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Abstract

Circular Dichroism Modulation based on Plasmon

Coupling in Chiral Nanostructures

Hyeohn Kim
Department of Materials Science and Engineering
The Graduate School

Seoul National University

Chiral metamaterials have been actively pursued in the field of
nanophotonics due to their exceptional light-matter interactions. For decades,
numerous attempts have been conducted to fabricate chiral nanostructure using state-
of-the-art lithography techniques and molecular-assembly scaffolds. Possessing this
geometric property, inorganic metal nanomaterials could exhibit fascinating physical
phenomena which was difficult to be achieved in symmetric nanomaterials. Chiral
nanostructures have greatly expanded the design to demonstrate chiroptic effects
such as a negative refractive index, sensitive chiral sensing, and broad-band circular
polarizer. In order to integrate the fascinating properties of chiral metamaterials into
practical devices, it is necessary to achieve precisely defined chiral morphologies

and chiroptic properties. However, the requirement for expensive facilities, the
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complexity of the process, and the limited resolution had restricted the translation of
chiral metamaterials into real devices. Therefore, developing flexible methodologies
for nanostructure control is important to address these limitations and provide new
directions. Through this study, we propose that the diversification of nanoparticle
morphology using peptide molecules and further modulation of the optical response
utilizing plasmonic coupling of nanostructures can be a promising alternative to
solve the above-mentioned limitations. In this thesis, we present a platform that can
modulate the chiroptic response using plasmon coupling through understanding and

regulation of the development of chiral nanostructures.

Recent study on the colloidal synthesis of plasmonic nanoparticles using
biomolecules suggests that nanoparticles with novel morphology and optical
property can be achieved by altering molecules, which are chirality encoders,
involved during the synthesis. In addition, the optical response of a single plasmonic
particle can be amplified and sensitively modulated using plasmon coupling. When
several nanoscale plasmonic particles are adjacent to each other, hybridization of
particle resonance is induced, which significantly changes the resonance. To
establish new strategies for controlling the morphology and chirality of plasmonic
nanostructures, we have first studied previous studies on bio-inspired pathways for
complex nanostructures, focusing on the inorganic chirality induced by biomolecules
in Chapter 2. Importantly, the interactions at the interface between biomolecules and
inorganic surfaces provide an important insight into the evolution of chirality
through atomic distortion or macroscopic reconstruction. Chapter 3 describes the
experimental procedures, and Chapter 4, 5, and 6 describe the understanding and
modulation of the chiroptic response from the two perspectives of single

nanoparticles and systemic control.
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Advances in nanomaterial engineering have enabled the development of
colloidal synthesis methods for precise morphological control at the nanoscale. The
use of various halide ions, metal ions and organic molecules as adsorbates can
control the crystal facet and nanoparticle morphology by passivating the crystal facet
with a specific Miller index. In addition, the seed-mediated method can synthesize
high-Miller-index crystal facets with high uniformity, and thus is being used as an
important strategy for controlling NP morphology. In this thesis, we have provided
a broad understanding of the growth and chirality evolution in gold NPs by adjusting
the type of additive molecules. We have analyzed the growth pathway and chirality
evolution of the y-glutamylcysteine- (y-Glu-Cys-) and cysteinylglycine- (Cys-Gly-)
directed gold NPs from a crystallographic perspective. Gold NPs developed into a
cube-like structure with protruding chiral wings in the presence of y-Glu-Cys,
whereas the NPs synthesized with Cys-Gly exhibited a rhombic dodecahedron-like
outline with elliptical cavity structures, showing different chiroptic responses.
Through time-dependent analysis, we reported that y-Glu-Cys and Cys-Gly generate
different intermediate morphologies. y-Glu-Cys induced concave hexoctahedra-
shaped intermediate, whereas Cys-Gly showed concave rhombic dodecahedra-
shaped intermediate. These results showed that the chiral structure and resulting
chiroptic response can be modulated through understanding the interaction between

peptides and gold surfaces.

Molecule-directed synthesis of chiral nanostructure has been mainly
studied in plasmonic materials, but attempts to synthesize chiral metal oxides that
can be used as chiral catalysts due to their catalytic activity has been suggested as a
new direction for expanding the application of chiral materials. Existing studies on
the synthesis of chiral metal oxide using molecule have been limited to single amino
acids, but sequence expansion with peptides is required to understand the chirality

evolution and achieve a scalable synthetic strategy. In this thesis, Tyr-Tyr-Cys



tripeptide including tyrosine and cysteine were selected as peptide ligands and the
role of peptide in developing chirality in cobalt oxide was explored. Synthesized
chiral cobalt oxide nanoparticles showed a g-factor of 0.01 in the UV—visible region.
In addition, the 3D conformation of the peptide ligand on the nanoparticle surfaces
was identified by 2D NMR spectroscopy analysis. Furthermore, the sequence effect
of Tyr-Tyr-Cys developing chiral cobalt oxide was analyzed, demonstrating that the
thiol group and carboxyl group of the Tyr-Tyr-Cys ligand played an important role
in chirality evolution. This results suggest that the role of the peptides can vary
depending on the interacting material, leading to further variability in chiroptical

properties.

The optical signal of a single plasmonic particle can be amplified and
sensitively controlled using plasmon coupling. When several nanoscale plasmonic
particles are adjacent to each other, hybridization of particle resonance occurs, which
significantly changes the resonance. In this context, plasmonic coupling which has
been mainly studied in achiral plasmon structures, was applied to chiral plasmonic
nanoparticles to control chiroptical properties. In this thesis, we demonstrated the
fabrication of metamaterial by coating chiral gold nanoparticles on a substrate and
depositing a nanoscale plasmonic metal layer. In order to investigate changes in
optical properties due to plasmon coupling, transmission-based and diffuse
reflectance circular dichroism (CD) spectroscopy were utilized. Through this, it was
confirmed that the resonance position, magnitude, and sign of the CD spectrum were
changed by plasmon coupling. In addition, the coupled plasmon mode was
significantly changed according to the dimension, distance, and refractive index of
the nanostructure. Furthermore, synthesis of chiral gold-silica core-shell NPs enables
versatile control of the structure and properties of plasmonic nanoparticles,

facilitating their application to tailored plasmon coupling.
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In conclusion, by understanding the role of peptides in nanoparticle
development, CD manipulation has been achieved at the single nanoparticle level.
In addition, a methodology for modulating the optical properties of chiral
nanostructures using plasmon coupling has been established. We believe the
development of versatile methodology for modulation of the chiroptical response in
chiral nanostructures ultimately facilitate integration of the chiral metamaterials into

practical optical devices.

Keywords: Circular dichroism, plasmon coupling, peptide, gold nanoparticle,

cobalt oxide, nano-structure control
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Chapter 1.Introduction

1.1 Chirality in Nature

Chirality is a geometrical concept that describes an object that lacks mirror
symmetry. Biological system has a very sophisticated but efficient strategy for the
generation of chirality, making it important to understand this for the successful
control of chirality in artificial chiral nanostructure fabrication. For instance,
helical and spiral structures found in gastropod shells,' and Callophrys rubi
butterfly has a chiral gyroid structure.” Complex chiral formation processes in
nature involve the combination of chiral molecular units to represent higher-order
chirality collectively.>” As a single chiral molecule could function as a central
component of chiral macromolecular structure, the chiral center of the molecule
can provide a starting point for chirality evolution. Therefore, chiral encoders of
various scales can be used to induce a macroscopic structural asymmetry in living
organisms.'’ The asymmetry of Drosophila could be a distinctive example of this
hierarchical chirality generation in biology. As shown in Figure 1.1, the overall
chirality from the cellular level to organs and organism itself was produced by
molecular motor myosin 1D, demonstrating the asymmetric behavior to dictate the
gradual evolution of chirality in biological system.'"" The chiral interaction
between f-actin and myosin 1D mediates a counterclockwise circular gliding of
actin filaments, inducing a directional twist of cells, organelles, organisms as a

whole body.



Figure 1.1 Scheme of myolD chiral activity across multiple organization scales.



This gradual manifestation of chirality in biological features can also be found in
the early embryonic stages of the shells of snails and gastropods. Sinistal and
dextral L. stagnalis embryos have a structure in which they are twisted in opposite
directions at an early stage of growth, and develop with opposite rotational
patterns in adults. As shown in figurel.2, the mirror-symmetric feature between
the dextral and sinistral embryo appears most prominently in cleavage pattern
from the 4-cell to the 8-cell stage.'> To be specific, the directionality in embryo
stage, which dextral embryos show clockwise rotation and sinistral embryos show
anticlockwise rotation, determines the handedness of adult snails. From the
development of hierarchical chirality in biological systems, we could obtain

valuable lessons.

Representative examples showed that basic components of biological
systems such as organic molecules function as crucial building blocks for chiral
structures in bigger size scales. It indicates that the hierarchical assembly of chiral
components could develop into a macroscopic chirality. Furthermore, the role of
organic molecules or biomolecules can serve not only as a chiral building block,
but also as a chiral encoder during chirality evolution. This suggest that the organic
molecules and biomolecules can a compelling tool to induce a progressive

evolution of chiral features.
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Figure 1.2 Cleavage pattern of the sinistral and dextral L. stagnalis embryos and

their adult snails.
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The chirality in inorganic materials and metals have received less attention
compared to the chirality in organic molecules. Determination of chirality in metal
and inorganic materials require additional consideration on the position of atomic
coordination and planes, whereas in organic molecules, chiral center can be clearly
used as a reference point to define the chirality. Therefore, identification of chiral
components in metallic and inorganic structures are less straightforward and more
difficult than chiral components of organic molecules. However, the interesting
property of crystal chirality has attracted attention even before the discovery of
chirality in organic molecules. In 1811, different rotation of linearly polarized light
was analyzed with the quartz crystals."® This study as a starting point, subsequent
research directions have expanded from observing and utilizing naturally
occurring chiral crystals to controlling and inducing the chirality of crystals, even
with those are intrinsically achiral. This field focuses on the study of

enantioselective interactions between crystals and chiral organic molecules.

Some of the inorganic crystals which possess helical arrangements along
certain crystallographic directions exhibit bulk chirality.'*'® These crystals
which lacks symmetry induce achiral structures, without mirrors, glide planes, an
inversion center, and a roto-inversion operator. Although 32 crystallographic point
groups exist, only 11 point groups meet this requirement. The most common
example is quartz crystal (space group P3:21 or P3,21). The corner-linked SiOs
tetrahedra structure is the basic unit of helices. In addition, other inorganic
materials such as a-AIPO; and a-GaPO4 with the tetrahedral phosphate networks
also show chirality. Similarly, cinnabar (a-HgS, space group P3,21) with crystal
structure of helices of repeated Hg and S atoms along the z axis possess chirality
(Figure 1.3)." This chiral crystals have left- and right-handed variants depending
on the orientation of helical atomic arrangements, which occurs in almost equal

proportion in nature.



Figure 1.3 Helical arrangement of Hg and S atoms of crystal structure of cinnabar

(a-HgS).



