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ABSTRACT

Spontaneous hierarchical self-organization of nanometer scale subunits into
higher level complex structures is ubiquitous in nature and an emerging area in
nanoscience. Creating synthetic nanomaterials from nanoparticles that mimic
the self-organization of complex superstructures usually seen in biomolecules
has proven to be challenging due to the lack of biomolecule-like building blocks
that feature versatile, programmable interactions to render structural complex-
ity such as chirality. In this work, highly aligned structures are obtained from an
organic-inorganic mesophase composed of monodisperse Cds;S1s magic sized
cluster (MSC) building blocks. Impressively, structural alignment spans over six
orders of magnitude in length scale. Nanoscale MSC building blocks arrange
into hexagonal geometries organized in micron-sized filaments. Further self-
assembly of the filaments leads to cables, which self-organize into uniform ar-
rays of bands of well-defined periodicity and centimeter lengths. Enhanced pat-
terning can be achieved by controlling processing conditions, resulting in bulls-
eye and zigzag stacking patterns with periodicity in two directions. Fundamen-
tal MSCs remain intact and functional during the hierarchical self-organization,
preserving their innate optoelectronic properties and unique ability to struc-
turally isomerize reversibly in the thin film, without changing surfactant tex-
ture. The thin films exhibit reflective and transmissive diffraction, as well as
linear dichroism (LD) and circular dichroism (CD). The highly uniform linear
periodicity accounts for large LD signals, and the helical filaments and cables
contribute to the CD signals. It is thus demonstrated that colloidal nanomateri-

als can attain high-levels of self-organization even at macroscopic length scales.
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CHAPTER 1
DEVELOPMENT OF MULTI-SCALE HIERARCHICAL STRUCTURES
FROM NANOCLUSTER MESOPHASES

1.1 Introduction

1.1.1 Importance of hierarchy and organization

The spontaneous self-organization of nanoscale materials into complex macro-
scopic architectures has intrigued scientists for decades as it offers insight into
how complex structures can emerge from primitive building blocks [3-5]. Hier-
archical self-assembled systems offers structural advantages that are absent in
isolated constituent units [6, 7]. Nature is replete with fascinating examples of
hierarchical assembly such as proteins or DNA and natural photonic structures
as seen in butter y wings or sh [8, 9]. Biosystems also invoke error correction
and defect-tolerance in structures; together, these attributes provide a strong
inspiration to create hierarchical systems from synthetic building blocks that
nature hasn't yet had the opportunity to work with [10, 11]. Although synthetic
materials that afford the same level of accuracy and complexity as biomolecules
are currently beyond reach, research into the self-organization of arti cial units
has increased dramatically [6, 12, 13]. Organic molecules and copolymers are
among the most commonly used elementary units to form large-area pattern-
ing [14-16]. More recently, advances in nanomaterial synthesis have provided
access to a versatile library of nanoparticle building blocks with tunable compo-
sition, morphology, and atomic structure that give rise to physiochemical prop-

erties unattainable in naturally occurring materials [17,18].



1.1.2 Barriers to nanoparticle assembly into superstructures

Beyond the formation of basic superstructures such as face-centered cubic as-
semblies, the creation of complex superstructures via nanoparticle assembly
presents a persistent challenge. The most straightforward organization routes
are through evaporative packing into well-structured superlattices [19, 20] and
self-organization through surfactant/molecular linking (e.g., DNA or RNA)
[21-23]. The resulting superlattice crystals, however, typically have domain
sizes smaller than millimeters, are connected with noncomplex linkages that re-
sultin simple organizations, and are limited in tunability and continuity. One of
the key hurdles to hierarchical assembly is to understand and develop complex
interactions between nanoscale material units. To bridge this divide, colloidal
nanocrystals may be used that are small in size (<2 nm) with a high ligand/core
ratio. Nanocrystals at this size invoke “softer” inter-particle interactions that
yield a richer phase diagram beyond the classical close packed structures (fcc,
bcc) seen with larger particles [24]. For nanomaterials with scales approach-
ing molecular complexes (e.g., metal soaps), the intrinsic mesophase behavior
imparted by the fatty acid ligands surrounding the inorganic core play a crit-
ical role [25]. One example is the interesting work of Buhro et al who cre-
ated mesophases that contain (CdSe); nanoclusters between double-lamellar
assemblies [5]. More recently, Hyeon et al: created long-range ordered super-
structures from (CdSe),3 and (ZnSe)3 hanoclusters, which display high lumi-
nescence and catalytic activities [26]. We have previously reported an ultrasmall
oleic-acid capped CdS magic-size cluster (MSCs), which assembles into hexag-
onal mesophase laments with nanometer spacing between units both radially

and axially [25].



1.1.3 Nanoparticles, guantum-dots and magic-sized clusters

Nanoparticles are extremely small crystals of ordered matter formed from in-
dividual precursors that proceed typically proceed through a nucleation event
where a small number of precursor molecules come together and form small re-
gions of ordered matter such as those seen inFig. 1.1.1. When these regions of
ordered matter proceed through a certain critical size it overcomes the barrier of

reversibility and forms a stable nanoparticle as illustrated in  Fig. 1.1.2. [27-31].

