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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 Cd37S 18 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.



BIOGRAPHICAL SKETCH

Shantanu hails from the city of Hyderabad in the southern state of Telangana,

India. Shantanu graduated from BITS Pilani, India, with an integrated B.E.,

M.S., in Chemical Engineering and Chemistry in 2015, investigating the applica-

tion of organic semiconductor macromolecules (Expanded Porphyrins) in Dye

sensitized solar cells under the advisement of Prof. Giribabu Lingamallu at the

Indian Institute of Chemical Technology. After research assistantships at Prof.

Hadi Shafiee’s group in Harvard medical school and Prof. Julia Ortony’s group

at MIT he joined Prof. Richard Robinson’s research group in Materials Science

and Engineering at Cornell. While at Cornell, he has been investigating the de-

velopment of macroscale hierarchical structures from magic sized quantum dot

clusters under the co-advisement of Prof. Richard Robinson and Prof. Tobias

Hanrath. In his free time, Shantanu enjoys hiking, soccer, board-games, swim-

ming and hanging out with friends.

iii



I would like to dedicate this thesis to the people on the frontlines who have

helped everyone overcome this incredibly arduous year and the ones who

have endured, especially the unprivileged. This year, everyone has

experienced things beyond human comprehension and overcome loss and

suffering to make it onto the other side. This work is in reverence of the brave

souls that made it, and in remembrance of the ones that couldn’t.

iv



ACKNOWLEDGEMENTS

I would like to �rst and foremost thank my advisor Prof. Richard Robinson for

all the guidance, support, and time he has so graciously provided. His support

has been integral to this whole endeavor's success. He has been incredibly kind,

understanding, and patient with me throughout. I am deeply indebted to him.

I would also like to thank my co-committee member Prof. Tobias Hanrath

for all the guidance and insightful deliberations throughout my time here. He

has been very supportive of my work and always provided helpful suggestions

that kept me on the right track. I really enjoyed and learnt a lot from the open-

ended technical discussions we three have had together. Both of them have

inspired me in more ways than I can count; personally and scienti�cally. This

project would not have been possible without their support and direction.

I would like to acknowledge Haixiang and Quynh, I could not have asked

for better teammates to work with. I would also like to thank Anuj, Yuan, Krista,

Curtis, Andrew, Cindy and everyone else who played an integral role in sup-

porting me and my research during my time here. I cherish the fun times we

spent and can't wait to see the great work you all go on to do. I would also like

to thank my friends here who've been there through various ups and downs

- with Kunal driving our friendship forward; the bored board quintet of Alap,

Nairuti, Shriya, Aditya, Sourbh; prodigious talents in Shanthanu, Vishweshwar,

Karthik & Srilakshmi; and the masterchefs Vikram, Katherine & Amulya for al-

ways making sure everyone's always well-fed and doing well. It was a joyous

experience with you all and Asha-Cornell that I will cherish forever.

Finally, but never enough, I would like to thank my parents, grandparents,

Kishore, Aparna, Sai, Sridevi and family for all the love and support they pro-

vided that has got me to where I am today.

v



TABLE OF CONTENTS

Biographical Sketch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii
Dedication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v
Table of Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi
List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii
List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

1 Development of multi-scale hierarchical structures from nanocluster
mesophases 1
1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Importance of hierarchy and organization . . . . . . . . . . 1
1.1.2 Barriers to nanoparticle assembly into superstructures . . 2
1.1.3 Nanoparticles, quantum-dots and magic-sized clusters . . 3
1.1.4 Present work: Thin �lms from nanoparticle mesophases . 13

1.2 Results and Discussions . . . . . . . . . . . . . . . . . . . . . . . . 18
1.2.1 Properties of MSC thin Films . . . . . . . . . . . . . . . . . 18
1.2.2 Understanding the hierarchical structural assembly . . . . 23
1.2.3 Mechanistic insights . . . . . . . . . . . . . . . . . . . . . . 32
1.2.4 Fine-feature patterning . . . . . . . . . . . . . . . . . . . . . 41
1.2.5 Similarity to soft molecules . . . . . . . . . . . . . . . . . . 49
1.2.6 Mechanism of �lament and �lm formation . . . . . . . . . 55
1.2.7 Optical properties of the MSC thin �lms . . . . . . . . . . . 59