Through opposite optical rotation properties or exposed chiral crystal
faces of crystal, one can distinguish their handedness. For example, when
polarized light passing through the c-axis, the light rotates to the opposite direction
depending on the handedness of the quartz, counter-clockwise in left-handed
quartz and clockwise in right-handed quartz.'® However, this relationship between
optical rotatory direction and handedness of crystal is not applicable to all chiral
crystals. In some cases, opposite relationship could be observed. Another
interesting property of crystals with bulk chirality is that the crystal surface
structures also contain chirality. While atomic arrangements of crystal faces of
quartz are all chiral, some crystal faces such as (111) and (511) facets (Figure 1.4,
denoted as x and s respectively) exhibit observable difference in orientation, with

distinguishable left- and right-handed crystals.'®



Figure 1.4 Left- and right-handed variants of quartz (Si0O,) crystal. Common crystal
surfaces are noted as m (100), » (101), s (111), x (511).



1.2 Chiral Plasmonic Nanostructure

Chirality refers geometric property illustrating non-superimposable mirror
images of an object with the original structure. These geometric properties are not
limited to molecules, but have a wide impact on scientific fields such as chemistry
and physics and industries such as pharmaceuticals, medicines, and displays.'**
In recent decades, we have developed an understanding of chiral inorganic
nanomaterials, which has vastly expanded their applicability in terms of materials,
structures and applications. In following section, we will discuss chiral

nanomaterials and their unique optical properties, highlighting the need for

research on chiral nanostructures.

The geometrical properties of a material's structure can determine the
basic properties of a material. Thus, chirality can elicit not only geometrical
properties, but also distinct physical properties, especially optical properties. In
addition, the symmetry of a material greatly influences its electronic structure,
crystallographic surface, chemical bonding, and optical reactivity, and determines
the fundamental geometric properties of physical systems. In particular, it is
known that chiral structures without mirror symmetry exhibit different responses
right- or left-handed circularly polarized light (RCP and LCP). These asymmetric
light-matter interactions cause different absorption of RCP and LCP light,

resulting in circular dichroism (CD).

Utilizing this circular dichroism, it is possible to obtain the structural,
kinetic, and thermodynamic information of materials.”*>* However, in order to
anlyze chirality of naturally existing biomolecules and chiral medium, high
concentrations or large volumes of analyte is needed because of their weak chiral
optical response. By utilizing plasmonic properties of metallic nanoparticles, we
can overcome the issues of the low chirality. The harmonic oscillation in metallic

particles concentrates far-field radiation into subwavelength volumes which



indicates a strong light-matter interaction at nano structures. This electric field
induced by electron density is dependent on its structures and intrinsic material
property as shown in figure 1.5.% Difference in shape and material result in distinct

optical response which is shown in the color generation of nanoparticle solutions.

As shown in figure 1.7,” the sign of polarization state at the end of the
circular disk is polarized differently depending on the polarization of the irradiated
light. This difference in polarization induces an energy difference, leading to a

circular dichroism in the absorption spectrum.
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Figure 1.5 Optical properties of gold nanoparticles with different shapes and sizes.

Gold nanorods (top), and silica-gold core-shell nanoparticles (bottom).

' % 4 )



— a Single
4 600 800 1000 1200 1400
Wavelength (nm)

Figure 1.6 Scheme of plasmonic chiral nanodiscs excited by the circularly
polarized light. The difference in energy states induces absorption difference

between two structures and results in circular dichroism.
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Through the above representative examples, it can be seen that the
intrinsically chiral plasmon nanostructure can exhibit an exceptional optical
response. Studies over the past two decades showed that chiral plasmonic structures
can be readily applied to optical applications such as polarization control, negative
refractive index, and chiral sensing.'”*?** As a typical example, the gold helical
nanostructure in subwavelength scale exhibits a strong circular dichroism. Figure 1.7
showed that the transmission difference between LCP and RCP dramatically
increased when the gold split-ring structure changed to three dimensional helical

structure.?’

Due to their strong light matter interaction and asymmetric structure,
exceptional optical properties such as the negative refraction can be achieved by the
chiral materials. Chiral materials have different refractive indices between LCP and
RCP which and describe as a relation ny =+/e-u+ k,” where k is chirality
parameter, and + refers to RCP and — refers to LCP. Using the difference in refractive
indices, chiral metamaterial demonstrating negative index material in GHz and THz

regime was reported as shown in Figure 1.8.%"

In addition, recent studies have reported that the chiral signal of the
molecule is amplified, called called the "superchiral field" as shown in Figure 1.9.%
Chiral plasmonic nanostructure can distorts electromagnetic nearfield, making the
electric field and the magnetic field cross-coupled locally to form a twisted field at

the microscipoc level (Figure 1.10).%%7
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Figure 1.7 Transmittance spectra of LCP and RCP incident light for gold split-ring
(top) and 3D helix (bottom).
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Figure 1.8 The inductor-capacitor circuit mode and the SEM image of the chiral
metamaterials. Negative refractive index was achieved by LCP excitation in THz

region.

- of| &

15 . «’}“‘ﬂ -



Figure 1.9 Proposed experiment that molecules at the nodal planes of the standing

wave are expected to exhibit enhanced chiral asymmetry.
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Electric field intensity

Figure 1.10 Steady state distributions of the electric field intensity for the S-shaped
structure estimated using the FDTD simulation under illumination with LCP (left)

and RCP light (right).
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Furthermore, the chiral metamaterials can extend their applicability to
chiral sensing and light control. For example, Kadodwala and coworkers reported
the gold gammadion nanostructures that can be used to detect the secondary structure
of protein. Using this chiral spectroscopy methodology, the molecular fingerprint
which is closely related to the 3D structure of biomolecules can be analyzed (Figure
1.11).* Another important direction chiral metastructure can be applied is light
control. Geometric phase metasurface can exhibit polarization-selective wavefront
control and beam steering through elaborate design of chiral nanoarray.**** In
nanostructure arranged in an array, the angle of rotation within a single wavelength
scale can be spatially controlled to create a space-variant phase retardation for
circularly polarized light. This tilts the wavefront and changes the direction of
propagation. The presented array structure can be applied to polarization-selective
holographic devices, multiplexed optical communication, because the direction of
light diffraction can be determined according to the direction of circular

polarization.*
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Figure 1.11 Influence of the adsorbed proteins on the CD spectra of the chiral
metasurface (left). Peak shifts AAry and AdLncaused by the adsorption of protein and
exhibit different value, indicating that optical dissymmetry occurs in opposite
nanostructure. Haemoglobin (top) and B-lactoglobulin (bottom) shown adopting a

well-defined arbitrary structure with respect to a surface (right).
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In order to efficiently apply the unique properties of chiral plasmoni
metamaterials described above to optics, sensing, or catalysts, it is necessary to
develop a methodology for fabricating chiral nanostructures with optical
properties suitable for the intended use. The potential field of chiral nanostructure
application is highly dependent on the developed chiral morphology in nanoscale.
Therefore, it is important to understand the methodology for fabricating and
controling these chiral nanostructures. In the following section in the introduction
chapter, we would light to elaborate some methods fabricating chiral

nanomaterials.
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1.3 Objective of Thesis

The overall goal of this thesis is to modulate the chiroptic response using
plasmon coupling through understanding and regulation of the development of chiral
nanostructures. Based on understanding underlying mechanism and influential
factors for chiroptic properties of nanomaterials, this work focuses on diversification
of nanoparticle morphology using peptide molecules and further modulation of the
optical response utilizing plasmonic coupling of nanostructures. The thesis is divided
into two parts, Chapters 4 and 5 is for modulation of circular dichroism (CD) based
on understanding of peptide ligands in single nanoparticles, and Chapter 6 is for

manipulation of the optical properties through plasmon coupling in nanostructure.

In Chapter 2, prior to the main research, previous research trends on
fabrication of chiral inorganic nanostructures was introduced. Numerous attempts to
fabricate chiral nanostructure using state-of-the-art lithography techniques and
molecular-assembly scaffolds have developed inorganic metal nanomaterials
exhibiting fascinating physical phenomena which was difficult to be achieved in
symmetric nanomaterials. Among them, we have focused on the studies that
attempted to realize the chiral structure through the interaction between inorganic
interfaces and biomolecules. Biomolecules with intrinsic chirality can be self-
assembled in chiral geometries, and achiral plasmonic building blocks can be
assembled into chiral assemblies to fabricate chiral nanostructures such as spirals,
twisted rods, and asymmetric pyramids. The latter part of this chapter introduces the
fabrication of chiral nanostructures through chirality transfer at the interface of
biomolecules and high Miller-index plane of inorganic crystal. We believe that
understanding and modulation of this interactions at the interface provides an
opportunity to tailor the CD response, which is a theoretical background of chiral

response modulation using peptides in the following Chapter 4.
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In Chapter 3, detailed experimental procedures to develop -chiral
nanostructures have been discussed. Also, methods to analyze optical properties of

the fabricated nanostructures have been discussed in this section

Chapter 4 discuses a broad understanding of the growth and chirality
evolution in gold NPs by adjusting the type of additive molecules. Chiral
morphology and resulting optical response can be manipulated by changing ligands
molecules involved in synthesis. We have analyzed the growth pathway and chirality
evolution of the y-glutamylcysteine- (y-Glu-Cys-) and cysteinylglycine- (Cys-Gly-)
directed gold NPs from a crystallographic perspective. Gold NPs developed into a
cube-like structure with protruding chiral wings in the presence of y-Glu-Cys,
whereas the NPs synthesized with Cys-Gly exhibited a rhombic dodecahedron-like
outline with elliptical cavity structures, showing different chiroptic responses.
Through time-dependent analysis, we reported that y-Glu-Cys and Cys-Gly generate
different intermediate morphologies. y-Glu-Cys induced concave hexoctahedra-
shaped intermediate, whereas Cys-Gly showed concave rhombic dodecahedra-
shaped intermediate. This difference in morphology induced a change in their optical
signals, showing that the chiral structure and resulting chiroptic response can be

modulated through understanding the interaction between peptides and gold surfaces.

In Chapter 3 present that the role of peptides in evolving chirality to
materials can vary and be diversified depending on the material. Utilizing Tyr-Tyr-
Cys tripeptide ligand, we synthesized chiral cobalt oxide nanoparticles showed a g-
factor of 0.01 in the UV—visible region. In addition, the 3D conformation of the
peptide ligand on the nanoparticle surfaces was identified by 2D NMR spectroscopy
analysis. Furthermore, the sequence effect of Tyr-Tyr-Cys developing chiral cobalt
oxide was analyzed, demonstrating that the thiol group and carboxyl group of the

Tyr-Tyr-Cys ligand played an important role in chirality evolution. This results
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suggest that the role of the peptides can vary depending on the interacting material,

leading to further variability in chiroptical properties.

