible chain structures
of these ligands, Auxs(MHA)1s@XCTA (x = 6-9) should be good supramolecular
amphiphiles.'®?? Given that the sizes of the Au core, MHA ligands and CTA" cations
are quite comparable (~1.0,*""° 0.7, and 2.0 nm respectively; see the illustration in
Figure 5.4), the polarity of Au,;s(MHA);s@XCTA (x = 6-9) NCs should depend on the

way the MHA and MHA--CTA ligands are organized on the NC surface. Therefore,
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the flexible hydrocarbon chains of MHA (Ce-chain) and CTA™ (Cye-chain), which
make the reorganization of these ligands possible, provide a good means to fine-tune
the polarity of Aux;s(MHA);s@XCTA (X = 6-9) NCs according to the polarity of
medium to enhance their amphiphilicity. For example, in a polar environment, the
hydrophobic MHA-CTA ligands may bunch together at one end and leave the
hydrophilic MHA ligands exposed at the opposite end to maximize the NC polarity
(the polar configuration illustrated in Figure 5.2c). On the contrary, the hydrophobic
MHA---CTA ligands may bend and wrap over the top of hydrophilic MHA ligands to
minimize the polarity of the NC in a non-polar medium (the non-polar configuration
illustrated in Figure 5.2c). Such a medium-induced polarity modulation mechanism
maximizes amphiphilicity by adapting the surface of Auzs(MHA)1s@XCTA NCs (x =

6-9) to the environment (a “smart” surface of sorts).

MHA Anion CTA* Cation

MRt e R

1.0 nm 0.7 nm 2.0 nm
€ >

Figure 5.4 Schematic illustration showing the sizes of the Au core, MHA and CTA®
cations in Au,s(MHA)s@XCTA NCs (x = 6-9). The size of the Au,s core is taken from the
literature,"”"® and the lengths of MHA and CTA" are estimated by CS ChemOffice Ultra 4.5.
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(a) UV-vis absorption spectra and (b-f) TEM images of Aus(MHA)3@XCTA
NCs (x = 6-9) in different media: (a(i), b) ethanol/hexane = 10/90 v/v, & = 4.15; (a(ii), c)
ethanol/hexane = 40/60 v/v, g = 10.97; (a(iii), d) ethanol/hexane = 70/30 v/v, g = 17.78,;
(a(iv), e) ethanol, & = 24.60; and (a(v), f) ethanol/water = 70/30 v/v, er = 41.25. The
superimposed black and red lines in (a) are respectively the UV-vis absorption spectra of
freshly prepared and centrifuged (at 10,000 rpm for 10 min) NC solutions. The insets in (a) are
the digital images of freshly prepared NC solutions. The insets in (b-f) are corresponding HR-
TEM images of the NCs, where the scale bars are 20 nm.

106



Chapter 5

The amphiphilic character of Aux;s(MHA)1s@XCTA NCs (x = 6-9) was first
demonstrated by their good solubility in a wide range of solvents with very different
polarities. The polarity of a solvent is usually measured by its relative dielectric
constant, ¢. The purified (see &.2.3.1 for purification procedures)
Au;s(MHA)1s@XCTA NCs (x = 6-9) could form homogeneous solutions in mixed
solvents over a wide range of & values from 4.15 (ethanol/hexane = 10/90 v/v) to
41.25 (ethanol/water = 70/30 v/v). These NC solutions ([NC] = 0.02 mM) were clear
(insets of Figure 5.5a) and highly stable to mechanical perturbations. Centrifugation at
10,000 rpm for 10 min would not result in any precipitation, as shown by the
superimposable UV-vis absorption spectra of the NC solution before and after
centrifugation (Figure 5.5a). TEM images (Figure 5.5b-f) of Auys(MHA)1s@XCTA
NCs (x = 6-9) also confirm their well-dispersed nature in the solutions. No large (>3
nm) aggregates or nanoparticles were found in the TEM images. The high resolution
TEM (HR-TEM) images (Figure 5.5b-f insets) also confirm the smallness (<2 nm) and
discreteness of the Auzs(MHA)1s@XCTA NCs (x = 6-9) in these media. To the best of
our knowledge, the Aus(MHA)1s@XCTA NC (x = 6-9) could be the NC with the
broadest medium polarity window where homogeneous NC solutions may form.
However, it should be mentioned that an ¢, outside of the aforementioned window
would render the Auys(MHA)1s@XCTA NC (x = 6-9) difficult to dissolve. For
example, dimethylsulfoxide (DMSO, & = 46.70) and hexane (g, = 1.88) were found to
be the non-solvent or poor solvent for Auzs(MHA)1s@XCTA NCs (x = 6-9).

A remarkable feature of molecular amphiphiles is the formation of bilayers and
bilayer-based lamellar structures via self-assembly.***#* Likewise our NC analog of
molecular amphiphiles also exhibited self-assembly properties. The investigation of

the self-assembly characteristics of Auxs(MHA)1s@XCTA NCs (x = 6-9) was carried
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out in a DMSO/ethanol mixture (50/50 v/v), where the volatile ethanol is a good
solvent for Auas(MHA)1s@XCTA NCs (x = 6-9) and the non-volatile DMSO is a poor
solvent. The selective evaporation of ethanol could therefore induce the self-assembly
of  Aux(MHA)s@XCTA NCs (x = 6-9). Experimentally, cleaned
Auzs(MHA)15@XCTA NCs (x = 6-9) were redissolved in a DMSO/ethanol mixture
(50/50 v/v) to a final [NC] of 0.53 mM. Solvent evaporation was carried out at the
ambient condition (298 K and 1 atm) over a period of 3 d. A brownish black film
(inset #2 in Figure 5.6a) was formed at the liquid-air interface at the end of the

procedure.

Top view

400 600 800 1000
Wavelength (nm)

Interfacial ﬂ%

Assembly
—

Absorbance (a.u)

Intensity (a.u.) Q-

20 (degree)

Figure 5.6 UV-vis absorption spectrum, (d) XRD pattern, (b-c) FESEM and (e-f) TEM
images of Au,s(MHA)s@XCTA NCs (x = 6-9) assembled at the liquid-air interface. The
insets in (a) are the digital images of Auxs(MHA)s@XCTA NCs before (#1) and after (#2)
self-assembly; the top view of the circled area of #2 is also shown to the right of #2. The inset
in (d) shows a schematic illustration of the lamellar assembly formed by the NC bilayers.

The brownish-black film was first characterized by UV-vis absorption spectroscopy.
The film was redissolvable in ethanol and the ethanol solution of the film could not be
differentiated from the ethanol solution of Auxs(MHA)1s@XCTA NCs (x = 6-9)

(Figure 5.1a, red line) by UV-vis absorption spectroscopy (Figure 5.6a). This was
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possible if the brownish black film was an organized aggregate of the
Auzs(MHA)1s@XCTA NCs (x = 6-9). The morphology of these film-like
Auzs(MHA)1s@XCTA NCs (x = 6-9) was then examined by FESEM. The FESEM
images (Figure 5.6b-c) show a flexible and deformable (evidenced by the presence of
creases in Figure 5.6b) sheet-like structure with a typical thickness of ~15 nm (see
high resolution FESEM image in Figure 5.6¢). The XRD pattern of the film (Figure
5.6d) contains two distinctive diffraction peaks at 20 = 4.02° and 7.08° respectively.
The bimodal XRD pattern is typical of the formation of regularly stacked bilayer
structures, where there are two characteristic interlayer distances (d) corresponding to
hydrophilic-hydrophilic and hydrophobic-hydrophobic aggregation layers respectively
(see schematic illustration in the inset of Figure 5.6d). Hence the sheet-like structure in
the FESEM images most probably consisted of ordered stacking of bilayers of
Auzs(MHA)1s@XCTA NCs (x = 6-9) (Figure 5.2d). Since the thickness of the sheet-
like structure (~15 nm) was much larger than the size of a Auzs(MHA)1s@XCTA NC
(x = 6-9) (see Figure 5.4 for a schematic illustration), the thin film was a lamellar
structure of bilayer stacks of Aus(MHA)1s@XCTA NC (x = 6-9).