1.3 Synthetic methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
1.3.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
1.3.2 Preparation of high quality CdS magic-size cluster �lms . 67
1.3.3 Experimental procedures . . . . . . . . . . . . . . . . . . . 70

1.4 Additional theory on optical properties . . . . . . . . . . . . . . . 74
1.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

2 Scalable synthesis of Ternary Sul�de spinel nanoparticles 80
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

2.1.1 Nanoparticles and spinel systems . . . . . . . . . . . . . . 80
2.1.2 Nanoparticle nucleation theory . . . . . . . . . . . . . . . . 81

2.2 Synthetic pathways and barriers to scalability . . . . . . . . . . . . 83
2.2.1 Approaches to produce monodisperse nanoparticles . . . 83
2.2.2 Materials and synthetic considerations . . . . . . . . . . . 86
2.2.3 Preparation of NiCo2S4 nanoparticles from Ammonium

Sul�de precursor . . . . . . . . . . . . . . . . . . . . . . . . 86
2.3 Results and Discussions . . . . . . . . . . . . . . . . . . . . . . . . 93

2.3.1 Precursor criteria . . . . . . . . . . . . . . . . . . . . . . . . 93
2.3.2 Prior synthetic trials and learning : Evolution of approach 94
2.3.3 Preliminary electrochemical testing . . . . . . . . . . . . . 102

2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

vi



Bibliography 104

vii



LIST OF TABLES

2.1 Some critical parameters to be controlled for good quality
nanoparticle syntheses . . . . . . . . . . . . . . . . . . . . . . . . . 85

viii



LIST OF FIGURES

1.1.1 12 nm monodisperse Iron Oxide nanoparticles (Reproduced
from Ref. [27] with permission) . . . . . . . . . . . . . . . . . . . . 3

1.1.2 Stages of particle growth (Reproduced from Ref. [28] with per-
mission) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.1.3 Variation in UV absorbance of CdSe quantum dots with sizes of
the quantum dots ranging from 12 to 115 A � (Reproduced from
Ref. [32] with permission) . . . . . . . . . . . . . . . . . . . . . . . 5

1.1.4 (A) Size dependent energy quantization of perovskite quantum
dots and (B) Composition dependent energy quantization of per-
ovskite quantum dots and (C) Variation of emission spectrum of
the perovskite quantum dots with size (Reproduced from Ref.
[33] with permission) . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.1.5 Variation of absorbance spectra of bulk-like and molecule-like
quantum dots and magic-sized clusters (Reproduced from Ref.
[34] with permission) . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.1.6 Schematic of the magic-sized cluster arrangement into �laments
in our thin �lm hierarchy and the included hexagonal magic-
sized cluster arrangement within the �lament . . . . . . . . . . . 9

1.1.7 Schematic of the over-arching hierarchical arrangement of our
architecture starting from the magic-sized cluster �laments and
spanning upto the centimeter scale cable bundles that consist our
thin �lm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.1.8 Optical microscopy and visual images of the highly uniform
centimeter scale thin �lms produced from the nanocluster
mesophase of magic-sized clusters . . . . . . . . . . . . . . . . . . 10

1.1.9 A platinum magic-sized cluster consisting of 55 atoms of plat-
inum and <1 nm in size (Reproduced from Ref. [39] with per-
mission) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.1.10Images of various magic-sized clusters of gold atoms that pos-
sess higher stability and their respective sized (Reproduced from
Ref. [39] with permission) . . . . . . . . . . . . . . . . . . . . . . . 11

1.1.11Chart of various stable con�gurations of Sodium magic-sized
clusters and the dip in energies at the magic-numbers showing
enhanced stability (Reproduced from Ref. [40] with permission) 12

1.1.12Graph showing the generation of regular quantum dots (RQDs)
and magic-sized clusters and the dramatic enhancement in
sharpness of the magic-sized cluster absorbance peak (Repro-
duced from Ref. [41] with permission) . . . . . . . . . . . . . . . . 13