In Chapter 5, the optical signal of plasmonic nanostructure was amplified
and sensitively controlled using plasmon coupling. We demonstrated the fabrication
of metamaterial by coating chiral gold nanoparticles on a substrate and depositing a
nanoscale plasmonic metal layer. In order to investigate changes in optical properties
due to plasmon coupling, transmission-based and diffuse reflectance CD
spectroscopy were utilized. Through this, it was confirmed that the resonance
position, magnitude, and sign of the CD spectrum were changed by plasmon
coupling. In addition, the coupled plasmon mode was significantly changed
according to the dimension, distance, and refractive index of the nanostructure.
Furthermore, synthesis of chiral gold-silica core-shell NPs enables versatile control
of the structure and properties of plasmonic nanoparticles, facilitating their

application to tailored plasmon coupling.

We believe that manipulating the chiroptical properties of chiral
nanostructures by understanding the role of peptides and plasmonic coupling in
nanoscale will ultimately facilitate the integration of chiral metamaterials into

practical optical devices.
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Chapter 2.Fabrication of Chiral Inorganic

Nanostructure and Its Optical Properties

2.1 Fabrication of Chiral Nanostructures using Hard

Approach

Thanks to tremendous efforts, chiral nanostructures with exceptional optical
properties have presented using hard approach and molecular-scaffold based
fabrication approach. Thanks to the recent improvement of nano-fabrication
techniques, the fabrication utilizing hard approach such as direct laser writing and
lithography manifests sophisticated and organized chiral nanostructures.
Systematic and sequential nano-patterning has allowed the construction of chiral
morphologies with various size and dimension scales.”*”** For example, utilizing

electron beam lithography, a layer by chiral structure was demonstrated.*’

Similarly, layer-by-layer stacking using electron-beam lithography can
generate a three-dimensional chiral nanostructure. Recently, chiral oligomer
structures was demonstrated by assembling components of chiral structure as
shown in figure 2.2.°® The three-dimensional chiral structure was fabricated by
assembling 3 nano-dics to form an L-shape in the first layer, followed by placing
foruth nano-disc in the second later. The location of fourth could determine the
handedness of the overall structure, inducing chiroptic responses. Sequential
stacking of lithographed structure exhibited chiral structure of multi-layers twisted
each other which as shown in SEM image (Figure 2.1).

24 3 7



1o
cy
na
Ao
cu
no
SE

Figure 2.1 Low magnification and high magnification (inset) SEM images of chiral

unit cell composed of gold split-ring-resonators. Scale bars are 400 nm.
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Figure 2.2 SEM images of E-beam lithographed three-dimensional chiral oligomers
(top). The scale bar is 100 nm for the inset image and 200 nm for the overview.

AT spectra of chiral structures for forward and backward illumination (bottom).
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Although stacked structure can be fabricated by repeated lithography
technique, hard approach show limitations on fabricating genuine 3D chiral
structures. To overcome the limitations of flexible design and fabrication through
z-axis, a method for fabricating a chiral nanostructure extended in the z-axis
direction was demonstrated by direct laser writing as shown in Figure 2.3.%
Through successive two-photon direct laser writing and electroplating, Gansel and
co-workers demonstrated three dimensional helical structure. The constructed
chiral helical structures showed helical nanostructure possessing uniformly rotated
helical turns around the vertical axis. In addition to direct laser writing, fabrication
methods such as colloidal nanohole lithography, glancing angle deposition, and
on-edge lithography can be used to fabricate chiral nanostructures.*™* These top-
down fabrication methods holds many probabilities for creating complex 3D

nanostructures at the nanoscale.

Through the above representative examples, we could see that the
fabrication of three dimensional chiral structures by top-down approach is
advantageous for the development of complex chiral structures, but there are also
inherent limitations. Despite advances in lithography technology, the relatively
low spatial resolution is a major hindrance for generating sub-wavelength chiral
nanomaterials for practical applications. Unlike aqueous-based syntheses, which
can utilize isotropic media, top-down fabricated structures are always fixed at
interfaces which contains various types of media. In addition, since the
manufacturing process is too complicated and requires a lot of cost and process

time, it has limitations in application from an industrial point of view.
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Figure 2.3 Top (inset) and side view SEM images of gold-helix metamaterials

fabricated by direct-laser writing.
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2.2 Biomolecule-Directed Chiral Nanostructure

Chirality can evolve through synthetic method using molecular scaffold and
even single biomolecules such as amino acid, and DNA. In nature, amino is the
smallest building blocks possessing intrinsic chirality. This building blocks are often
utilized to transfer chirality from molecular scale to macroscopic morphology.
Chiroptic response can be induced from distortion in atomic conformation due to
enantio-specific interaction between chiral biomolecules and inorganic surface. In
this section, we highlight recent studies of understanding interface behavior in
between chiral molecules and inorganic surfaces. Importantly, ability of amino acids
and peptides can evolve chirality from microscopic atomic conformation to

macroscopic chiral morphology.

2.2.1 Biomolecule-Conjugated Inorganic Nanoparticles

The origins of chiral properties of inorganic and metal materials are not
limited to crystal or surface chirality. Even achiral crystals can exhibit chiral
properties by interaction with surrounding chiral organic molecules at optically
active range of metals. From electronic coupling between organic molecules and
local electric field of metal or inorganic crystals, this kind of induced chirality often
emerge.*** Optical inorganic nanocrystals with excitonic optoelectronic properties
or metal nanoparticles with localized surface plasmon are often selected as materials
for coupling with chiral molecules. The most significant results are chiroptical
properties. These properties can be represented by circular dichroism (CD) which
refer enantio-selective absorption for circular polarized light, and optical rotatory

dispersion (ORD), which refer optical rotation of linear polarized light.
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Chiroptical properties at visible range have fascinated researchers from
various fields due to their potential application in novel technologies. For example,
amplification and detection of molecular circular dichroism signal can be realized
by induced chirality on plasmonic metal nanomaterials at visible range. It is critical
to detect molecular chirality in industrial sectors where bimolecular enantiomers
exhibit totally different effects, such as pharmaceutical, medical, catalytic and
chemical industries. In addition, chiral absorption and emission of optical
nanomaterials have been analyzed as possible application for metamaterials. Such
metamaterials exhibit extraordinary properties which is not observed in common
bulk materials.”**>° In this regard, underlying mechanisms and practical

applications on induced chirality of achiral crystals have been largely researched.

Localized Surface Plasmon Resonance (LSPR) is oscillation of electron near
the plasmonic nanoparitlcle surface, when there is light illumination. These
resonating field is concentrated at the surface of plasmonic nanoparticles and
decayed exponentially with increasing distance from its surface. Therefore,
researchers have focused on the surface of plasmonic nanoparticles in order to
transfer local electric field energy from plasmonic nanoparticles to organic
molecules. Representatively, through conjugation of molecules to nanoparticle
surfaces, this strategy can be realized. Gautier et al. showed opposite chiroptical
signals can be generated by simple gold nanoclusters upon the attachment of ligand
onto their surface. When conjugated ligand was exchanged from L form to D form
(R form to S form), inversion of CD signal was observed (Figure 2.4). Similarly,

Govorov et al. theoretically supplemented the experimental result showing using of
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Figure 2.4 CD response of chiral thiol-molecule conjugated gold nanoclusters
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plasmon resonance for amplifying chiroptical signals by interacting with chiral
molecules. Two viable explanations were suggested. One is that plasmon resonance
influencing E-field distribution of chiral molecules. The other is that the molecular
dipole inducing changes in optical responses of metal-molecule complex. Based on
proposed explanations, researches have been further conducted to use plasmonic
nanomaterials for measurement and amplification of chirality of molecules.
Furthermore, they have focused on providing potential design principle for various

plasmonic inorganic-organic hybrid materials.

Through utilization of morphologically various nanoparticles, illumination
of different relations between inorganic nanoparticles and organic molecules has
been the other stream of researches. Gregorio et al. showed CD signals at their
plasmon resonance range was induced by silver nanocube with glutathione ligand.
Through oxidation reaction of thiol group attached onto silver nanocube surface,
origin of CD signal was confirmed. In detail, detachment of ligand eliminated the
existing chiroptical response. Levi-belenkova et al. also utilized silver nanocube, and
showed induced chiroptical signal using polyproline-2 based helical peptides as
chirality inducer. Induce of chiroptical signal in silver nanocube-peptide hybrid
structure was proposed to be resulted from multi-pol mode interaction between
organic molecule and inorganic silver nanocube surface (Figure 2.5). This claim was
difficult to be understood with conventional understanding, that simple dipole mode
interaction between plasmonic nanoparticles and molecules. Silver nanocube
structure has much more complicated structures with different electric field
distribution, whereas conventional understanding only considers the simple
spherical structure. Although studies about interaction between plasmonic
nanostructures and chiral molecules have been highlighted, it is difficult to

completely understand and utilize this concept.
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Figure 2.5 Silver nanocubes conjugated with peptide and their CD signals for

opposite handedness of peptide molecules.
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In order to achieve various chiroptical properties, induced chirality of the
inorganic crystal has been analyzed on quantum dots, rods or wells. Extensive works
have been done on II-VI semiconductor nanomaterials, such as CdS and CdSe.*'"°
Various reports showed that CD was observed when chiral molecules, typically

cyst eine,5 1,53-55,59

are attached on achiral crystals. As demonstrated by experimental
and calculation results, the CD can be understood as the result of electronic coupling
between dielectric nanocrystals and chiral molecule rather than structural chirality.
Govorov et al. theoretically predicted that the circular dichroism resulted from
coupling between chiral molecules and achiral dielectric nanoparticles.®’
Experimental results demonstrated that circular dichroism can be induced throug
controlling chirality of attached ligands on achiral quantum dots. Xiaoqing Gao et al.
also presented that induced chirality on CdSe nanoplatelets utilizing L- and D-
cysteine ligands.** Opposite circular dichroism was observed for L- and D-cysteine.
In addition, distinguishable spectrum depending on crystal structure was observed.
In detail, wurtzite showed three upward circular dichroism peaks when L-cysteine
was used as ligand in visible range. On the other hand, zinc-blende showed one
downward and two upward (Figure 2.6). Experimental results which describes
coupling of the electric dipole transition moments of CdSe nanoplatelets and cysteine
were further understood by DFT calculation on non-degenerate coupled-oscillator
model. The difference in CD depending on crystal structure exhibits that orbital of

CdSe is coupled with cysteine, and shows excitonic circular dichroism.
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Figure 2.6 Interface of wurtzite CdSe nanoplatelets conjugated with cysteine and
their CD signal for different enantiomers (top). Interface of zincblende CdSe
nanoplatelets conjugated with cysteine and their CD signal for different enantiomers

(bottom).
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2.2.2 Chirality Development by Biomolecule-Induced Local

Distortion

Another interesting strategy inducing chiroptical signal in inorganic
materials is to utilize distortion of local atomic conformation on inorganic
material’s surface by organic-inorganic interaction. Chirality from atomic distortion
is different from organic molecule induced chiroptical signal, because their origin
of chirality is directly from material itself. In this section, representative theoretical
and experimental backgrounds and examples of chirality evolution by local

distortion will be summerized, respect to material types.