In view of the amphiphilic nature of Auxs(MHA)1s@XCTA NCs (x = 6-9), the
lamellar structure was most likely formed by the successive stacking of bilayers of
these amphiphilic NCs at the liquid-air interface. With the evaporation of ethanol, the
polarity of the DMSO/ethanol mixture gradually increased. In the early stages of
evaporation, the “smart” surface of Auys(MHA)1s@XCTA NCs (x = 6-9) was able to
undergo some rearrangement to adapt to the changing polarity of the medium to keep
them soluble in the mixed solvent. However, continual evaporation of ethanol would
eventually increase the polarity of the DMSO/ethanol mixture to exceed the upper

polarity limit of the NCs, resulting in the precipitation of Aus(MHA)1s@XCTA NCs
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(x = 6-9) in their most polar configuration. The most polar state of
Auzs(MHA)1s@XCTA NCs (x = 6-9) should be a surfactant-like structure with
hydrophobic and hydrophilic moieties localized on opposite ends (polar configuration
in Figure 5.2c). The surfactant-like NCs aggregated differently at the liquid-air
interface and in the bulk of liquid, due to the minimization of surface energy. At the
liquid-air interface, the surfactant-like NCs self-assembled into a monolayer with the
hydrophobic end facing air, similar to the behavior of a typical surfactant at the liquid-
air interface. In the bulk of the liquid (DMSO-rich), the surfactant-like NCs packed
into bilayers (or fragments of bilayers) by aggregating the hydrophobic ends, similar
to the arrangement of lipids in a cell membrane. Consequently, the bilayer would
adhere to the monolayer of surfactant-like NCs via hydrophilic-hydrophilic interaction.
A succession of these hydrophilic-hydrophilic induced adhesion would stack the
bilayers into the ~15-nm-thick-lamellar structure (Figure 5.2d).

In the above bilayer-based self-assembly, the d-spacings corresponding to the
hydrophobic-hydrophobic and hydrophilic-hydrophilic aggregation layers could be
estimated based on the sizes of the Au core (~1.0 nm), MHA ligands (~0.7 nm) and
CTA" (~2.0 nm, see Figure 5.4). If the fully extended forms of MHA ligands and
CTA" (Au core is considered impenetrable and un-deformable), the d values
corresponding to hydrophilic-hydrophilic and hydrophobic-hydrophobic aggregation
layers should be 2.4 (=1.0 + 2 x0.7) and 6.4 (= 1.0 + 2 % (2.0 + 0.7)) nm respectively.
These estimated d values are in good agreement with those measured by XRD (Figure
5.6d). If we consider 20 = 4.02° and 7.08° peaks as 2" order diffraction peaks (the 1%
order diffraction peaks were overshadowed by the high background noise at 26 <2.5°),
the 2" order diffraction at 20 = 7.08° should correspond to a d value of 2.5 nm, close

to the hydrophilic-hydrophilic aggregation layer (estimated d = 2.4 nm) formed by
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fully extended MHA ligands. The d value corresponding to the 2" order diffraction at
20 = 4.02° is 4.4 nm, smaller than the estimated value (d = 6.4 nm) for the
hydrophobic-hydrophobic aggregation layer. This could be due to some interdigitation
of the hydrocarbon tails of CTA". The interdigitation of long alkyl-chain of CTA" in
bilayer formation is a rather common phenomenon.?***!*> Based on the above XRD
analysis, the number of stacked bilayers in the ~15-nm-thick sheet-like structure was
~2 (i.e. 15/ (4.4 + 2.5) = 2.17).

The layered structure of these Auxs(MHA)1s@XCTA NC films (x = 6-9) was also
confirmed by TEM analysis (Figure 5.6e-f). We managed to exfoliate a film in DMSO
through a brief ultrasonication (37 kHz, 5 min). A drop of the resultant DMSO
solution was dropped onto a TEM copper grid and dried. The TEM image shows a
single-NC-thick sheet which was folded in some places (Figure 5.6e). The HR-TEM
image (Figure 5.6f) confirms the sheet was composed of NCs <2 nm. There was
however no indication of intralayer structural order in individual NC layer (Figure
5.6f), verifying that the peaks in XRD were due to the diffraction from the regularity

of interlayer stacking.
5.3.3 Enhanced Stability of Auzs(MHA)1s@XCTA NCs (X = 6-9)

In addition to introducing amphiphilicity, CTA" coating also contributed to
improving the stability of Au,s NCs. This was revealed by comparing the stability of
Auzs(MHA)15 NCs and Auas(MHA)1s@XCTA NCs (x = 6-9) at the ambient condition
(298 K and 1 atm and mildly oxidizing due to the oxygen in air) over a period of 7 d.
The NC stability was assessed by spectral changes in UV-vis spectroscopy (Figure
5.7). The UV-vis absorption spectrum of Auxs(MHA);s NCs after 3 d of ageing

showed considerable changes indicative of the decrease in NC quality (Figure 5.7a). In
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sharp contrast, the UV-vis absorption spectrum of Auzs(MHA);s@XCTA NCs (x = 6-9)
(Figure 5.7b) underwent little changes even over an extended time period (7 d). The
good stability was also retained in the assembled Auzs(MHA)1s@XCTA NCs (x = 6-9).
The stability of the latter was evaluated by treating them at an elevated temperature
(393 K) either in air or in vacuum for 3 d. The assembled film after the said thermal
treatment was redissolved in ethanol for the UV-vis analysis. The results in Figure 5.8
show that the characteristic absorption features of Au,s(SR);s at 440 and 672 nm were
still present in both cases, indicating that the assembled Aus(MHA)1s@XCTA NCs (X
= 6-9) were stable to high temperature (393 K) even in air. These stability tests suggest
that the CTA" coating was a competent O, barrier to protect the Au,s core from
oxidative decomposition (a common decomposition pathway for Auys NCs).226%" |t
also increased the thermal stability of the NCs by dispersing the thermal energy most

probably though Cie-chain vibrations or rotations; without which the thermal

desorption of the thiolate ligands would cause the aggregation of the Au cores to occur.
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Figure 5.7 UV-vis spectra of (a) Au,s(MHA)1g NCs and (b) Auys(MHA)s@XCTA NCs
(x = 6-9) over a period of 1 week at the ambient condition (298 K and 1 atm). The insets show
the enlarged spectra in the 550-800 nm spectral region. The absorption peak at ~672 nm of
Au(MHA) ;g NCs was significantly broadened after 3 d, while the absorption peak of
Aus(MHA)s@XCTA NCs (x = 6-9) did not show any broadening over 7 d; indicating the
good stability of the latter.
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Figure 5.8 UV-vis absorption spectra of assembled Au,s(MHA);s@XCTA NCs (x = 6-9)
after heating at 393 K for 3 d in air (black line) and in vacuum (~20 mbar, blue line).