1.1.13Image illustrating the extremely well-ordered nature of cable
bundles of the magic-sized clusters forming the thin-�lm hier-
archy and their grating nature. Scale bars are 10� m. . . . . . . . 15

ix



1.1.14Image illustrating some types of different thin-�lm morpholo-
gies of magic-sized clusters created from the mesophase of
magic-sized cluster �laments using a combination of rate of
evaporation and concentration of MSC solutions. Scale bars are
10 � m. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.1.15Optical micrographs illustrating some thin-�lm patterns show-
ing extremely good �lm uniformity at the centimeter scale. Scale
bars are 100� m. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.1.16Optical micrographs illustrating some thin-�lm patterns show-
ing extremely good �lm uniformity at the centimeter scale. Scale
bars are 100� m. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.1.17Demonstration of tunability of the electronic properties and ex-
citonic peak of the magic-sized clusters by changing the surface
chemistry on the nanoparticle and studying their solutions in
Tetrahydrofuran (THF) solvent (Reproduced from Ref. [42] with
permission) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.1.18Illustration of scale of phenomena and the scale of quantum dots
in the larger scheme of things (Reproduced from Ref. [43] with
permission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.2.1 (A) Schematic illustrating the sample preparation of MSC solu-
tions in a sealed capillary tube for polarizing microscope mi-
croscopy. (B) Polarizing microscope imagines for the MSC so-
lutions with different concentrations. At low concentration of
0.1 mg/mL, the MSC solution does not display obvious tex-
ture, indicating the lack of long-range ordered structure, while
birefringent texture starts to appear when the concentration is
higher than 20 mg/mL and phase change takes place upon
changing the concentration. This suggests the MSC solution
has a lyotropic liquid crystal behavior which demonstrates
concentration-dependent phase diagram. Note: arbitrary colors
were used to clearly display the phase differences. . . . . . . . . 19

x



1.2.2 (A) Solid thin �lm prepared by evaporation driven self-assembly
of 20 mg/mL MSC solution. The as-prepared thin �lm re�ects
rainbow colors in centimeter-scale patterns, illustrating emer-
gent optical properties arising from the highly periodic surface
texture. (B) (left) Optical microscope (OM) image and (left in-
set) higher magni�cation image for the thin �lm shown in (A),
revealing the millimeter length scale surface periodicity, and
(right) the corresponding Fourier transform (FT). Three lines
from the linear pattern are highlighted in B. (C) Higher magni-
�cation OM images for a (left) highly aligned bands and (right)
random orientated �lm formed from MSC cables. (D) TEM im-
age for the �lament subunit structure. (E) Dark-�eld high resolu-
tion STEM images of the nano�laments that form from the self-
organization of 1.5 nm CdS MSCs. The MSCs appear as bright
spots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.2.3 (A)-(C) Optical microscope (OM) images for thin-�lms prepared
with different evaporation rates. (D) Schematic illustrating the
self-assembly process from �laments to cables, and the increased
complexity brought about from twisted cable units. (E) TEM and
OM images of MSC �laments and cables prepared from MSC so-
lution with different concentrations. The concentration sequence
is used to demonstrate the structures that form at different stages
of the self-assembly process. (F) OM images of patterns formed
by spin-coating MSC solutions. Zoomed in images show similar
helical cable units. . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

1.2.4 Optical microscope images for the different regions on the lin-
early aligned thin �lm. The thin �lm has surface periodicity at
the centimeter scale, which is con�rmed by checking several rep-
resentative regions (top left, circled with red lines). All regions
demonstrate similar texture features with the same orientation
and spacing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

1.2.5 (A) Experimental setup for the laser diffraction on the thin �lm.
The green laser beam has a characteristic wavelength of 532 nm.
Through the thin �lm, the laser beam is diffracted into linearly
aligned spots, which is perpendicular to the alignment of the ca-
ble bundles. Depending on the distances between the thin �lm
and the detector, and the spacing of the bundles, the averaged
distance between the neighboring diffracted light spots is about
5.0 cm. (B) Inspection of different regions of the thin �lm by
laser diffraction. All regions show similar laser diffraction pat-
terns with respect to the orientation and distance between the
light spots, con�rming the homogeneity of the thin �lm. . . . . . 23

xi



1.2.6 STEM image for the branchy �laments (top) and TEM image
for the twisted cables (bottom) evolved from branchy �laments
through structure ordering. . . . . . . . . . . . . . . . . . . . . . . 25