Plasmonic materials have often been selected as ideal material to observe
chiroptical response. T.Gregory schaff et al. reponsted chiroptical response
generated through deposition of monolayer of glutathione molecules onto gold
cluster at 1998. Similarly, Jadzinsky et al. synthesized and analyzed atomic
structure of p-mercaptobenzoic acid (p-MBA) conjucated gold nanoparticles
through powder X-Ray Diffraction analysis. p-MBA treated gold nanoparticles
showed chiral arrangement of atomic configuration within a unit cell scale (Figure
2.7). The study of chiral adsorption patterns, such as the formation of localized
distortions on surfaces, has allowed many researchers to interpret previous studies

of chiral evolution from inorganic materials treated with chiral molecules.

In addition to chirality transfer from organic molecules to plasmonic
materials through local distortion, methods and strategies to apply the concepts to
semiconducting materials were enthusiastically researched due to the excellent
optical and electrical properties of semiconducting materials. By attaching L & D

penicillamine molecules onto surface of CdS nanoparticles, Micheal et al.
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Figure 2.7 Top view of p-MBA capped chiral gold nanoparticles along their cluster

axis for two different enantiomers.
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synthesized Cadmium Sulfide (CdS) nanoparticles. Adsorbed penicillamine induce
different chirality to CdS nanoparticles, and the optical activity was measured by CD
measurement. The CD spectrum showed totally inversed signal for L & D
penicillamine treated CdS nanoparticles. Also, 0 circular dichroism signal was
observed for CdS nanoparticles treated with racemic penicillamine molecules. In
addition, these induced chirality of inorganic nanomaterials by local distortion was
shown to be sustained by attachment of any types of ligand. It was maintained in the
presence of achiral ligand, demonstrating that it could stabilize the distorted surface.
This chiral memory effect can overcome the previous existing stability issue of

bottom-up synthesized nanomaterials.

Similarly, Nakashima group fabricated thiolated ligand adsorbed CdTe
nanoparticles in order to give local distortion on CdTe nanoparticle surfaces (Figure
2.8). After observing the optical activity of CdTe nanoparticles, ligand exchange
from chiral molecules to achiral one maintained the chiroptical activity of pre-
synthesized CdTe nanoparticles. Yunlong Zhou et al. analyzed chirality transfer
through local distortion of surface by inspection of atomic configuration and
structure of inorganic material surface. CdTe nanomaterials covered with L & D
cysteine molecules showed chiroptical response through atomic distortion.
Calculated results corresponded to opposite atomic conformation for this L & D
enantiomers. This finding allows understanding in local chiral distortion obtained
from chiral organic molecules, and gives strong evidences to previous researches and

hypothesis on chirality generation by atomic distortion in inorganic nanomaterials.
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Figure 2.8 Schematic of chiral memory effect in chiral CdTe nanoclusters.
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Furthermore, this reserach provided a ground point for further works on
relationship between nanostructures or atomic configuration and the degree of
optical responses. As an extension of this theory and analysis, Shuang Jiang et al.
used two different chiral molecules to enhance and control the optical activity of
nanomaterials. In their study, they synthesized a chiral ceramic material (tungsten
oxide hydrate nanoparticles) with two different amino acids, proline and aspartic
acid. When this material adheres to the surface of ceramic nanoparticles, it is
expected that several degrees of localized deformation will occur. As a result, the
degree of local distortion and optical activity differed according to the intrinsic

chirality of molecules adsorbed on the surface of inorganic nanomaterials.

Chirality through atomic configuration was evolved with higher dimension
of controllability, in the case of magnetic materials. Conventionally, material
properties especially chirality was a permanent feature of nanomaterials after
fabrication or synthesis unless applied with irreversible chemical treatment.
However, controllability of handedness on atomic scale was allowed when external
magnetic field induce local distortion on inorganic materials. Representatively,
Yeom et al. characterized L & D cysteine induced chiral paramagnetic cobalt oxide
nanoparticles under external magnetic field. These cobalt oxide nanoparticles
originally showed strong chiroptical responses (Figure 2.9). When there is external
and non-invasive magnetic field, local atomic configuration was controlled to
modulate the chiroptical signal (Figure 2.10). Although there are methodologies to
change chirality of already fabricated nanoparticles through irreversible chemical
treatment, real-time tuning of chirality through external magnetic field showed

versatile potential of chiral nanomaterials application in industry.
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Figure 2.9 g-factor spectra of L, D and racemic cysteine treated Co3O4 NPs (left),
and visualization of ability to rotate polarization of light for Co;O4 NPs (right).
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In this section, representative studies and recent advances in chirality transfer
from organic molecules by local distortion of inorganic materials was discussed. In
the following section, evolution of macroscopic morphology change in
nanomaterials induced by chiral molecules and the relation between macro-

structures and their chiroptical responses will be summarized.
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2.2.3 Biomolecule-Directed Chiral Morphology

The exceptional properties of biological molecules to induce reconstruction
of inorganic surfaces enable macroscopic changes in the nanomaterial morphology.
Through encoding of biological molecules, sophisticated 3D chiral morphology of
inorganic nanostructures can be obtained, thus maximizing the chiroptic activity
between RCP and LCP.*? In this section, we discuss the evolution of chiral
morphology and chiroptical response in single nanostructure level, and
macroscopically hierarchical chiral structures made of single chiral units in
semiconducting materials. Furthermore, we highlight single plasmonic chiral

nano-morphology with exceptional optical activity.

From enantioselective adsorption of chiral molecules on its crystal surfaces,
macroscopic chirality of inorganic materials could evolve.®*** Especially materials
which possess crystallographic chirality exhibits advantage in efficiently tailoring
chiral shape and optical properties. Adsorption of amino acid on [2131] trigonal
scalenohedon calcite structure has been reported.®>% Calcite crystal possess intrinsic
chiral selectivity on its crystal surface due to their pairs of mirror symmetric adjacent
facets. Teng and co-workers showed that the addition of aspartic acid dramatically
affect the growth of calcite, exhibiting adsorbed layer aligned on the crystal facets
change the surface energy.”” In the early 2000s, Hazen and co-workers
experimentally demonstrated the selective adsorption of D- and L-amino acids on
calcite.”” When immersed in the racemic aspartic acid solution, adjacent
scalenohedral faces of calcite crystals equivalent to (2131) and (3121) plane
showed a selective adsorption of D- and L-aspartic acid molecule up to 10%, while
the achiral surface exhibited no adsorption difference. This selective adsorption takes

place on the kinks along the steps preferentially, showing preferential adsorption of



one enantiomer on chiral terraced surfaces.

Enantio-specific binding of the amino acids can lead to macroscopic crystal
shape modifications through changing the free energies of step-edges. This binding
could lead to chiral deformation in macroscopic lengths scales.®® Chiral morphology
development by encoding of chiral biomolecules has been presented in several
semiconducting materials such as potassium dichromate,” seleniumcinnabar (a-
HgS)," and tellurium.” These materials have unique chiroptical properties owing to
their morphological chirality from the enantio-specific binding of biomolecules. CD
response of semiconducting materials is originated from the chiral morphology,
whereas the CD activity in metal nanostructures is originated from the structural and
plasmonic property.””" Materials with chiral spatial orientations could exhibit
scattering-based chiroptical properties owing to their chiral interface, leading to

selective reflection and transmission of one-handedness of circularly polarized light.

Recently, Wang and coworkers presented chiral construction of cinnabar
mercury sulfide nanocrystals. The twisted shape originated from surface
deformation by D-, L- penicillamine molecules (Figure 2.11). Cinnabar a-HgS
lattice with a space group of P3,21 has atomic scale primary chiral unit. In this
report, the handedness of morphology induces by epitaxial synthesis depend
mainly on the type of chiral molecules involved during the growth rather than the
crystallographic chirality of the initial seed nanoparticles. For example, initial
seed crystallographic chirality could be directly portrayed on the final
morphology upon the addition of precursor atoms without chiral molecules in the
epitaxial synthesis. However, the handedness of chiral molecules determines the
chirality of atomic conformation of the surface with chiral biomolecules.
Consequently, morphology transfer occurs from handed biomolecule to the

overall nanostructures at larger length scale. Ben-Moshe and coworkers reported
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chiral selenium and tellurium nanocrystals synthesized by enantio-selectively
oriented adsorption of chiral biomolecules. As shown in Figure 2.12, chiral
tellurium nanoparticles synthesized in the presence of glutathione have twisted
ridges and triangular protrusions at the ends. In addition, different shapes of
tellurium nanoparticles were obtained using different biomolecules such as cysteine
and penicillamine. Chiral nanocrystals are generated by initial formation of chiral
atomic clusters and attachment of generated clusters in an oriented ordering. The
thiolate ligand molecule determines the morhpology and stability of the Te complex

thereby affecting the growth kinetics.
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Figure 2.11 Schematic of two-step growth process involving D- and L-penicillamine,

to develop chiral morphology of a-HgS nanostructure.
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Figure 2.12 Dark-field STEM image (left) and tomographic reconstruction image

(right) of chiral tellurium nanoparticle. Scale bar is 100 nm.
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Through self-assembly of chiral molecule and inorganic materials, extending
chiral structure generation from atomic scale to microscale is possible. Bio-
mineralization of nanoscale calcium carbonate building blocks with enantiomeric
amino acids could generate large scale chiral vaterite with counterclockwise or
clockwise toroids.”*” Jiang and co-workers demonstrated that tilting of subunit
induced by attached chiral additives induce cascade tilting of adjacent subunits,
resulting in macroscopic chiral structure.” In addition, self-assembly of CuO™ and
ZnO” film with hierarchical chiral structure has been presented. Duan and
coworkers demonstrated flower shaped CuO nanostrtucture which possess
hierarchical chirality utilizing an amino alcohol as a symmetry-breaking agent.
Nanopetals in the flower shaped CuO nanostructure are made of several
subnanopetals which are stacked in a left- and right- handed helical structure. Also,
the flower-like CuO nanoparticles formed with amino alcohol with opposite chirality
showed the same structure in the opposite direction (Figure 2.13).”* A year after,
Wang and coworkers presented hierarchical chiral superstructure of self-
assembled ZnO film. The film exhibited large optical activity due to light scattering
and absorption in the chiral hierarchical structures (Figure 2.14). Asymmetric
attachment of L- and D-methionine with Zn*" ions that acts as a symmetry breaking
agent induces chiral hierarchical ZnO nanostructure on quartz substrate. ZnO films
generated helical nanoplates as a primary chiral structure while helical stacking of
aggregates formed secondary and tertiary chiral structure. ZnO nanoplates stacked
in opposite direction of the handedness of the primary unit attributed to the bending
of the nanoplates, in the presence of symmetry breaking molecules. Microscaled
secondary and tertiary structure generated scattering-based CD signals, whereas
absorption based CD was induced by the primary chirality of helical structures in

ZnO films.
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Figure 2.13 SEM image of peony-like CuO nanoflowers synthesized with (S)-(—)-2-
amino-3-phenyl-1-propanol (left). UV—vis absorption and CD spectra of the chiral
CuO nanoflowers (right).
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Figure 2.14 SEM image (left) and schematic drawing (right) of the hierarchical
chirality in L-chiral ZnO films.
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Chirality transfer from molecular structure to macroscopic crystals can be
expanded to plasmonic materials in nanoscale.*’-”*"° Preferential attachment of the
biomolecules enabled morphology manipulation of metal surfaces in a single
particle level, whereas earlier studies have focused on the chiral structure of self-
assembled plasmonic nanoparticles and its optical responses.*** Due to the
plasmonic properties, single plasmonic nanoparticles which possess chiral
morphology could generate strong chiroptical response at its plasmon frequency.
Based on Drude model, Fan and co-workers demonstrated computational modal
analysis of plasmon resonances of a chiral nanocrystal. They reported that chiral
twister with helical surface showed the strong CD responses at the main plasmonic
resonance. Crystal surface with low Miller index undergoes reconstruction to
expose chiral high Miller index planes upon adsorption of chiral molecules on the
surface. The chiral distortions of plasmonic nanocrystal generated splitting and

mixing of plasmonic modes inducing strong optical chirality.