5.4 Conclusion

In summary we have developed a simple surface modification method for the
preparation of amphiphilic NM-NCs. The method is based on a PT driven ion-pairing
reaction between hydrophobic cations and anionic surface functionality of the
hydrophilic NCs. The reversibility of the ion-pairing reaction is combined with a
polarity-dependent PT to selectively extract amphiphilic NCs from the aqueous phase
to a moderately-polar organic phase, thereby making the preparation of amphiphilic
NCs possible. Specifically amphiphilic Auzs(MHA);s@XCTA NCs (x = 6-9) were
prepared by patching the hydrophilic Au,s(MHA)1g NCs partially with CTA™ using the
hydrocarbon chain of the latter to impart hydrophobicity. Due to a comparable amount
of flexible hydrophilic and hydrophobic moieties on the NC surface; the resulting

amphiphilic Auzs(MHA)1s@XCTA NCs (x = 6-9) could be regarded as high quality
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supramolecular amphiphilies. These supramolecular amphiphilies not only possess
good solubility in a wide range of medium with distinctly different polarities (g,
ranging from 4.15 to 41.25), but also exhibit the self-assembly characteristics of
molecular amphiphiles (e.g., formation of stacked bilayers with regular interlayer
packing at the liquid-air interface). The products and the preparation method
demonstrated in this study indicate that amphiphilicity could now be imparted to sub-
2-nm particles to increase the versatility of NC-based materials and to regulate the
self-assembled structures of the latter. However, 3D crystalline order is not yet
obtained in stacked bilayers of NCs although regular interlayer packing is achievable
via amphiphilicity driven assembly. Inspired by the packing of hard spheres, we
hypothesized that such long-range crystalline order may be achievable through

depletion forces, which is the topic of Chapter 6.
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CHAPTER 6 SHAPE-TAILORABLE
CRYSTALLIZATION OF
SUPRAMOLECULAR ATOMS:
COUNTERION-ASSISTED SHAPING OF

AG4(P-MBA);, NC SUPRACRYSTYALS

6.1 Introduction

The crystallization of M(SR) (M = Au and Ag) is a central research activity in the
development of cluster chemistry.?**?"?® This has been intensely pursued in the last
decade because the determination of NC structures depends on the availability of high

24-27,29,33,40,57,59-60

quality supracrystals (SCs) of NCs. Shape also affects the

physiochemical (e.g., optical and catalytic) properties of crystalline materials through
geometry, symmetry and the exposure of specific crystallographic facets.’”?#?% The
reciprocity between shape and property has been regularly shown by noble metal
nanocrystals, and motivates shape engineering as a means to diversify the nanocrystal
shape for application explorations.®>###19221-2%5 The formation of SC with shape
control from NC building blocks is however technically challenging. Thus far, only
rhombohedral or needle-like NC-SCs with the symmetry of monoclinic, triclinic and
orthorhombic crystal systems have been demonstrated.?*26:28-2933405759-60 g - the
crystallization of NCs into shape-tailorable SCs with structural diversity approaching

that of nanocrystals; is clearly of interest to the cluster research community. The

ability to perform shape engineering can accelerate NC structural determination by X-
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226

ray crystallography (via the packing of NCs into SCs of high symmetry);“~” and also

the development of reliable property-shape relationships for the NC-SCs, *°0:227-228
Recently, Desireddy et al. reported the synthesis of rhombohedral Agas(p-MBA)3o
NC-SCs, where p-MBA or H-SPhCOOH denotes p-mercaptobenzoic acid.?” Since the
SCs were grown from NCs with the protonated form of p-MBA ligands, the crystal
habit (e.g., the rhombohedral shape of the SCs) is strongly relatable to a bonding
environment established by the directional hydrogen bonds (H-bonds) on the
component NCs.** In this work, we will demonstrate that the shape of Agas(p-MBA)s0
NC-SCs can be tailored by altering the bonding habit of component NCs. By simply
changing the counterions of p-MBA ligands from H* to non-H" cations (e.g., Cs"), the
formation of directional H-bonds between NCs could be substantially suppressed,
thereby promoting non-directional bonding to Ags4(p-MBA)3, NCs. A non-directional
bonding habit, together with several other structural features (e.g., uniform size,
pseudo-spherical geometry, and rigid ligand shell), imparted the Agss(p-MBA)3o NCs
with hard-sphere-like atomic properties (supramolecular atoms). Similar to the
formation of closest-packed (e.g., f.c.c.) crystals by hard-sphere-like atoms, these
atom-mimic NCs assembled into octahedral SCs with Oy symmetry, in stark contrast
to the rhombohedral SCs with lower Dsq symmetry reported in the literature.?’
Furthermore, the high charge density of Aga(p-MBA)3;; NCs developed by
deprotonating the p-MBA ligands offers a means to modify the SC growth kinetics by
charge-screening effects, which could be used to alter the faces of octahedral Agas(p-

MBA)3, NC-SCs to be either convex (octahedron) or concave (concave-octahedron).
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6.2 Experimental Section

6.2.1 Materials

p-MBA, NaBH,, and cesium hydroxide (CsOH, 50 wt.% solution in water) from
Sigma Aldrich; AgNO3; from Merck; ethanol from Fisher; and DMSO from Tedia
were used as received without purification. Ultrapure Milipore water (18.2 MQ) was
used in the preparation of all aqueous solutions. All glassware was washed with aqua

regia and rinsed with ethanol and ultrapure water before use.
6.2.2 Synthesis of Agsu(p-MBA)3; NCs

The preparation of Agss(p-MBA)3; NCs followed a previously-reported method
with some modifications.?” 5.25 mL 23.8 mM AgNOj; aqueous solution was mixed
with 3 mL 83 mM p-MBA solution in ethanol to form a light-yellow suspension of
Ag(l)-(p-MBA) complexes. 200 pl 1 wt.% CsOH aqueous solution ([CsOH] = 66
mM) was then introduced to bring up the pH value under vigorous stirring (1,000 rpm).
The cloudy suspension turned into a clear solution. 2.25 mL 278 mM NaBH, aqueous
solution (freshly prepared by adding a calculated amount of NaBH,4 powder in 0.2 M
CsOH aqueous solution) was then added drop-wise. The growth of NCs occurred at
323 K for 12 h under vigorous stirring (1,000 rpm). The dark-red solution obtained at
the end of this procedure was collected as the raw product.

The raw product was centrifuged at 10,000 rpm for 5 min to remove any likely
insoluble impurity (e.g., unreacted Ag(l)-(p-MBA) complex). An equal volume of
ethanol (i.e., 10 mL ethanol for 10 mL NC solution) was then added to the supernatant,
followed by centrifugation at 10,000 rpm for 5 min. The precipitate was recovered and

redissolved in 2 mL of 1 wt.% CsOH aqueous solution. After incubation under
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moderate stirring (600 rpm) for 10 min, ethanol in double the volume of the NC
solution was added, followed by centrifugation at 10,000 rpm for 5 min. The
redissolution-centrifugation cycle was repeated for another two rounds to fully
deprotonate the carboxyl groups in the p-MBA ligands. The precipitate at the end of

these procedures was collected as the cleaned product.