1.2.7 Structure of an oleic acid molecule . . . . . . . . . . . . . . . . . . 26
1.2.8 Schematic illustration of the interaction scheme that links the

MSCs together. The individual magic-sized clusters form lin-
ear arrays of equidistant clusters organized by ligand interac-
tions and packing, and then go on to form hexagonal arrays of
these clusters. Note: only representative ligands on each MSC
are shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

1.2.9 (A) Schematic of experimental setup for preparation of thin �lms
from CdS MSC solution. Two glass slides are separated by a thin
(� 100 � m) gap that is �lled with MSC solution. (B) Schematic
of thin �lm formation mechanism during solvent evaporation.
(C) (left) Schematic illustrating the experimental set up for lin-
early aligned thin �lm patterns and (right) a photograph of the
�lm that re�ects linearly aligned rainbow colors under visible
light. (D) Schematic and OM images of the thin �lm prepared
through method shown in C. Unidirectional solvent evapora-
tion results in a �lm with aligned bands orientated parallel to
the evaporation front. Pattern is enhanced with highlights in the
left OM image. (E) (left) Schematic illustrating the experimental
set up for bullseye thin �lms and (right) a photograph of the �lm
that re�ects circularly aligned rainbow colors under visible light.
(F) Schematic and OM images of the thin �lm prepared through
method shown in E. Pattern is enhanced with highlights in the
left OM image. (G) (left) Schematic illustrating the experimental
set up for randomly orientated thin �lms by drop-casting of MSC
solution on to a glass slide and (right) a photograph demon-
strating that the �lm does not re�ect a color spectrum due to
the lack of surface periodicity. (H) Schematic and OM images
of the thin �lm prepared through method (G), which contains
randomly orientated cables. . . . . . . . . . . . . . . . . . . . . . . 29

xii



1.2.10Schematic illustration of the formation of thin �lm deposited on
the inner walls of the two glass slides. Initially, about 30 � l MSC
solution (20 mg/mL in hexane) is added into the gap of two
glass slides with an about 100 � m gap to con�ne the evaporation
process. Upon solvent evaporation, a meniscus forms and the
solutes start to accumulate and deposit onto the surfaces of the
two glass slides. Finally, two almost identical dry thin �lms can
be obtained, leaving a gap (about 84 � m) in between the con�n-
ing glass slides. Note that the proposed mechanism is supported
by an analogous mechanism proposed to explain observations in
which a colloidal suspension is drawn upwards from a pool via
capillarity between vertical parallel glass plates having a 1 mm
gap; the pool height is slowly lowered until slow interface mo-
tion is observed in the between the plates [1]. The ambient air is
carefully controlled as well. A repetitive line pattern of colloid
deposition is observed consistent with the mechanism described
above. However, in the current study, evaporation provides the
interface motion, the gap spacing is 10× smaller which tends to
keep evaporation rates low, and phase change/cable bundle for-
mation is a key attribute ( Fig. 1.2.13). . . . . . . . . . . . . . . . . 30

1.2.11Laser scanning confocal microscopy of the edge area on the thin
�lm. The thickness of the thin �lm is measured as 8.3 � m. After
solvent evaporation, there is a dense boundary along the perime-
ter, which is formed from the “coffee-ring” effect. In this process,
the liquid evaporating from the edge is replenished by liquid
from the interior through capillary �ow, and accompanying this
�ow is mass transport of MSC �laments from the center to the
edge [2]. In this particular system, the capillary �ow effect is not
signi�cant since the large size of the cable bundles exceeds the
capability for capillary �ow and the evaporation is not unidirec-
tional. Both thin �lms on top and bottom glass slides show the
similar thickness. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

1.2.12Optical microscope images for the thin �lms produced from
top and bottom glass slides. Through the solvent evaporation
method, thin �lms can form on both top and bottoms glass slides
simultaneously and they demonstrate the same surface texture
and thickness. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