Using amino-acid and peptide and high-index facets, chiral nanoparticle
can be induced through aqueous based seed-mediated method. In this strategy, the
generation of high-index facets is important. These high-index facets containing
chiral kink sites, can determine their chirality by the orientation of their low-index
components as shown in Figure 2.15.%% For example, in the case of
hexoctahedron-shaped gold nanoparticle, equal ratio of R and S high-index surface

can be expressed throughout the nanoparticle as shown in Figure 2.16.*
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Figure 2.15 Schematic of inorganic surface chirality which chirality is determined

by the rotation direction of the low-index components on the kink sites
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Figure 2.16 Schematic of chiral high-index surface on {321} facet-exposed

hexoctahedron nanoparticle.
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Recently, exceptional chiroptical response of chemically synthesized chiral gold
nanoparticles in nanometer scale was experimentally demonstrated using cysteine
and cysteine containing peptide as a chiral shape modifier.*” Synthesized
nanoparticle exhibited mirror symmetry in its nanomorphology respect to the
chirality of chiral shape modifier. Also, its chiroptical response showed a perfect
mirror symmetry with absorption peaks matched in visible range (Figure 2.17)."
As mentioned above, surface chirality can exists even for highly symmetric fcc metal
crystals faces which lack of mirror symmetry. All {hkl} (h = k # | # 0) high-
Miller-index facets are non-superimposable and denoted as R(S) depending its
surface atomic configuration. This intrinsic chirality of crystal planes can host
enantioselective interaction between molecules to plasmonic inorganic materials.
Therefore, it is important to provide chiral atomic sites for successive chirality
transfer from molecular to plasmonic material. In order to precise control the
exposed high-index facets, seed-mediated synthesis was implemented using
organothiol additive as shape modifier.*** In the absent of chiral additives, cube
seed nanoparticle develops into stellated hexoctahedron with 48 identical exposed
high-index planes exhibiting 4/m3 2/m point group symmetry. In the presence of the
chiral molecule, a preferred interaction between peptide with the generated chiral
facet mitigate the growth. This gradually shifts the R-S boundary during growth
proceed, resulting in an asymmetric growth. This asymmetric growth lead to break

of mirror and inversion symmetry generating 432-point group
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Figure 2.17 Chiral morphology of gold nanoparticle. CD spectra of chiral helicoids
synthesized with L- and D-cysteine (left). SEM images of chiral gold synthesized
with L- and D-cysteine (right).
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Figure 2.18 Schematic (top) and corresponding SEM images (bowwom) when L-
cysteine molecule involved during synthesis. A’C and AC edges shifts in opposite

direction generating chiral feature.
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symmetry. When L-cysteine molecule involved during synthesis, A’C and AC edges
shifts in opposite direction when viewed from (110) direction (Figure 2.18).*” To be
specificy, the outer edges of nanoparticle A’C and AC shifts to the center of the
nanoparticle in clockwise rotation generating chiral morphology when viewed from
(100) direction. On the other hand, usage of D-cysteine resulted in counterclockwise

rotation of edges.

Importantly, different chiral morphology could be generated when chanding
chiral molecule from cysteine to cysteine containing glutathione (GSH) molecule
induced. As shown in Figure 2.19, growth under addition of L-GSH molecule
resulted in curved AB’and A’B edges and protrusion of A’B’ and AB edges in (110)
direction. When viewed from (100) direction, we could clearly observe clockwise
rotation of inner edges A’B and AB generating a pinwheel like structure.’’
Furthermore, we could tune the chiral morphology and resulting chiroptical response
through control of seed morphology. Incorporation of GSH molecule and {111} facet
enclosed gold octahedron seed generated cube-shaped chiral nanoparticle containing
four high-curved gaps on each six facets with pinwheel-like structures, named 432
helicoid III. 432 helicoid III nanoparticle showed an outstanding chiroptical activity
g-factor of 0.2 (Figure 2.20).*” Possessing this high intrinsic chiroptical response,
432 helicoid III can exhibit direct visualizations of macroscopic color conversions
when polarization conditions were changed as shown in Figure 2.21.*" This bottom-
up synthetic route introduced in Chapter 2, which uses chiral biomolecules to
generate chiral structures, has potential for chiral nanoparticle formation and its
applicability in practical devices such as chiral sensing, active color display,

holography, and negative refractive index materials.
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Figure 2.19 Schematic (top) and corresponding SEM images (bowwom) when L-

glutathione molecule involved during synthesis.
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Figure 2.20 CD and extinction spectra of 432 helicoid III nanoparticle (left).
Schematic and corresponding SEM images of 432 helicoid III nanoparticle (right).

Scale bar is 100 nm.
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Figure 2.21 Transmitted color of 432 Helicoid III particle and achiral particle

solutions with different size under cross-polarized conditions. Gradual color tuning

observed by rotating the analyzer.
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Chapter 3. Experimental Procedures

3.1 Synthesis of Chiral Gold Nanoparticles

Chemicals

Hexadecyltrimethylammonium bromide (99%) was purchased from Acros.
Hexadecyltrimethylammonium chloride (98%), L-ascorbic acid (AA, 99%),
tetrachloroauric(III) trihydrate (HAuCls-3H»0, 99.9%), sodium tetrahydridoborate
(NaBH4, 99%), and potassium iodide (KI, 99.5%) were purchased from Sigma-
Aldrich. Dipeptides, y-L-glutamyl-L-cysteine (98%, Bachem) and L-
cysteinylglycine (85%, Sigma-Aldrich) were obtained commercially and used
without further purification. High-purity deionized water (18.2 MQ cm) was used

in all of the procedures.
Synthesis of gold octahedron nanoparticles

Gold octahedron nanoparticles were synthesized as previosly reported.”
Spherical gold seed (~2.5 nm) was prepared by mixing 250 pl of 10 mM gold
chloride trihydrate, 450 pl of 20 mM NaBHjs solution, and 10 ml of 100 mM CTAC
solution. The solution was kept at 30°C for 2 hours. The growth solution for gold
octahedron nanoparticles was prepared by mixing 9.5 ml of 100 mM CTAC, 250
ul of 10 mM gold chloride trihydrate, and 5 pl of 10 mM potassium iodide solution.
The growth was started by the injection of 220 pul of 40 mM ascorbic acid solution
and 55 pl of diluted spherical seed solution. The growth continuced for 15 minutes
in 30°C water bath. The solution was centrifuged twice (12,000rpm 3min) and
redispersed in 1 mM CTAB solution for future use.
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Synthesis of chiral nanoparticles

The growth solution for chiral nanoparticles was prepared by adding 800 pl
of 100 mM CTAB and 100 pl of 10 mM gold chloride trihydrate into 3.95 ml of
deionized water to form an [AuBr4] complex. Au*" was then reduced by the rapid
injection of 475 pl of 100 mM ascorbic acid solution. With the addition of 5 pl of
dipeptide solution and 50 pl of seed solution, the nanoparticle growth was started.
The growth continuced for 2 hours in 30°C water bath. For a typical synthesis, 2
mM of y-Glu-Cys solution and 0.15 mM of Cys-Gly solution were used to encode
chirality onto the nanoparticles. The nanoparticle solution was centrifuged three

times (6000rpm 60s) and redispersed in | mM CTAB for further characterization.
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3.2 Synthesis of Chiral Cobalt Oxide Nanoparticles
Chemicals

All peptides (98%) were purchased from BeadTech Inc. (Korea) and used
without further purifications. Cobalt(Il) chloride hexahydrate (97%) was purchased
from Junsei (Japan). Sodium citrate tribasic dehydrate (99%), sodium borohydride
(NaBH4, 98%) were purchased from Sigma-Aldrich. All aqueous solutions were

prepared using high-purity deionized water (18.2 MQ cm ).
Synthesis of chiral cobalt oxide nanoparticles

Chiral cobalt oxide nanoparticles were synthesized through a solution-
based growth method. For typical synthesis, 0.5 ml of 0.1 M CoCl,, 0.75 ml of 0.1
M Na citrate, and 6.25 ml of 0.01 M YYC aqueous solution were added to 1.875
ml of deionized water. After stirring at RT for 30 min, 0.625 ml of 0.1 M NaBH4
was injected followed by aging under stirring for 2 h at room temperature. As the
reaction proceeded, the pink color of the growth solution gradually turned brown.
The synthesized nanoparticles were analyzed after dialysis using a 1 kDa MWCO

membrane.
Synthesis of achiral cobalt oxide nanoparticles

Achiral cobalt oxide nanoparticles were synthesized through a
hydrothermal method. Cobalt(Il) acetate tetrahydrate (1 g) was dissolved in 50 ml
of ethanol under stirring at 45 °C for 10 min, followed by dropwise addition of 6.6
ml of ammonia solution (25%). The mixture was transferred into Teflon-lined
autoclave and maintained at 150 °C for 3 h. After synthesis, the crude solution was

mixed with 200 ml of acetone and centrifuged twice at 135000 rpm for 20 min. The

64 2] © 1 &)



final product of nanoparticles was dispersed in deionized water for further analysis.
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3.3 Synthesis of Chiral Gold-Silica Core-Shell Nanoparticles

Chemicals

Tetraethyl orthosilicate (TEOS, 99%) was purchased from Sigma-Aldrich
and mPEG-SH (MW 5,000) was purchased by Biochempeg. All aqueous solutions

were prepared using high-purity deionized water (18.2 MQ cm—1).
Synthesis of chiral gold-silica core-shell nanoparticles

Before silica coating, 0.3 mL of 0.25 mM mPEG-SH aqueous solution was
added under vigorous stirring to 10 mL of pre-synthesized helicoid solution, and
the reaction was continued for 30 min. The mixture was centrifuged twice at 6000
rpm for 5 min and redispersed in ethanol. For silica coating, 1.2 mL of mPEG-SH
capped helicoid solution was injected to 1 mL of DI water followed by addition of
2.3 mL of ethanol and 0.42 mL of 2 M NH4OH solution. The reaction was started
by the addition of 90 uL. of TEOS solution (40 vol % in IPA) under vigorous stirring.
After 2 h, the particle solution was centrifuged three times, and dispersed in ethanol

for further characterization.
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3.4 Optical Characterization of Chiral Nanostructures
Optical Characterization

Circular dichroism (CD) spectra of chiral nanoparticles were obtained using
a J-815 spectropolarimeter instrument (JASCO). Kuhn's dis-symmetry factor (g-
factor) was calculated from the measured CD value and extinction using:

A —A
2L R

-factor =
g AL +AR

SEM images were taken with SIGMA (Zeiss) and SUPRA 55VP (Zeiss).