6.2.3 Crystallization of Ags(p-MBA)3o NCs

The supracrystals of Agss(p-MBA)3y NCs were grown in a dual-solvent system.
Cleaned Agas(p-MBA)3; NCs were redissolved in a mixture of DMSO/water with a
given DMSO content (fomso, V/v) and CsOH concentration to form the crystallization
solution (the target concentration of NC, [NC] was 0.73 mM). The crystallization
solution was then placed in a vacuum oven at ~20 mbar and 313 K to selectively
remove the water in the mixture. The evaporation lasted typically 1-3 days (depending
on the fpmso), and dark-red SCs of Agas(p-MBA)so NCs could be collected from the
bottom of crystallization tube at the end of the procedure. For a typical growth of
octahedral SCs, a crystallization solution with fpmso = 0.5 and [CSOH] =33 mM, 1 d
of vacuum treatment was sufficient. Increasing to [CSOH] = 66 mM while keeping

other parameters intact formed concave-octahedral SCs from the Agas(p-MBA)3 NCs.

6.2.4 Characterization

The growth of SCs was performed in a Binder VD-23 vacuum oven maintained at
~20 mbar and 313 K. UV-vis spectra were recorded by a Shimadzu UV-1800
spectrometer. The morphology of discrete Ags(p-MBA)3 NCs, NC-SCs or other
assemblies was examined by scanning electron microscopy (SEM; on a JEOL JSN-

5600lv microscope operating at 15 kV), FESEM (on a JEOL JSM-6700F microscope
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operating at 5 kV), TEM (on a JEOL JEM 2010 microscope operating at 200 kV) and
STEM (on a JEOL JEM 2010 microscope operating at 200 kV). The composition of
SCs was analyzed by energy dispersive X-ray spectroscopy (EDX) on a JEOL JSN-
5600lv microscope operating at 15 kV. The composition of rod-like assemblies was
determined by EDX on a JEOL JEM 2010 microscope operating at 200 kV. (FE)SEM
and TEM samples were prepared by dispensing a drop of the sample dispersion on a
copper grid followed by drying in a vacuum oven (Binder VVD-23 operating at ~20
mbar and 313 K). XRD pattern was recorded on a Bruker D8 advance X-ray
diffractometer using Cu K, radiation (A = 1.5405 A). The centrifugation of samples

was performed on an Eppendorf 5810R centrifuge.

6.3 Results and Discussion

6.3.1 Fabrication of Octahedral Agss(p-MBA)3 NC-SCs

The synthesis of Ags(p-MBA)3y NCs was based on the method of Bigioni et al.
with several minor changes.® The as-synthesized raw Agas(p-MBA)s; NCs showed
well-defined absorption peaks at 415, 485, 538, 645 and 835 nm which are identical to

27-28,66,229 an

the characteristic absorption features of Aga4(SR)s0 NCs (Figure 6.1a),
indication of the high purity of the raw product. The TEM image (Figure 6.1b) of the

as-synthesized Aga4(p-MBA)3o NCs shows that the Ag core size was <2 nm.
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Figure 6.1 UV-vis absorption spectrum (a) and TEM image (b) of freshly prepared
Agu(p-MBA)3; NCs. Inset in (a) schematically illustrates the structure of a Agas(p-MBA)sg
NC (drawn according to the crystal structure reported by Desireddy et al.?”) where red dots are
O atoms, dark grey dots are C atoms, yellow dots are S atoms, and light grey dots are Ag
atoms. H atoms are omitted in the illustration for a cleaner representation.

Contrary to the crystallization of protonated Ags(p-MBA)ss NCs in a single
solvent (DMF) system done previously, the crystallization of deprotonated Agaa(p-
MBA)4 NCs (with Cs™ counterions) in this study was carried out in a dual-solvent
system where a good solvent (e.g., water) was used to increase the solubility of
deprotonated Aga4(p-MBA)44 NCs in a solvent mixture containing a bad solvent (e.g.,
DMSO). The selection of the good/bad solvent pair was based on vapor pressure
differences where the good one should possesses a higher vapor pressure (i.e., easier to
evaporate) than the bad one. Slow and selective evaporation of the good solvent could
then occur to induce the crystallization of Agss(p-MBA)4s NCs.

Experimentally, the raw Agas(p-MBA)3o NCs were first pelletized by centrifugation
in the presence of ethanol, followed by washing with 66 mM CsOH aqueous solution
thrice to fully deprotonate the p-MBA ligands. The deprotonated Agss(p-MBA)zo NCs
were redissolved in a DMSO/water mixture ([NC] = 0.73 mM) containing a
predetermined concentration of Cs* ([Cs'], from the dissociation of dissolved CsOH).
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The solution was then placed in a vacuum oven (~20 mbar and 313 K) to remove the
water. After 1-3 days of growth (with duration depending on the volume fraction of
DMSO, fpmso in the dual-solvent), Agss(p-MBA)3; NC-SCs were recovered as a

black-red precipitate at the bottom of the crystallization tube.
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Figure 6.2 (@) SEM image, (b) UV-vis absorption spectrum, and (c) EDX elemental
analysis of octahedral supracrystals grown at [Cs*] = 33 mM and fpuso = 0.5; and (d) UV-vis
absorbance at A = 645 nm () of the crystallization solution before (black line) and after (red
line) centrifugation plotted against evaporation time (t). The top inset in (a) shows the size
histogram of supracrystals, while the bottom insets in (a) show the FESEM images and the
schematic illustrations of supracrystals viewed from 3 different directions. Upper and lower
panels in (c) are the elemental maps and EDX spectrum, respectively. Insets #1-2 in (d) show
the FESEM images of supracrystals harvested at different t, and inset #3 shows the fit of a
kinetic model for the precipitation reaction of Ag4(p-MBA)3, NCs, where t,,c = 12 h was used
in the fitting. All scale bars in the EM images are 10 pm unless indicated otherwise.

In stark contrast to protonated Agas(p-MBA)so NCs which formed rhombohedral

SCs,%" the Cs*-deprotonated Agus(p-MBA)s, NCs were packed into SCs with an
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octahedral shape at [Cs'] = 33 mM and fpmso = 0.5 (Figure 6.2a). The SCs fabricated
as such encompassed a broad size distribution (the top inset in Figure 6.2a) with an
average value of 24.48 pm (from counting >100 SCs). The regular octahedral
morphology (bottom insets in Figure 6.2a) of the SCs suggests them to be single-
crystalline supracrystals with O, symmetry, symmetry characteristic of the cubic
crystal system which is not found in other crystal systems. The octahedral morphology
is congruent with f.c.c. SCs enclosed by the (111)sc facets, as confirmed by a powder
X-ray diffraction pattern where the most dominant (111)sc peak was located at 26 =
~4.19°(calculated value = 4.20< see Figure 6.3 for more calculation details). We posit
that the formation of octahedral SCs was thermodynamically driven. After the
complete elimination of the directional H-bonds, the interaction between Cs’-
deprotonated Agas(p-MBA)3, NCs should be non-directional. The non-directional
bonding habit, together with uniform size, pseudo-spherical geometry, and a rigid
surface (brought about by the rigidity of the p-MBA ligand); the Cs’-deprotonated
Agas(p-MBA)3; NCs may be regarded as hard-sphere-like supramolecular atoms, and
their packing may be approximated by the classic hard spheres model. The hard
spheres model suggests that the depletion force (entropic effect) could drive the
packing of spheres into the most condensed pattern (e.g., f.c.c. packing).>*49%%
Several independent observations confirmed that the octahedral SCs were formed
by assimilation of Agsu(p-MBA)3, NCs in the presence of Cs'. First, after
redissolution in water (containing 66 mM CsOH for NC stability considerations, see
&.3.3 for more details), the “SCs” showed identical UV-vis absorption spectrum
(Figure 6.2b) as that of discrete Agas(p-MBA)3o NCs (Figure 6.1a), suggesting that the
size and structure of Aga(p-MBA)s; NCs were preserved in the SCs. Additional

supporting evidence also came from energy-dispersive X-ray spectroscopy (EDX)
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analysis. First, all of the elements identified in the EDX spectrum (Figure 6.2c, down
panel) were those of Aga(p-MBA)s NCs and Cs® cations. Quantitative analysis
returned the atomic ratio as Au : S : Cs = 1: 0.68 : 0.76, consistent with completely
Cs'-deprotonated NC with the molecular formula of CssAg4s(SPhCOOCS)3
(calculated atomic ratio of Au:S: Cs=1:0.68:0.77, association of 4 additional Cs"