1.2.13Concentration-dependent phase diagram of the MSC solution.
During the �lm deposition process, as we move from the bulk
�uid inside of the meniscus to the dried �lm outside the menis-
cus edge we observe a phase transition from a disordered set of
�laments into an ordered cable bundle that forms the thin �lm
through periodic condensation . . . . . . . . . . . . . . . . . . . . 34

xiii



1.2.14In-situ polarizing optical microscope image for the formation
of highly aligned thin �lm upon solvent evaporation from 20
mg/mL MSC solution. Arbitrary colors are used here to clearly
show the thin �lm formation. Under polarizing microscope, the
MSC solution displays weak birefringence. During the solvent
evaporation process, the drying front represents a region with
high concentration contrast which make it opaque to the crossed
polarized lights. The as-formed dry thin �lm contains cable bun-
dles orientating in parallel to the evaporation front. . . . . . . . . 35

1.2.15Photograph of the thin �lm with the linearly aligned cable bun-
dles. The thin �lm re�ects visible light into rainbow colors in a
linear alignment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

1.2.16Optical microscope image of the circular thin �lm. The �lm is
of nearly identical spacing as the linearly ordered �lm and both
�lms show strong transmissive and re�ective diffraction effects. 38

1.2.17Optical microscope images for the different regions on the cir-
cularly aligned thin �lm. The thin �lm has surface periodicity
at centimeter scale, which is con�rmed by checking several rep-
resentative regions (top left, circled with red lines). All regions
demonstrate similar texture features with the same periodicity,
but different orientation, which are consistent with the circular
alignment of the cable bundles. . . . . . . . . . . . . . . . . . . . . 39

1.2.18Photographs of the thin �lm with cable bundles aligned in a ring-
like arrangement (left) and a real compact disc (right). The thin
�lm re�ects visible light into rainbow colors like the CD which
is also a diffraction grating re�ecting on the order of visible light
and near-UV wavelengths . . . . . . . . . . . . . . . . . . . . . . . 40

1.2.19The uniform nature of the thin �lms showing linear arrangement
of the magic-sized cluster cable bundles. . . . . . . . . . . . . . . 40

1.2.20(A) Laser confocal scanning microscopy for the surface pro�le of
the thin �lm shows the averaged thickness of the thin �lm is � 8.3
� m and its surface texture has a long-range periodicity. (B) SEM
images for the thin �lm. (C) Low magni�cation AFM images for
the thin �lm. (D) Surface pro�le of the thin �lm extracted from
AFM microscopy (red line). (E) (left) Optical images for the thin
�lm. (right) Two optical images for the thin �lm taken at dif-
ferent focal plans and stitched together. (F) High magni�cation
AFM and the corresponding phase images for the thin �lm com-
pared with the high magni�cation dark-�eld STEM image. . . . . 43

1.2.21Schematic illustrating the tunability of the patterning through
changing the evaporation rate. . . . . . . . . . . . . . . . . . . . . 44

xiv



1.2.22Optical microscope images for the thin �lms prepared through
solvent evaporation of MSC solution with different evaporation
rates. It shows by applying hexane vapor to slow down the evap-
oration rate ( � 0.003� m/s), the as-formed thin �lm exhibits al-
most identical pattern as that obtained at the evaporation rate of
0.06� m/s, while fast evaporation rate by applying a controlled
vacuum condition results in wave-like thin �lm. . . . . . . . . . . 45

1.2.23In-situ polarizing optical microscope image for the formation
of highly aligned thin �lm upon solvent evaporation from 20
mg/mL MSC solution. Arbitrary colors are used here to clearly
show the thin �lm formation. Under polarizing microscope, the
MSC solution displays weak birefringence. During the solvent
evaporation process, the drying front represents a region with
high concentration contrast which make it opaque to the crossed
polarized lights. The as-formed dry thin �lm contains cable
bundles orientating perpendicularly to the evaporation front.
Zoomed in OM analysis shows the constituent bands still ori-
entate parallel to the drying front in Fig. 1.2.24 . . . . . . . . . . 46

1.2.24Optical microscope images for the thin �lms prepared through
solvent evaporation of MSC solution with the evaporation rate
of 0.6 � m/s. It shows that in a large viewing �eld, the thin �lm
displays a vertical alignment, whereas the cable bundles actually
align horizontally when viewing in a small viewing �eld. . . . . 47