Magnetic circular dichroism (MCD) spectra were measured with a J-815
spectropolarimeter instrument (JASCO) equipped with a 1.6 T (tesla) permanent
magnet by using both the parallel and anti-parallel fields. Transmission electron
microscopy (TEM) image was taken with JEM-2100F system (JEOL, Tokyo,
Japan).

NMR spectroscopy

NMR spectra were collected at 298 K on Bruker Avance 111 HD 800 MHz
spectrometer equipped with a z-gradient triple resonance cryoprobe. The NMR
samples were prepared in deionized water with 10% (v/v) D-O. NMR data were
processed using the TopSpin3.5pl7 (Bruker) program, and analyzed using the
NMRFAM-SPARKY program.”’ 2D TOCSY and 2D NOESY correlation
experiments were used to assign the amide, alpha, and beta protons of the Tyr-Tyr-
Cys peptides. Inter-proton distance restraints were obtained from the NOE spectra,
and the classified distance ranges by the NOE peak intensities were used for

structure calculation. Structures were calculated by simulated annealing using the
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program CYANA 3.0.”> The final 20 lowest-energy structures were visualized
using PyMOL (Schrodinger, LLC).
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Chapter 4.Dipeptide-Directed Chiral Gold

Nanoparticles

4.1 Introduction

Metamaterials presenting high circular dichroism are practical interest as
well as fundamental significance. In recent years, chiral metamaterials are highly
demanded in various fields including optics, display, and sensing, due to their strong
light-matter interaction.®>*” Based on the unique optical properties and delicate
structure, chiral metamaterials have extended the light manipulating abilities to

negative refractive index,”® control of angular momentum of light’*'? holographic

101,102 103-

display, and chiral sensing.'®'% To elicit this unique properties, various

attempts have been made to fabricate tailored chiral plasmonic metamaterials. Until

now, methodologies such as top-down patterning'®'%®

and nanosphere
lithography**'” have been used for the fabrication of sophisticated chiral
metamaterials including three-dimensional features. As another approach for chiral
structure, utilizing helical self-assembly scaffold such as DNA'*!'2 peptide''?, and
cholesteric liquid crystal materials''* have been demonstrated. However, despite
numerous efforts, the complexity of the process and difficulty of control in below a

hundred nanometer-scale still persist, and there is a need for a facile method for

tailored chiral structure.

Recent advances in nanoparticle engineering enabled facile and scalable
method for precise morphological control at nanoscale.'5'?* In particular, colloidal
synthesis of noble metal nanoparticles has been extensively studied to tailor the
morphology of nanoparticles. In colloidal methods, noble metal nanoparticles can be

composed of well-defined crystal facets, whose surface atomic structures,
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represented by Miller-indices, determine the morphology.™® To control the crystal
facets and nanoparticle morphology, surface absorbates that passivate the crystal
facets with specific Miller-indices have been adopted. Various halide ions, metal
ions and organic molecules have been reported to selectively expose various crystal
facets with low- to high-Miller-indices. In addition, seed-mediated growth method
has been exploited as an important strategy to control mnanoparticle
morphology.89.126-128 Starting from small seed nanoparticles with well-defined low-
Miller-index crystal facets, more complex morphologies composed of high-Miller-
index crystal facets could be synthesized with high uniformity. Understanding the
transition of Miller-indices during the synthesis and its correlation with morphology

is the key to design the nanoparticles with desired properties.

Recently, we proposed a novel synthesis method to realize chiral
morphology on gold nanoparticles by seed-mediated colloidal growth using amino
acid and peptide as shape modifiers. Starting from 50-nm-sized low-Miller-index
seed nanoparticles, cysteine and glutathione were introduced into the growth solution,
resulting in chiral helicoid morphology. Synthesized chiral nanoparticles has named
432 helicoid series due to its unique 432 point group symmetry with broken mirror
and inversion symmetry. The morphologies of 432 helicoid were formed by the
interaction between the chiral molecules and the high-Miller-index facets formed
during the growth process. The enantioselective adsorption of chiral molecules on
asymmetric kink sites of high-Miller-index facets induced asymmetric growth
between the facets with opposite chirality. An important advantage of this strategy
is its excellent flexibility in tuning chiral shape as well as sophisticated shape control
on the nanoscale. We have reported totally different structures of chiral gold
nanoparticles by adjusting the synthesis parameters such as seed morphology and

type of additive molecules to provide a broad understanding of the growth and
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chirality evolution in gold nanoparticles. These results show not only the scalability
of the strategy using chiral additives due to the presence of numerous chiral
molecules in nature, but also that the resulted morphology can be systematically

understood based on crystallographic analysis.

In this Chapter 4, the synthesis of chiral gold nanoparticles was reported
using dipeptide gamma-glutamyl-cysteine (y-Glu-Cys) and cysteinylglycine (Cys-
Gly) as shape modifier.'” We analyzed the growth pathway and chirality evolution
of dipeptide-directed gold nanoparticles in crystallographic perspective. In the
presence of y-Glu-Cys, nanoparticle developed into a cube-like structure with
protruded chiral wing with 4-fold symmetry. On the other hand, nanoparticle
synthesized with Cys-Gly showed a rhombic dodecahedron-like outline, with largely
curved edges and elliptical cavities in each face. Furthermore, three-dimensional
geometric models of dipeptide-directed nanoparticles were constructed to provide
crystallographic understanding of the chiral morphology of nanoparticles. Through
time-dependent analysis, we observed that y-Glu-Cys and Cys-Gly generated
different intermediate morphologies, which were concave hexoctahedron and
concave rhombic dodecahedron, respectively. Cys-Gly-directed nanoparticles were

named as 432 helicoid V, due to their unique shape and growth pathway.
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4.2 Solution-Based Synthesis of Dipeptide-Directed
Chiral NPs

Chiral gold nanoparticles were synthesized by seed-mediated growth
method, utilizing the enantioselective interaction between generated high-Miller-
index facets and chiral dipeptides (Figure 4.1).'* In this growth method, low-Miller-
index-facet-exposed gold nanoparticles were prepared as seed nanoparticles. As a
first step, 50-nm-sized octahedron shaped gold nanoparticles with {111} facet
enclosed were prepared from 2-nm-sized spherical nanoparticles using the
preferential attachment of iodine to {111} crystal facets. In the next step, the
octahedron seed nanoparticles were grown for 2 hours in the growth solution
consisting of the gold precursor, hexadecyltrimethylammonium bromide (CTAB),
ascorbic acid, and dipeptide additives. During the growth, CTAB surfactant
stabilized the {100} plane of gold nanoparticle, and ascorbic acid promotes growth
along [111] direction as a reducing agent.”*'*° The competition between the effect of
CTAB and ascorbic acid in the presence of the gold precursor exposed the high-
Miller-index facets on the surface of the gold nanoparticles. The addition of chiral
additives during the growth process induced the development of chiral structure. The
enantioselective interaction of the chiral molecule with chiral kink sites caused
asymmetric growth of high-Miller-index facets exposed on gold nanoparticles. This
surface-level asymmetry induced by chiral dipeptides resulted in three-dimensional

chiral morphology of gold nanoparticles.
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Figure 4.1 Scheme of seed mediated synthesis using octahedron seed nanoparticles

as seeds. Dipeptides were injected into the growth solution as a chiral ligand.
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The chiral dipeptides acted as shape modifiers and greatly influenced the
final shape of synthesized gold nanoparticles. Depending on the type of chiral
additive molecules added in the growth process, the gold nanoparticles underwent
different morphological evolution, resulting in significantly distinguishable chiral
morphologies and degree of chiral deformation. Previously, we reported synthesis of
chiral morphology using an amino-acid and a tripeptide, cysteine and glutathione
(GSH). As the molecules changed, there was a difference in the growth direction
shifting the different boundaries of the common hexahedron shaped gold
nanoparticle which is due to the difference in adsorption angle of cysteine and GSH
to the high-Miller-index facet. Using cysteine and GSH, chiral gold nanoparticles
with 432 symmetry have been synthesized with a marked difference in their chiral
shape and named 432 helicoid I, II, III, and IV, demonstrating that additives play a
pivotal role in evolution of chiral structure. In this study, dipeptides gamma-
glutamyl-cysteine (y-Glu-Cys) and cysteinylglycine (Cys-Gly) was used as shape
modifier for synthesizing chiral gold nanoparticles (Figrue 4.2). As shown in Scheme
1b, y-Glu-Cys is a sequence with gamma glutamyl functional group attached to N-
terminus of cysteine, and Cys-Gly is a sequence with glycine group attached to C-
terminus of cysteine. y-Glu-Cys and Cys-Gly have intermediate sequences between
cysteine and GSH (y-Glu-Cys-Gly) for which chiral shape evolution has been
reported, and are also an intermediates involved in the GSH biosynthetic pathway."*!
In a biosynthesis pathway, glutamate and cysteine are combined by the enzyme to
form y-Glu-Cys, which is then combined with glycine to yield GSH. Outside the cell,
GSH is broken down to generate Cys-Gly and y-glutamyl moiety. Studying the effect
of dipeptide in chiral morphology evolution will be the cornerstone for
understanding and ultimately designing the relationship between peptide sequences

and chiral shape development.
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Figure 4.2 Structure of dipeptides, gamma-glutamyl-cysteine (y-Glu-Cys) (left) and
cysteinylglycine (Cly-Gly) (right).
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Two dipeptide-directed gold nanoparticles exhibited completely different
chiral morphology from each other. The following scanning electron microscopy
(SEM) images represent chiral NPs synthesized using y-Glu-Cys and Cys-Gly. The
low magnification SEM images (Figure 4.3) shows that synthesized chiral gold
nanoparticles exhibited uniform chiral shape and size of 150 nm.'* As shown in
Figure la, the nanoparticles synthesized using y-Glu-Cys have a cube-like outline
with protruded vertices. On the other hand, the NPs synthesized using Cys-Gly
exhibit a rhombic dodecahedron-like outline, which is consisting of 12 rhombus and
24 edges. The morphological differences of two nanoparticles resulted in diverging
chiroptic response. To observe chiroptical properties of synthesized particles,
circular dichroism (CD) was measured and converted to Kuhn’s dis-symmetry value
(g-factor) as shown in Figure 4.4."” Nanoparticles synthesized with y-Glu-Cys
showed a positive main peak at wavelength 550 nm with g-value of 0.02. On the
contrary, nanoparticles synthesized with Cys-Gly exhibited a negative main peak at
620 nm with g-value of 0.02. To fully understand the different chiral development
driven by dipeptides, detailed analysis of chiral morphology from crystallographic
perspective has been conducted as follows: morphology analysis, growth pathway

analysis, and dipeptide-concentration-dependent analysis.
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y-Glu-Cys Cys-Gly