21y, In addition, the elemental maps of a

was for neutralization of 4 e- core charge
typical octahedral SC (Figure 6.2c, up panel) show uniform distributions of Ag (red),
sulfur (green), and Cs (blue) in the SC. Taken together, UV-vis spectroscopy and EDX

measurements indicate the conservation of shape and size of Agss(p-MBA)3 NCs in

the octahedral SCs.
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Figure 6.3 Powder XRD pattern of octahedral Ag(p-MBA)s, NC-SCs grown in a
solution of fouso = 0.5 and [Cs'] = 33 mM. The peak at 20 = 4.19° was assigned to f.c.c.
(111)sc facets. Theoretical 20 corresponding to f.c.c. (111)sc could be estimated based on the
reported packing diameter (D = 2.58 nm) of Agu(p-MBA)z NCs in the SCs.?” The D was
transcribed into the lattice parameter a of a f.c.c. SC via the equation a=+/2D. Since the X-
ray source was Cu K, radiation (A = 1.5405 A), 20 corresponding to f.c.c. (111)sc was
calculated to be 4.20°, in good agreement with the measured value (20 = 4.19°).

In order to gain some insights into the crystallization process, we monitored the
crystallization by following the NC concentration ([NC]) as a function of the time of

evaporation (t). The characteristic absorbance of Ags(p-MBA)3o NCs at A = 645 nm
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(denoted as 1) was used as a proxy for [NC]. Figure 6.2d shows two sets of I-t plots
from crystallization solutions before (black line) and after (red line) centrifugation
(5,000 rpm, 3 min) respectively. The purpose of centrifugation was to remove any
small SCs suspended in the crystallization solution. The solutions before and after
centrifugation both showed nearly time-invariant | values in the early stage of
evaporation; forming plateaus in the I-t plot. The | values before and after
centrifugation are also close to each other. These observations indicate that the Agaa(p-
MBA)3, NCs existed as discrete particles at this stage. After the plateau | started to
decline exponentially with time and the | values before and after centrifugation also
departed from each other more distinctively especially in the early stage of the decline
(t = 14 h). This signals the start of the formation of small SCs, as evidenced by the
FESEM analysis (inset #1 of Figure 6.2d) at t = 14 h where small octahedral SCs
(several pm in size) were found. After t = 14 h, the | values before and after
centrifugation continued to decline but gradually approached each other again,
suggesting the settling and the growth of SCs in size. Typical FETEM image
corresponding to well-grown octahedral SCs is shown in the inset #2 of Figure 6.2d
for ease of comparison.

The I-t measurements suggest that crystallization probably occurred through a
“nucleation-growth” process (Figure 6.4).%*" In the early stage of evaporation (t < 12 h,
Phase 0 in Route | of Figure 6.4), the change in solvent polarity was not sufficient to
induce the crystallization of Agss(p-MBA)so NCs and hence the Agas(p-MBA)3, NCs
remained in the solution phase (the I plateau in the I-t plot). However, when the
decrease in polarity continued with time due to the evaporation of water, the solubility
of Agss(p-MBA)3o NCs ([NC]s) would eventually be exceeded and supersaturation of

Agua(p-MBA)30 NCs (as measured by S = [NC]/[NC]s) occurred in the solution. When
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S was high enough (the critical value, S¢i) to overcome the energy barrier for
nucleation, the nucleation of SCs was made possible. This is the nucleation phase of
crystallization (Phase I in Route | of Figure 6.4). Since nucleation is usually complete
within a short period of time, it is difficult to accurately identify the nucleation phase
in the I-t plot. However, based on the observation of extensive formation of small SCs
at t = 14 h, we expect the nucleation time (tn,) to be between 12 and 14 h. The
octahedral shape of these small SCs also suggests that the nuclei of SCs were also
octahedral. After nucleation was the growth phase of SCs (t > tn, Phase Il in Route |
of Figure 6.4) where SCs grew by uniform deposition of newly precipitated NCs on
the surface of the growing nuclei. The depletion of discrete Agss(p-MBA)3; NCs was

more gradual in the growth phase, as shown by the decay of I at t > ty,c.
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Weak charge-screening at Supracrystal nuclei Octahedral
low [Cs*] supracrystals
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Figure 6.4 Schematic illustration of the formation of octahedral (Route I) and concave-
octahedral (Route I1) Ags(p-MBA)3, NC supracrystals.

6.3.2 Fabrication of Concave-Octahedral Agss(p-MBA)3 NC-SCs

With the above understanding it should be possible to modify the shape of SCs by

manipulating the kinetics of their growth. We learn from the synthesis of nanocrystals
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that concave faces could be developed on a polyhedral nanocrystal by selectively
depositing newly-formed atoms on the high curvature sites (edges and corners).?#%%
Selective deposition is facilitated by a low rate of generation of the depositing
atoms.”**#* We have applied the principle (a kinetic control strategy) to program the
spatial arrangement of constituent nanocrystals in heterogeneous noble metal
nanocrystals in our recent work.?>%*® We expect the strategy to also work for the
shape-engineering of Agas(p-MBA)3so NC-SCs. The precipitation kinetics of Agaa(p-
MBA)3, NCs in the growth solution should be the equivalence of the atom generation
kinetics in nanocrystal synthesis key for shape-engineering. Since deprotonated
Agu(p-MBA)3, NCs carry a high charge (34 e- per NC, where 30 e- are from the
deprotonation of p-MBA ligands and 4 e- are from the charge in the core),?” we
hypothesized that the precipitation kinetics of Ags(p-MBA)so NCs could therefore be
manipulated by the selective screening of the Agss(p-MBA)3o NC’s charge.