1.2.25Optical microscope image for the thin �lm prepared through
solvent evaporation of MSC solution with different evaporation
rates. The evaporation front moves from left to right sides. At
the beginning, the evaporation rate is relatively fast, which leads
to the perpendicular alignment of the surface texture to the evap-
oration front. With the drying process going on, the as-formed
dry thin �lm can slow down the evaporation of the hexane, even-
tually changing the patterning of the surface texture parallel to
the evaporation front. . . . . . . . . . . . . . . . . . . . . . . . . . 48

1.2.26Optical microscope images for the thin �lms prepared from MSC
solutions with different concentrations. . . . . . . . . . . . . . . . 51

1.2.27TEM images of the �laments obtained by sonicating 1 mg/mL
MSC solution for 10 minutes. It shows the �laments exhibit a
periodical helical structure and twist around with each to form a
high-level structure. . . . . . . . . . . . . . . . . . . . . . . . . . . 52

1.2.28Optical microscope images taken by immersing thin �lm pre-
pared from 20 mg/mL MSC solution into the hexane for several
seconds. It indicates the cable bundles are disentangled into two
sub-level cable bundles twisting around with each other. Note:
arbitrary color is used to clearly show the structures. . . . . . . . 53

xv



1.2.29Optical microscope images taken by immersing thin �lm pre-
pared from 40 mg/mL MSC solution into the hexane for several
seconds. It indicates the cable bundles are disentangled into two
sub-level cable bundles twisting around with each other. Note:
arbitrary color is used to clearly show the structures. . . . . . . . 54

1.2.30Thin �lms prepared from 40 mg/mL MSC solution by applying
different evaporation con�nement. By controlling the evapora-
tion direction of 40 mg/mL solution in radical way results in
the thin �lm composing of two layers of straight cable bundles,
which are perpendicular to each other. Arbitrary color is used in
the optical microscope images. . . . . . . . . . . . . . . . . . . . . 55

1.2.31Illustration demonstrating the way in which the cable bundle ex-
periences higher torsional strain along the circumferential edge
at higher degrees of twist leading to ”sealing-off” of the bundle
and arrest of its growth in a self-limiting manner (Reproduced
from Ref [59] with permission . . . . . . . . . . . . . . . . . . . . 57

1.2.32Optical properties. (A) Absorption spectra for the thin �lm
treated with methanol vapor. Upon the treatment of methanol
vapor, the characteristic absorption peak changes from the ini-
tial 324 nm to 313 nm, while after methanol removal by gentle
heating at 60� C for 30 minutes, the absorption peak shifts back
to 324 nm again. The whole process can be repeated and is re-
versible. (B) Comparison of the optical microscope images for
the thin �lm before and after treatment with methanol vapor. Im-
ages show that overall texture of the thin �lm remains identical
through the isomerization process of the constituent MSCs. (C)
Laser diffraction experiment on the thin �lm. (D) Simulated laser
diffraction pattern distribution. (E) Linear dichroism (LD) spec-
tra of the thin �lm at sample alignment of 0 � (red) and 90� (blue).
Inset are the LD spectra for the wavelength range between 350
to 500 nm. (F) Circular dichroism (CD) spectrum of the thin �lm.
(G) Optical microscope image of the thin �lm showing the helical
morphology of the cables. . . . . . . . . . . . . . . . . . . . . . . . 61

1.2.33Absorption spectra of the thin �lm desorption/adsorption of
methanol molecules for �ve rounds. It shows the pristine thin
�lm has a characteristic absorption peak at 324 nm and after
methanol treatment, the absorption peak shifts to 313 nm. The
desorption of methanol molecules by gentle heating for 30 min
can bring the absorption peak back to 324 nm again. Such con-
version can be recycled for at least 5 times. . . . . . . . . . . . . . 62

1.2.34TEM images of the MSC �laments prepared by deposition of 1
mg/mL MSC solution in a copper TEM grid. . . . . . . . . . . . . 63

xvi



1.2.35Optical microscope image of the thin �lm prepared from 40
mg/mL MSC solution. Note: image contrast is adjusted to
clearly show the helical twisting nature of the cable bundles. . . 64