Figure 4.3 SEM images of chiral NPs synthesized using y-Glu-Cys (left) and Cys-
Gly (right). The scale bars are 200 nm.
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Figure 4.4 Dissymmetric factor spectrum of y-Glu-Cys- (left) and Cys-Gly-directed

nanoparticles (right). The difference in morphologies of the two nanoparticles

exhibited diverging chiroptic responses in which y-Glu-Cys showed a positive main

peak and Cys-Gly showed a negative main peak.
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4.3  Morphology Analysis of y-Glu-Cys- and Cys-
Gly-directed NPs

To understand the chiral morphology of synthesized nanoparticles, we
contructed three-dimensional model of y-Glu-Cys-directed 432 helicoid I and Cys-
Gly-directed 432 helicoid V. The models were constructed based on the shape of
nanoparticles from various crystallographic orientations, observed by SEM.
Nanoparticles with 432 point group symmetry have 4-fold, 3-fold, and 2-fold
symmetry axes on [100], [111], and [110] directions, respectively. The morphology
observed in each direction shows the feature of each symmetry constituting the
nanoparticles, providing the necessary information to understand the entire geometry.
To construct the models that satisfies 432 symmetry, we first constructed a 2-fold
rhombus face that corresponds to one-twelfth of all surfaces, and rotated it around 4-
fold and 3-fold axes. The models of y-Glu-Cys- and Cys-Gly-directed nanoparticles
showed their clearly distinguishable morphologies despite the same point group

symmetry.

79 1] @ 11 &1



[100] [111] [110]

Figure 4.5 Schematics and corresponding SEM images of nanoparticles synthesized
with y-Glu-Cys, as viewed along [100] (left), [111] (middle), and [110] (right)
directions. To highlight chiral features, the protruded wings were colored red and

tilted edges were highlighted with yellow-dotted lines. Scale bars are 100 nm.
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The y-Glu-Cys-directed nanoparticles exhibited cube-like morphology with
twisted and protruded tripod edges at each vertex, which is characteristic of 432
helicoid I (Figure 4.5).'” These structures can be understood as splitting and tilting
of the edges connecting two vertices, which break the mirror symmetry and result in
chiral morphology. Along the [100] direction, the four edges tilted toward the center
of cubic face form the 4-fold morphology (Figure 4.5, left). Along the [111] direction,
three edges extending from a vertex are tilted clockwise and form the 3-fold
morphology (Figure 4.5, middle). When viewed in the [110] direction, a pair of edges
facing opposite direction from each other form the 2-fold chiral morphology (Figure
4.5, right). On the contrary, Cys-Gly-directed nanoparticles synthesized using Cys-
Gly exhibited a unique chiral structure of twisted rthombic dodecahedron with
elliptical cavities at the center of each faces, which has not been reported previously
(Figure 4.6). The chiral morphology of Cys-Gly-directed nanoparticles was
characterized by a set of arched edges surrounding a 2-fold symmetric cavity. From
[100] view and [111] view, these edges are arched to clockwise and anti-clockwise
respectively, composing the pinwheel-like 4-fold and 3-fold morphology (Figure 4.6,
left and middle).'"” Along the [110] direction, the edges facing each other are bent
in the same direction, inward or outward, forming the 2-fold morphology (Figure 4.6,
right). We named this nanoparticle synthesized using Cys-Gly as 432 helicoid V,

owing to its point group symmetry and unique morphology.
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[100] [111] [110]

Figure 4.6 Schematics and corresponding SEM images of nanoparticle synthesized
with Cys-Gly, as viewed along [100] (left), [111] (middle), and [110] (right)
directions. The green-dotted lines on the SEM images depict that the edges of the
particle are highly curved with respect to the rhombic dodecahedron outline (yellow-
dotted line). The chiral cavity viewed along [110] direction was colored green. Scale

bars are 100 nm.
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4.4  Time-Dependent Analysis of Chiral
Morphology Development

To understand the different morphology evolution of dipeptide-directed
nanoparticles, intermediate morphologies during nanoparticle growth were analyzed
in detail. Figure 4.7 shows time-dependent SEM images of gold nanoparticles grown
in the presence of y-Glu-Cys and Cys-Gly.'® Both particles started from octahedron
with exposed {111} facets and grew to rhombic dodecahedron with exposed {110}
facets after 4 minutes. Then preferential growth of edges and vertices of rhombic
dodecahedron resulted in concave nanoparticles with high-Miller-index surface
facets. After 20 minutes of growth, the difference in the morphologies directed by y-
Glu-Cys and Cys-Gly became noticeable. When y-Glu-Cys was presence, a pair of
tilted edges were formed at [110] direction. As the growth proceeds, these edges
continued to elongate and thicken, forming the final twisted wing-like chiral
structure. On the contrary, for Cys-Gly case, a tilted concave valley surrounded by
curved edges of thombic dodecahedron was formed after 20 minutes. As these edges
protruded and arched further, a pinwheel-like morphologies at the [100] and [111]

vertices were generated, and the tilted valleys changed into elliptical cavities.
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Figure 4.7 SEM images of y-Glu-Cys- (top) and Cys-Gly- (bottom) induced chiral

nanoparticles depending on the growth time. Scale bars are1 00 nm.

i o ,H b5 t” 'ﬁ:'}-



e
30 120 (min)

Figure 4.8 SEM images of the time-dependent growth of octahedron nanoparticle
without chiral additive. Octahedron nanoparticle grows into rhombic dodecahedron

and further grows into hexoctahedron.
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At the intermediate stage of growth, the chiral morphology of y-Glu-Cys-
directed nanoparticles was developed as the mirror symmetry between high-Miller-
index facets is broken. In our growth solution without peptide additives, octahedron
seeds were grown to concave hexoctahedron nanoparticles (Figure 4.8),'” which
consist of 48 triangular facets belonging to same high-Miller-index family. As shown
on the left in Figure 4.9, a concave hexoctahedron has the same area for every crystal
facet, thus having achiral 4/m 3 2/m point group symmetry. When y-Glu-Cys was
presence in the growth solution, its enantioselective interaction to chiral kink sites
induce different growth rate for high-Miller-index facets with opposite chirality. As
a result, the mirror symmetry between adjacent facets with opposite chirality was
broken. As shown on the right side of Figure 4.9, in rhombus ABA’B’, the BC and
B’C boundaries were tilted toward yellow-colored ABC and A‘B’C planes,
increasing the area of cyan-colored AB’C and A'BC planes and forming the new red-
patterned BCD and B’C’D’ planes. The 12 equivalent rhombus of the concave
hexoctahedron changed in the same manner, breaking the mirror symmetries in the
particle and changing the point group symmetry to 432. This seires of changes form

the characteristic chiral tilted edges of 432 helicoid I (Figure 4.9, bottom).'?
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Figure 4.9 Schematics of intermediate morphologies during nanoparticle growth in
the presence of y-Glu-Cys (top). Adjacent facets with opposite chirality were colored
yellow and cyan. Convex edges are indicated by solid lines and concave edges by
dotted lines. Schematics and corresponding SEM images of intermediate
morphologies of chiral nanoparticles with y-Glu-Cys, as viewed along [100], [111],

and [110] directions (bottom). Scale bars are 200 nm.
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On the contrary, 432 helicoid V showed a completely different growth
pathway from ordinary growth condition, and developed chiral morphology based

12 A concave rhombic

on concave rhombic dodecahedron (Figure 4.10).
dodecahedron is defined by 48 surface facets belonging to a high-Miller-index
family, which is identical to a concave hexoctahedron. Therefore, two polyhedrons
have the same point group symmetry of 4/m 3 2/m. The difference between the
two polyhedrons can be found in the concavity of the edges; concave rhombic
dodecahedron has concave AC and BC edge in rhombus ABA’B’, while concave
hexoctahedron has concave AC edge and convex BC edge (Figure 4.9 and 4.10).
Asymmetry growth between surface facets with opposite chirality changed the point
group symmetry and developed the chiral morphology of 432 helicoid V. However,
the surface facets with increasing area for the two particles were different, and the
432 helicoid V increases the area of ABC and A'B'C and newly forms ACD and
A’C’D’ planes. In this process, the CC’ edge, which was previously unobservable,
was developed as a characteristic concave and tilted valley structure of 432 helicoid
V. The straight boundaries of rhombus ABA’B’ were also deformed so that AB and
A’B’ edges arched inward and AB’ and A’B edges arched outward. These edges
composed the 4-fold and 3-fold pinwheel-like structure, which was observable from
[100] and [111] directions, respectively (Figure 4.10, bottom). As the growth
proceeded, these edges enlarged and protruded, forming the cavity structure of 432

helicoid V.
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Figure 4.10 Schematics of intermediate morphologies during nanoparticle growth in
the presence of Cys-Gly (top). Adjacent facets with opposite chirality were colored
yellow and cyan. Convex edges are indicated by solid lines and concave edges by
dotted lines. Schematics and corresponding SEM images of intermediate
morphologies of chiral nanoparticles with Cys-Gly, as viewed along [100], [111],
and [110] directions (bottom). Scale bars are 200 nm.
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From the growth of y-Glu-Cys- and Cys-Gly-directed nanoparticles, it was
observed that 1) the chiral morphologies were formed by extension of crystal facets
with certain chirality, 2) the surface Miller-indices of exposed facets were
maintained during morphological evolution, 3) different chiral morphologies were
induced via different intermediate morphologies, which depend on the peptide
sequences. In detail, the chiral morphology of y-Glu-Cys- and Cys-Gly-directed
nanoparticles were formed on high-Miller-index faceted particles, by preferential
growth of the facets with certain chirality. Interestingly, the Miller-indices of these
facets remained unchanged during the growth, and consisted the final chiral
morphology of 432 helicoid I and V. This suggests that the role of peptides on the
formation of chiral morphology is selective passivation and exposure of certain high-
Miller-index facets. Moreover, y-Glu-Cys and Cys-Gly induced different surface
Miller-indices and intermediate morphologies. This clearly shows that the molecular
structure of dipeptides determine the interaction with high-Miller-index facets,

supporting the proposed mechanism.
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4.5  Concentration-Dependent Chiral Morphology

and Chiroptical Responses

Based on the understanding of the chiral morphology evolution, the effect
of peptide concentration on chirality expression was explored. Changes in peptide
concentration can directly affect the morphology by controlling asymmetric input,
such as local strain and steric hindrance on certain growth direction.'*? Depending
on the peptide concentration, the degree of chiral deformation changes, i.e. the
degree of twist, protrusion of the edges, and the development of chiral structures
such as wings and gaps. To explore the effect of dipeptide concentration on chiral
shape evolution, the degree of chiral deformation and the resulting chiroptical signal

were investigated by varying peptide concentration injected during the synthesis.