We therefore carried out the crystallization of Agss(p-MBA)3; NCs under a strong
charge-screening environment created by elevating [Cs’] while keeping other
conditions intact. As shown in Figure 6.5a, the shape of Ag(p-MBA)3, NC-SCs
changed from octahedron to concave-octahedron after elevating [Cs*] from 33 mM to
66 mM. These concave-octahedral SCs were morphologically similar to octahedral
SCs except for a distinct depression on each face and a slightly larger size (average
size = 34.15 um, the histogram of size distribution is shown in the inset (top) of Figure
6.5a). The chemical identity of concave-octahedral SCs was similarly characterized by
UV-vis spectroscopy and EDX elemental analysis. The redissolved SCs (in 66 mM
CsOH aqueous solution) showed identical UV-vis absorption features (Figure 6.5b) as
those of discrete Agasq(p-MBA)3o NCs (Figure 6.1a). Elemental analysis (Figure 6.5c,

top panel) also confirmed the uniform distribution of Ag (red), S (green) and Cs (blue)
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throughout the concave-octahedral SC. All elements except Cu (from the copper grid

in EDX analysis) (Figure 6.5c, bottom panel) could be assigned to Aga(p-MBA)s30

NCs and Cs" cations.
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Figure 6.5 SEM image, (b) UV-vis absorption spectrum, and (¢) EDX elemental analysis
of concave-octahedral supracrystals grown at [Cs*] = 66 mM and fouso = 0.5; and (d) UV-vis
absorbance at A = 645 nm (1) of the crystallization solution before (black line) and after (blue
line) centrifugation plotted against t. The top inset in (a) shows the size histogram of
supracrystals, while the bottom insets in (a) show the FESEM images and schematic
illustrations of supracrystals viewed from 3 different directions. The upper and lower panels in
(c) are elemental maps and EDX spectrum, respectively. Insets #1-2 in (d) show the FESEM
images of supracrystals obtained at different t, and inset #3 shows the fit of a kinetic model for
the precipitation reaction of Aga(p-MBA)3, NCs, where t,,c = 10 h was used in the fitting. All
scale bars in the EM images are 10 pm unless indicated otherwise.
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The I-t plots in Figure 6.5d suggest that the growth of concave-octahedral SCs was
dependent on charge-screening-assisted (or Cs'-assisted) nucleation and growth. The
I-t plots of concave-octahedral SCs before and after centrifugation are visually similar
to those of octahedral SCs but there are a few important differences. The most
noticeable difference is the earlier onset of the divergence of | before and after
centrifugation (t = 12 h for the concave-octahedral SCs vs 14 h for the octahedral SCs).
This is suggestion that the nucleation of concave-octahedral SCs was kinetically more
facile (a ty,c between 10-12 h) caused most likely by the stronger charge-screening at
[Cs'] = 66 mM. As shown in Route Il of Figure 6.4 (Phase 0), the more compressed
double layer of Ag(p-MBA)s; NC at [Cs] = 66 mM increased the approach of
neighboring NCs and hence the tendency for aggregation (nucleation). The relative
lowering of the energy barrier of nucleation enabled nucleation to occur at a lower S,
which translated to a shorter time of evaporation (Phase | in Route 11 of Figure 6.4). A
direct consequence of the precipitation of Ags(p-MBA)3; NCs at lower Sg; was a
slower precipitation kinetics (Phase Il in Route Il of Figure 6.4). This was confirmed
by the analysis of the kinetics of decay of the I profile during the growth phases of
both octahedral and concave-octahedral SCs (inset #3 of Figure 6.2d and 6.5d
respectively). | after centrifugation was used in the kinetic analysis since it is a more
accurate measure of [NC]. In both cases, the exponential decay of | followed a pseudo-
1% order kinetics (In(I/1p) = k x (t - to), where K is the specific rate constant and Io
denotes the absorbance at t,,). The calculated k values were 0.54 (with a coefficient of
determination (R?) of 0.993) and 0.46 (R? = 0.989) for the growth of octahedral SCs
(inset #3 of Figure 6.2d) and the growth of concave-octahedral SCs (inset #3 of Figure
6.5d) respectively, confirming the slower intrinsic kinetics for the precipitation of

Agu(p-MBA)3; NCs. The slower rate of precipitation promoted the preferential
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deposition of newly precipitated Agas(p-MBA)3p NCs onto the corners and edges of
pre-existing nuclei to form the concave-octahedral SCs. The parallelism between the
kinetic control of selective deposition in the synthesis of SCs and the kinetic control of
selective deposition in the synthesis of concave-polyhedral nanocrystals is therefore
established.?33

The corner/edge-selective deposition on octahedral SCs was also validated by
FESEM analysis. The size and morphology of small SCs obtained at t = 12 h, when
the | values before and after centrifugation began to diverge, were examined by
FETEM (inset #1 of Figure 6.5d). These small SCs were octahedral (several pm in
size) with slightly concave faces. The extent of depression in the faces was markedly
lower than that of the fully-developed concave-octahedral SCs (inset #2 of Figure
6.5d). This is a good indication that the face-concavity of concave-octahedral SCs was
developed by the selective deposition of newly precipitated Agas(p-MBA)3, NCs on

the corners and edges of octahedral nuclei.

6.3.3 The Operating Regions of Shape-Tailorable Crystallization of Agas(p-

MBA)30 NCs

It should be mentioned that the charge-screening-assisted (or Cs'-assisted)
nucleation and growth mechanism requires a suitably low S value in the staring
solution to take effect. The S value in starting solution could be controlled by fpmso.
We found that octahedral SCs were the only crystallization product throughout a broad
[Cs™] range of 16.5-99 mM (Figure 6.6b-j and f-m) at fomso = 0.6 (> 0.5, fomso = 0.5
was used in this study to produce both octahedral and concave-octahedral SCs). An

initially high S value in the starting solution could easily transcend the range of S
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suitable for corner/edge-selective deposition. In such cases, the precipitation kinetics

was fast regardless of the value of [Cs’], favoring the formation of octahedral SCs.

Figure 6.6 SEM images of assembled/crystallized Ags(p-MBA)s; NCs at fpmso = 0.6
and [Cs'] = 8.25 mM (a, €), 16.5 mM (b, f), 33 mM (c, g), 66 mM (d, h), 82.5 mM (i, I), 99
mM (j, m) and 132 mM (K, n). (a-d, i-k) and (e-h, I-n) are low and high magnification views,
respectively.

In addition, it was found that [Cs*] should be within a certain range of values for
crystallization to occur. Extreme [Cs'] values (too high or too low) spoiled the
crystallization process. For example, at a very high [Cs™] of 132 mM (at fomso = 0.6),
the NCs were not soluble in the starting solution at ambient conditions. The very
strong charge-screening effects led the NCs to aggregate randomly into an amorphous
film (see morphology in Figure 6.6k and n). The amorphous film is highly soluble in
water. Their UV-vis spectrum (Figure 6.7, black line) shows absorption features
characteristics of discrete Agas(p-MBA)3o NCs (Figure 6.1a), suggesting that the size

and structure of Agas(p-MBA)3o NCs are preserved in the amorphous film.
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Figure 6.7 UV-vis absorption spectra of a typical amorphous film (black line) and a

typical rod-like assembly (blue line) redispersed in 66 mM CsOH aqueous solution.

Figure 6.8 STEM image (a) and elemental maps of Ag (b), S (c), and (d) Cs in the rod-
like assembly.
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At the other extreme of a very low [Cs™] (8.25 mM), a rod-like assembly of NCs
was observed (Figure 6.6a and e). The rod-like assemblies are not soluble in aqueous
solution and their aqueous dispersion displays a featureless absorption spectrum
typical of the decomposition of Mn(SR)m NCs into M(I)-SR complexes.’®139216.237
This observation suggests that the rod-like assemblies are likely packed Ag(l)-(p-
MBA) complexes (the decomposition products of Aga(p-MBA)3; NCs.). The
hypothesis was verified by STEM and EDX elemental analysis shown in Figure 6.8.
According to the STEM (Figure 6.8a) and EDX (Figure 6.8b-d) results, the rod-like
assembly may be described better as a “bamboo-like” assembly where Ag(0) nodes
decorate the aligned stems of Ag(l)-(p-MBA) complexes. Cs* was assimilated in the
aligned Ag(l)-(p-MBA) complexes for purpose of charge neutrality. The formation of
bamboo-like pattern could be due to the phase-separation of Ag(0) and Ag(l)-(p-MBA)
complexes released from the decomposition of Ags4(p-MBA)3, NCs. We posit that the
decomposition of Agss(p-MBA)3e NCs released Ag(0) from the NC core, and Ag(l)-
(p-MBA) complexes from the NC protecting shell in O,-free environment. The
aggregation of Ag(0) formed the nodes and the assembly of Ag(l)-(p-MBA)
complexes formed the stems in the bamboo-like assembly. The decomposition of
Agas(p-MBA)3 NCs at low [Cs™] (Cs* provided by CsOH dissociation) could be due
to their instability in the reduced pH (Figure 6.9) environment not amped up by CsOH.
It should be mentioned that a similar alignment of Au(l)-SR complexes into 1D