Figure 1.1.1: 12 nm monodisperse Iron Oxide nanoparticles (Reproduced from Ref. [27]
with permission)



Figure 1.1.2: Stages of particle growth (Reproduced from Ref. [28] with permission)

When these nanoparticles are synthesized in very small size scales they
exhibit exotic quantum phenomena such as quantum con nement and size-

dependent energy levels as shown in Figures 1.1.3t0 1.1.5

The electronic properties and energy spectra of these particles then tend to
become very labile and easily changed by modifying individual surface prop-
erties of the nanoparticles and/or their inner structural lattice and other fac-
tors such as the strength of the bonds, solvation properties and the like [32—34].
This allows the creation of a myriad of tailor-made custom nanoparticles such
as transparent quantum dots, magnetic quantum dots, electrochromic quantum

dots and so on.



Figure 1.1.3: Variation in UV absorbance of CdSe quantum dots with sizes of the quan-
tum dots ranging from 12 to 115 A (Reproduced from Ref. [32] with per-
mission)



Figure 1.1.4: (A) Size dependent energy quantization of perovskite quantum dots and
(B) Composition dependent energy quantization of perovskite quantum
dots and (C) Variation of emission spectrum of the perovskite quantum
dots with size (Reproduced from Ref. [33] with permission)



Figure 1.1.5: Variation of absorbance spectra of bulk-like and molecule-like quantum
dots and magic-sized clusters (Reproduced from Ref. [34] with permis-
sion)

To illustrate further, consider materials in daily life that we usually call bulk
materials. In these bulk materials, we typically see xed band-gaps of energy
that are not dependent on the size of the crystal or particle. The electrons and
hole charge carriers in these materials move about relatively freely within the
crystal lattice as if they were free particles, but with varying effective velocities
and effective masses depending on the materials due to the forces felt by the

atoms in the crystal lattice [35].



Considering the same situation in quantum dots, when we take this size of the
particle even furtherdown (<20 nm), there is a degree of the popularly known
"quantum con nement” and "discretization of energy”, i.e. the electrons and
holes cannot behave as if they were free and tend to take certain speci ¢ energy
levels. These "nanoparticles” then exhibit properties of quantum con nement,
discretized energy levels, size-dependent quantization when the radii of those
particles are below certain critical dimensions called the Bohr-exciton radii of
the charge carriers in their respective materials. This phenomenon and the the-

ory behind it is well explained by the well-known "Brus model” [36].

The consequence of this is that the optical and electronic properties of these
tiny dots can then be varied dramatically by just changing the size and prop-
erties of their core and surface atoms as seen inFigures 1.1.3 to 1.1.5[32-34].
Even the smallest of changes shows a drastic effect and this whole phenomenon
lends itself to great utility and application [32, 37]. As a result whatever
properties these dots then show can by harnessed and manifested in much
larger structures such as arrays of quantum dots and quantum dot superlattices
(Fig. 1.1.6), oriented bers of quantum dots ( Fig. 1.1.7), thin Ims of quantum
dots (Figures 1.1.7 and 1.1.§ and so on and so forth [25, 38].



Figure 1.1.6: Schematic of the magic-sized cluster arrangement into laments in our
thin Im hierarchy and the included hexagonal magic-sized cluster ar-
rangement within the lament

Figure 1.1.7: Schematic of the over-arching hierarchical arrangement of our architecture
starting from the magic-sized cluster laments and spanning upto the cen-
timeter scale cable bundles that consist our thin Im






	Biographical Sketch
	Dedication
	Acknowledgements
	Table of Contents
	List of Tables
	List of Figures
	Development of multi-scale hierarchical structures from nanocluster mesophases
	Introduction
	Importance of hierarchy and organization
	Barriers to nanoparticle assembly into superstructures
	Nanoparticles, quantum-dots and magic-sized clusters
	Present work: Thin films from nanoparticle mesophases

	Results and Discussions
	Properties of MSC thin Films
	Understanding the hierarchical structural assembly
	Mechanistic insights
	Fine-feature patterning
	Similarity to soft molecules
	Mechanism of filament and film formation
	Optical properties of the MSC thin films

	Synthetic methods
	Materials
	Preparation of high quality CdS magic-size cluster films
	Experimental procedures

	Additional theory on optical properties
	Conclusion

	Scalable synthesis of Ternary Sulfide spinel nanoparticles
	Introduction
	Nanoparticles and spinel systems
	Nanoparticle nucleation theory

	Synthetic pathways and barriers to scalability
	Approaches to produce monodisperse nanoparticles
	Materials and synthetic considerations
	Preparation of NiCo2S4 nanoparticles from Ammonium Sulfide precursor

	Results and Discussions
	Precursor criteria
	Prior synthetic trials and learning : Evolution of approach
	Preliminary electrochemical testing

	Conclusion

	Bibliography