1.2.36Polarizing optical microscope images for the thin �lm. The po-
larizer and analyzer are perpendicular to each other. By rotating
the sample stage, the alignment of the thin �lm can be set to have
angles of 0� (left), 45° (middle) and 90 � (right) to the polarizer (or
analyzer). The highest intensity of the transmitting light appears
when the thin �lm have a 45 � angle to the polarizer (or analyzer). 65

1.3.1 Experimental setup for the preparation of the thin �lm with lin-
early aligned cable bundles. . . . . . . . . . . . . . . . . . . . . . . 70

1.3.2 Experimental setup for the laser diffraction through the thin �lm. 73
1.4.1 Schematic illustration of transmissive and re�ective diffraction

from the thin �lm with highly aligned cable bundles. . . . . . . . 74

2.1.1 a) Free energy diagram showing the existence of a critical radius
of nucleation that must be met by any particle that needs to con-
tinue surviving without redissolution. b) Stages of the growth of
this nucleus into a nanoparticle. Reproduced from Ref. [89] with
permission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

2.3.1 NiCo2S4 nanoparticles produced from the initial Heat-up trials
raised to 230� C with Sulfur precursor as Ammonium sul�de and
ligand Oleic acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

2.3.2 NiCo2S4 nanoparticles produced from the Hot-injection method
with Sulfur precursor as Thioacetamide and ligand Octadecene,
after initial optimization of conditions with Ammonium sul�de . 96

2.3.3 NiCo2S4 nanoparticles produced from the Heat-up method lim-
ited to 190� C with Sulfur precursor as Thioacetamide and ligand
Octadecene, after initial optimization of conditions with Ammo-
nium sul�de . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

2.3.4 NiCo2S4 nanoparticle �nal product powder produced from reac-
tions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

2.3.5 Color change of precursor mix at different temperatures prior to
Sulfur source addition indicates a complex transition state con-
taining Nickel and Cobalt ions bound to the ligands (Oleic acid
and/or Oleylamine) . . . . . . . . . . . . . . . . . . . . . . . . . . 98

xvii



2.3.6 NiCo2S4 nanoparticles produced from the Heat-up method us-
ing Ammonium Sul�de as Sulfur source with different temper-
ature runs. The result of this was that the most stable NiCo 2S4

phase was identi�ed as the Linnaeite phase (XRD and miller
indices, bottom) at around the 190 � C-200� C point, and a stoi-
chometric ratio of 1:2:4 for Ni:Co:S was identi�ed. The Oleic
acid was found to bind to the metals slightly stronger than the
Oleylamine though the evidence was not conclusive. Optimum
degas and dewater procedures and durations were identi�ed.
This condition was then used with other Sulfur sources such as
thioacetamide and l-cysteine ethyl ester to produce similar par-
ticles with better quality and repeatability. . . . . . . . . . . . . . 99

2.3.7 NiCo2S4 nanoparticles produced from the Hot-injection method
using conditions from the Ammonium Sul�de runs with l-
cysteine ethyl ester as the Sulfur source at around the 195� C point.100

2.3.8 NiCo2S4 nanoparticles produced from the Hot-injection method
using conditions from the Ammonium Sul�de runs with l-
cysteine ethyl ester as the Sulfur source at around the 185� C
point. The Linnaeite phase is seen clearly formed thus con�rm-
ing the presence of ultra pure NiCo 2S4 nanoparticles . . . . . . . 101

xviii



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].
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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-

sult in 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)13 nanoclusters between double-lamellar

assemblies [5]. More recently, Hyeon et al: created long-range ordered super-

structures from (CdSe)13 and (ZnSe)13 nanoclusters, 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].
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1.1.3 Nanoparticles, quantum-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)
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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 1.1.3 to 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.
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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)
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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)

6



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].
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Considering the same situation in quantum dots, when we take this size of the

particle even further down ( � < 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�c 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 �lms of quantum

dots (Figures 1.1.7 and 1.1.8) and so on and so forth [25,38].
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Figure 1.1.6: Schematic of the magic-sized cluster arrangement into �laments in our
thin �lm 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 �lm
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