assembly has been observed before.?®
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Figure 6.9 UV-vis absorption spectra of Ags(p-MBA)s, NCs in 1 wt.% CsOH ([CsOH]
= 66 mM) aqueous solution (black line), in ultrapure water (red line), and in 1 wt.% HOACc
aqueous solution (blue line). The fading of the absorption features of pure Ags(p-MBA)3g
NCs from the top to the bottom panels suggests the decreased stability of as-prepared Agas(p-
MBA)3, NCs in progressively more acidic solutions.

We have also undertaken a preliminary survey of the operating regions for the
shape-engineering of Aga(p-MBA)3 NC-SCs in the DMSO/water dual-solvent
system. We mapped out the [Cs']-fomso Space since these two parameters have the
most influence on SC formation (Figure 6.10). SEM images corresponding to each
dotted point in the diagrams of Figures 6.2, 6.5, 6.6 and 6.11-6.15 were taken. The
diagram constructed as such (Figure 6.10) can be divided into four regions. Two of
them are suitable for SC formation, i.e., the upper-left region (Il) for concave-
octahedral SCs and the middle valley region (111) for the octahedral SCs. A loose but
simple rule of thumb for SC shape-engineering is that high [Cs*] and low fpuso favor

the formation of concave-octahedral SCs, and the reverse condition low [Cs*] and high

134



Chapter 6

fomso favor the formation of octahedral SCs. On the other hand, experimental settings
falling into the other two regions (region (1) and (IV)) would not produce SCs. Region
(1) is mainly due to the low stability of Agas(p-MBA)3 NCs in the CsOH-deficient
low pH environment as discussed before. In this region, Ags(p-MBA)3; NCs would
readily decompose. The alignment of the fragments of decomposed Agas(p-MBA)30
NCs gives rise to rod-like assemblies in this region. Region (I1V) is defined by the
solubility limit of Agss(p-MBA)3; NCs in the starting solution at ambient conditions
where solubility is limited by either a strong charge-screening effect (due to high [Cs™])
or the low polarity of solvent (high fpmso). The fast aggregation of Agas(p-MBA)30

NCs in this region results in the formation of an amorphous film.
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Figure 6.10  The operating regions of shape-tailorable crystallization of Ags(p-MBA)3
NCs in mixtures of DMSO/water with varied fouso and [Cs].
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Figure 6.11  SEM images of assembled/crystallized Ag(p-MBA)3 NCs at fopmso = 0.7 (a-
b, d-e) and 0.8 (c, ). [Cs"] = 0 mM in (a, d) and 33 mM in (b-c, e-f) respectively. (a-c) and (d-
f) are low and high magnification views, respectively.

Figure 6.12  SEM images of assembled/crystallized Ags(p-MBA)z, NCs at fouso = 0.5
and at [Cs"] = 13.2 mM (a, d), 26.4 mM (b, €), 39.6 mM (c, f), 52.8 mM (g, j), 99 mM (h, k)
and 132 mM (i, ). (a-c, g-i) and (d-f, j-I) are low and high magnification views, respectively.
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Figure 6.13  SEM images of assembled/crystallized Ags(p-MBA)s; NCs at fouso = 0.4
and [Cs"] = 33 mM (a, d), 66 mM (b, e), and 99 mM (c, f). (a-c) and (d-f) are low and high
magnification views, respectively.

Figure 6.14  SEM images of assembled/crystallized Ags(p-MBA)z, NCs at fouso = 0.3
and [Cs"] = 26.4 mM (a, c) and 33 mM (b, d). (a-b) and (c-d) are low and high magnification
views, respectively.

Figure 6.15  SEM images of assembled/crystallized Ags(p-MBA)z, NCs at fouso = 0.2
and [Cs"] = 33 mM (a, c) and 66 mM (b, d). (a-b) and (c-d) are low and high magnification
views, respectively.
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6.4 Conclusion

In summary, we have developed a simple and reproducible counterion-assisted
atomic-mimetic protocol for packing Agas(p-MBA)so into both octahedral and concave
octahedral SCs. The formation of highly symmetric f.c.c. octahedral SCs was
promoted by the atom-like features of Cs*-deprotonated Agas(p-MBA)so NCs, such as
uniformity of size, pseudo-spherical morphology, rigid surface, and non-directional
bonding. The charge screening effect of [Cs’], which altered the double layer
characteristics of deprotonated Aga(p-MBA)3sg NCs, was highly effective in tailoring
the growth kinetics of SCs. Through the delicate control of the growth kinetics we
were able to create concavity in the exposed faces of the octahedral nuclei to form
concave-octahedral SCs. We have also mapped out the operating regions in the [Cs*]-
fomso space to guide the shape-tailorable crystallization of Agas(p-MBA)3 NCs. To
the best of our knowledge, this is the first report on systematizing the shape-
engineering of NC-SCs. The simplicity and good experimental reproducibility suggest
that the counterion-assisted dual-solvent approach may also be useful for the

crystallization of other noble metal NCs.
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CHAPTER 7 CONCLUSIONS AND

RECOMMENDATIONS

7.1 Conclusions

Through this thesis effort, we have developed ionic, molecular, and atomic mimetic
strategies for the self-assembly of noble metal (e.g., Au or Ag) nanoclusters (i.e., NM-
NCs or Mp(SR)m NCs) into hierarchical structures with variable sizes, morphologies,
symmetries and structural orderliness. NM-NCs were made into ionic mimetic,
molecular mimetic (amphiphile-mimetic), and atomic mimetic nanomaterials by
rational surface modifications, and the corresponding ion-like, amphiphile-like, and
hard-sphere-like behaviors were used to control the self-assembly of NM-NCs into
ordered structures in varying degrees of long range order. Amorphous monodisperse
colloidal spheres, bilayer-based lamellar structures with regular interlayer packing (1D
ordered), and single-crystalline supracrystals (SCs, 3D ordered) were formed by ionic
mimetic, amphiphile-mimetic and atomic mimetic self-assembly of the NM-NCs,
respectively.

The major findings in this PhD study may be summarized briefly as follows:

1) High monodispersity, the enabling property for NC self-assembly, could be
achieved by the deliberate control of the kinetics of NC formation. Phase
equilibrium (e.g., equilibrium partition between immiscible solvents, and
aggregation-dissociation equilibrium) is a very effective scheme for kinetic
control. The synthesis of monodisperse and atomically precise Aui5(SG)13, and
Au15(SG)14 NCs, where SG is glutathione ligand, in Chapter 3 was based on the

combination of two equilibria. A mild and unvarying reducing power was
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2)

maintained by the equilibrium partition of a mild reductant, borane tert-
butylamine complex (TBAB) between an organic solvent and the aqueous phase.
At the same time a slow and sustainable supply of Au precursor was made
possible by the aggregation-dissociation equilibrium between free and
aggregated Au(l)-SG complexes. The mild and constant reduction environment
generated as such was able to produce monodisperse and atomically precise
Au15(SG)13 or Auig(SG)is NCs. We also demonstrated that the pH-sensitive
aggregation-dissociation equilibrium of Au(l)-SG complexes could be used to
tailor the NC size.

Chapter 4 demonstrates that ion-like structural features (e.g., small size,
uniform structure, and high charge density) and ion-like behaviors could also be
used to drive self-assembly. This was done by imparting charges to the
Mn(SR)m NCs followed by ionic-crosslinking with bridging counterions. Hence
negatively charged Mn(SR)m NCs (e.g., Auzg.43(SG)27-37, Aui5(SG)13, and
Ag16(SG)s NCs) were used as supramolecular ions and assembled into
monodisperse colloidal spheres by divalent cations (e.g., Zn?** and Cd®*). The
formation of monodisperse colloidal spheres, which is characteristically
different from the random aggregation of large NM-NPs by counter ions, could
be regarded as a first attempt (albeit not a very successful one) to mimic the
formation of ionic crystals by normal ions. However, it has to be mentioned that
the spherical NC-assemblies are amorphous (no regular spacing in the packing,
d). The large size difference between negatively charged Mn(SR)n NCs (of the
order of ~1 nm) and counter cations (of the order of ~1A) could be a reason.
The negatively charged M,(SR), NCs also exhibited step-like self-assembly

behavior — self-assembly only occurred when the solubility product (Ksp)
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3)

4)

between the carboxylate ions on the NC surface and the divalent cations was
exceeded. A strong interaction between the close-packed NCs also resulted in
luminescence enhancement, demonstrating the ability of self-assembly to
modify NC properties.

Amphiphilicity could also be used to promote self-assembly of amphiphile-like
NM-NCs into regular stacked lamellar structures (Chapter 5). By covering the
surface of hydrophilic Auzs(MHA)1s NCs (MHA is 6-mercaptohexanoic acid)
with about half of a monolayer of hydrophobic cetyltrimethylammonium
(CTA"), amphiphilic Aus(MHA);s@XCTA NCs (x = 6-9, where x is the
number of CTA™ per NC) were formed. Due to the coexistence of flexible
hydrophilic MHA and hydrophobic MHA--CTA ligands in comparable
amounts on the NC surface, Auzs(MHA)1s@XCTA NCs (x = 6-9) were able to
vary their polarity according to the medium polarity to exhibit good
amphiphilicity. This medium-induced polarity modulation mechanism enabled
Auzs(MHA)1s@XCTA NCs (x = 6-9) to precipitate out in a surfactant-like
configuration (hydrophilic and hydrophobic moieties localized on opposite ends)
in a very polar solvent (e.g., dimethylsulfoxide, DMSO). The precipitated
surfactant-like NCs then self-assembled into lamellar structures containing
regularly stacked NC bi-layers at the liquid-air interface, in analogy to the
formation of the lamellar phase (the liquid crystal phase) of common surfactants.
The amphiphilicity also imparted the NCs with very good solubility in a wide
range of solvents with markedly different polarities, which should increase the
versatility of NC-based materials in applications.

Monodisperse Mn(SR)m NCs with a rigid surface and non-directional bonding

habits (supramolecular atoms) are hard-sphere-like, and could form 3D ordered
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7.2

SCs by depletion forces (entropy effect). Chapter 6 shows that the
deprotonation of p-mercaptobenzoic acid (p-MBA\) ligands by Cs* (from CsOH)
could suppress the formation of directional hydrogen-bonds between the NCs,
thereby eliminating the directional bonding between Agas(p-MBA)so NCs. The
lack of a directional bonding habit, together with an uniform size, pseudo-
spherical geometry and a rigid surface (due to the rigidity of the p-MBA ligand);
rendered the Agss(p-MBA)3; NCs as hard-sphere-like supramolecular atoms,
and the formation of closely-packed f.c.c. octahedral SCs by depletion forces.
Kinetics investigation revealed that the self-assembly (or crystallization)
followed a Cs-assisted nucleation and growth mechanism. Such mechanism
also provided a means to shape the Aga(p-MBA)3;; NC-SCs. Fast nucleation
and slow growth, made possible by high Cs* concentration, were found to
produce concave-octahedral Agss(p-MBA)so NC-SCs selectively. The ability to
produce NC-SCs with tailorable shapes could easily expand the NC-SC library

for basic and applied research.

Recommendations for Future Work

1) Synthesis of other M,(SR), NCs by the two-phase approach in this project

Despite the great efforts to promote the direct synthesis of NCs without

separation, there still exist synthetic gaps for several M,(SR)m, NC sizes. For

example, several Au,(SR)m NCs (e.g., (n m) = (33 22),% (40 24)**" and (55 31)'®)

have been isolated by physical means (e.g., electrophoresis and liquid

chromatography), but the direct and scalable synthesis of these Aun(SR)m NCs is

still lacking. This is most probably due to their less-stable nature (in comparison

with the exceptional stability of sizes such as (n m) = (25 18), (38 24), and (144
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60)), which renders the common stability-based “‘size-focusing” method (see 8.2.2
for more details) ineffective for the synthesis of metastable Aun(SR)m NCs.*** The
two-phase approach in Chapter 2, which depends more on kinetics control rather
than the intrinsic stability of the Aun(SR)m NCs, could be a good alternative for
synthesis of metastable NCs. There will of course be challenges ahead such as the
search for the specific, deliberate control of the experimental parameters (e.g., pH,
temperature, solvent polarity, and the type and amount of thiol used).

2) Increasing the structural orderliness in ionic-mimetic self-assembly

It is worth recalling that the colloidal spheres in Chapter 4, which were formed

by ionic mimetic self-assembly of negatively charged M,(SR)n NCs, were
amorphous. We attributed the absence of a higher structural order to the large size-
difference between negatively charged Mp(SR),, NCs and the counter cations.
Hence, one possible way to increase the structural order of these NC-assemblies is
to replace the small counter cations with positively charged Mp(SR), NC of
comparable sizes. A similar concept has earlier been used by Grzybowski and co-
workers for the preparation of NP-SCs, where similarly-sized but oppositely-
charged Au and Ag NPs were assembled into diamond-like SCs.**® However,
several technical challenges have to be addressed before one can validate/invalidate
this hypothesis; for example, the lack of synthesis methods for positively charged
Mn(SR)m NCs in similar size and monodispersity.

3) Crystallization of other M,(SR)n, NCs by the atomic-mimetic self-assembly

approach

Crystallization of M,(SR), NCs poses the greatest technical challenge to the

current state of NC research. The atomic mimetic self-assembly method in Chapter

6 was shown to be able to form single-crystalline Ags(p-MBA)3o NC-SCs, based
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only on the hard-sphere-like structural features of the latter (e.g., monodisperse size,
pseudo-spherical geometry, rigid surface, and non-directional bonding habit). Thus,
it is possible that the atomic mimetic method may be readily extended to the
crystallization of other Mp(SR), NCs with similar hard-sphere-like features. Our
preliminary results indicated that Aus(p-MBA),6 NCs could be crystallized via a
similar atomic mimetic method (data not shown). The optimization of the
crystallization conditions for Aus(p-MBA)2s NCs is still under way. In addition,
the atomic-mimetic crystallization approach could also be used to engineer the
shape of Mp(SR) NC-SCs. This is yet another way to greatly expand the M,(SR)n,

NC-SCs library for basic research and application explorations.
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