Chiral morphologies of nanoparticles synthesized with y-Glu-Cys at
various concentration from 1 to 4 pm were investigated by SEM analysis, as shown
in Figure 4.11."” To compare the chiral structure depending on the molecular
concentration, the protruding vertices seen at three view point were connected by
yellow dotted line, and the trace of chiral wing was colored in red. The chiral NP
synthesized by injection of 1 uM y-Glu-Cys exhibits edges that were split into two
and twisted, breaking the mirror symmetry, thus generating chirality. Increasing
molecular concentration to 2 M generated clear wing structures bent with greater
curvature. When viewed from [110] direction and [111] direction, the 2-fold and 3-
fold symmetry of this chiral wings are observed. Further increase in concentration
resulted in dendritic structure due to the over grown arms indicating that optimum
concentration exists for chiral structure. At high peptide concentrations, the weak
bonding of amine and carboxylic groups would be interfered thus decreasing

enantioselectivity. To observe chiroptical properties of synthesized particles at
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Figure 4.11 SEM images of nanoparticle synthesized in the presence of y-Glu-Cys
at various concentration from 1 to 4 uM. The particles are viewed from [110], [111],

and [100] directions. Scale bars are 100 nm.
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various Y-Glu-Cys concentration, g-factor spectra were measured as shown in Figure
4.12 and 4.13.'® Nanoparticles with clear chiral motif synthesized with 2 uM of y-
Glu-Cys showed the largest g-value of 0.02 and a positive main peak at wavelength
550 nm. Further increase in concentration of y-Glu-Cys resulted in reduced CD
signal, which is due to the decreased chirality of dendritic structure. The optimum
peptide concentration that led to the highest g-value was 2 uM for y-Glu-Cys, similar
to 5 uM for previously reported glutathione case and higher than 0.1 uM for cysteine

case.”’
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Figure 4.12 The g-factor spectra of nanoparticles synthesized in the presence of y-

Glu-Cys at various concentration from 1 to 4 pM.
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Figure 4.13 Effect of dipeptide concentration on chiroptical response of chiral
nanoparticles. CD spectra (left) and extinction spectra (right) of nanoparticles

synthesized with y-Glu-Cys at various concentration from 1 to 4 uM.
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In contrast to the effects of y-Glu-Cys concentration on morphology, the
concentration of Cys-Gly during the growth affects the degree of chiral deformation
where the edges are bent and cavities are formed. Figure 4.14 shows SEM images of
chiral nanoparticles synthesized with Cys-Gly at various concentration from 0.05 to
0.18 uM.'"® For better understanding and direct comparison of the effect of
molecular concentrations on chiral shape edges are indicated by dotted green lines
and the cavity is colored green. In the presence of 0.05 pM Cys-Gly, NPs exhibit
pinwheel-like chiral structures with counterclockwise rotation when viewed from
[111] and clockwise rotation in [100] direction. Observation from the [110] aligned
view also shows concave boundary in the middle of thombus which is tilted breaking
the mirror symmetry. As the molecular concentration increased from 0.05 uM to 0.1
and 0.15 pM, the curvature of the bent edges increased, resulting in significantly
twisted edges. In addition, the tilted valley in the [110] aligned view at low
concentration developed into an elliptical cavity structure. These highly curved
edges and cavity structures generated an enhanced chiroptical response, resulting in
the highest g-factor of 0.02 for 432 helicoid V with a negative peak main peak at 620
nm at 0.15 uM concentration (Figure 4.15 and Figure 4.16).'"” This optimum
concentration is comparable to previously reported cysteine case, and lower than y-
Glu-Cys and glutathione cases.®” As the peptide concentration further increased to
0.18 uM, the curved edges were overgrown, resulting in randomly distorted edges.
Due to the dendritic structure, the g-value of the main peak decreases and red-shift

in the 0.18 uM case.

96 + ] 5 11 =1



Figure 4.14 SEM images of nanoparticle synthesized in the presence of Cys-Gly at
various concentration from 0.05 to 0.18 uM. The particles are viewed from [110],

[111], and [100] directions. Scale bars are 100 nm.
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Figure 4.15 The g-factor spectra of nanoparticles synthesized in the presence of Cys-

Gly at different concentration from 0.05 to 0.18 pM.
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Figure 4.16 Effect of dipeptide concentration on chiroptical response of chiral
nanoparticles. CD spectra (left) and extinction spectra (right) of nanoparticles

synthesized with Cys-Gly at various concentration from 0.15 to 0.18 pM.
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Furthermore, to clearly compare chirality expression using two dipeptides, we
analyzed the surface coverage of y-Glu-Cys and Cys-Gly for octahedral seed
nanoparticles in the growth solution. To convert the dipeptide concentration to the
surface coverage, we estimated the concentration of the nanoparticles to be
1.53 x 10°ml™" using previous method.®” Accordingly, the optimum dipeptide
surface coverage that expresses the optimal chirality is 0.15 nmol mm™ in the case

of y-Glu-Cys, and 0.011 nmol mm~ in the case of Cys-Gly.

Sophisticated chiral structure and enhanced chiroptic properties of
nanoparticles originated from the synergetic interplay between crystal growth and
chirality formation. Previously, we have demonstrated a determinant role of CTAB
and ascorbic acid on nanoparticle growth. In our growth solution, CTAB
preferentially passivates {100} facet while ascorbic acid forms kinetically driven
shape by affecting gold ion reduction rate. Consequently, the combinations of CTAB

and ascorbic acid induce diverging crystallographic direction and morphology.'*'**

Competing with this crystal growth, peptide determines the kinetics of
chiral deformation. At low peptide concentration, the decreased kinetics of chiral
deformation compared to crystal growth resulted in under-developed chiral features.
At optimum concentration, chiral deformation was expedited thus generating
chiroptic responses and clear chiral features. The excessive interaction between
peptide and gold surface at higher concentration resulted in overgrown or dendritic
morphologies. These correlations explored suggest that the evolution of chiral
structure with enhanced chiroptical properties can be achieved by understanding and

coordinating the cooperative interplay of crystal growth and chirality formation.
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4.6 Sequence Effects

Taken together, we propose the role of each amino acid in the investigated
peptides during the process of the chiral morphology evolution. The optimum
concentration can reflect the binding affinity between peptides and high-Miller-
index planes of gold surface. The fact that the optimum concentration of y-Glu-Cys
was about ten times higher than cysteine and Cys-Gly but slightly lower than GSH
suggests that the flexible y-peptide linkage in N-terminal can significantly weaken
the binding. Another observation is that glycine in C-terminal can change the growth
mechanism from the 432 helicoid I pathway observed in cysteine and y-Glu-Cys
cases to the 432-helicoid-1lI-like pathway. But it is worthy to mention that the initial
pathway similar to 432 helicoid III gradually diverged to a new pathway, defined
here as 432 helicoid V. From this experimental evidence, we postulate that the
glycine in C-terminal can play an important role in directing the growth of particle
toward more concave morphology, which eventually develops to the chiral cavity

structure.
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4.7 Conclusion

In summary, we demonstrated the synthesis of three-dimensional chiral
gold nanoparticles using dipeptide y-Glu-Cys and Cys-Gly. The geometry of
dipeptide-directed nanoparticles was analyzed and modeled from a crystallographic
perspective. The dramatic difference of two dipeptides on chiral development were
analyzed in terms of the final morphology, growth pathway, and peptide
concentration. The representative morphology of y-Glu-Cys-directed nanoparticles
showed a cube-like outline with protruded chiral wing with 4-fold symmetry. On the
other hand, the nanoparticle synthesized in the presence of Cys-Gly exhibited a
rhombic dodecahedron-like outline, with curved edges and elliptical cavities on each
face. Cys-Gly-directed nanoparticles with chiral morphology was named as 432
helicoid V, owing to its unique growth pathway and morphology. Resulting from the
morphological differences, two nanoparticles displayed diverging chiroptic response
as y-Glu-Cys produced a positive main peak and Cys-Gly produced a negative main
peak. Intermediate morphology anslysis indicated gold nanoparticles synthesized
with y-Glu-Cys followed an intermediate morphology of concave hexoctahedron,
while the nanoparticle synthesized with Cys-Gly formed a concave rhombic
dodecahedron. These two clearly distinct intermediate morphologies provided a
separate starting point for chiral development. The analysis of the effect of peptide
sequences on chiral shape development suggests the infinite scalability of peptide
incorporation during nanoparticle growth. In addition, the crystallographic modeling
of the chiral morphology of nanocrystals provides the foundation for understanding
the three-dimensional structure of chiral nanomaterials and resulting chiroptic

response to ultimately design morphologies and properties for versatile applications.

102 21 & 11 =]



Chapter 5. Peptide-Directed Chiral Cobalt

Oxide Nanoparticle

5.1 Introduction

Metamaterials and properties for versatile applications. Chiral inorganic
nanomaterials have been in the limelight of fundamental understanding of the
relationship between chirality and physical properties since the discovery of the
different rotations of linearly polarized light in quartz crystal in 1811."** Due to the
strong light-matter interaction, there has been increasing demand for chiral
inorganic nanomaterial in various fields such as optics, bio-sensing, and display.
In recent years, the development of such chiral inorganic nanomaterials has been
expanding to the realization of exceptional abilities to manipulate light presenting

negative refractive index,”’® holographic displays,'*"'*?

and control of angular
momentum of light.*'°*'35 Although the fundamental studies and technological
fabrication of chiral nanomaterials have been mainly focused on metals, chiral
metal oxide nanomaterials which can control the light and biochemical reactions
have triggered huge interests owing to their applicabilities.'**'** Considering the
catalytic activity and biocompatibility,'*® development of chiral metal oxide

nanomaterials could open up versatile applications for biomimetic catalysts and

medical devices.

Recent two decades, controllable and scalable methods of synthesizing
chiral inorganic nanoparticles have been actively pursued using biomolecules
including amino acids,””’*'*'"3 peptides,”*'**!*> and DNA.!'M12128146 1n the
biological system, chiral structures develop utilizing chirality transfer from

molecules to crystals, and beautiful examples of which can be found in snails,

103 + 1



gastropods, and butterfly wings.>'*’ By mimicking chirality transfer of the nature,
various nanomaterials such as chiral gold cluster,'*® CdS,'* CdTe,"*° ZnO,” and
C0304"" were developed by peptides and biomolecules, typically cysteine and
glutathione. These nanocrystals with chirally distorted lattice exhibited chiroptic
signal even in visible range of light. Recently, we developed a synthesis platform
for chiral gold nanoparticles using cysteine and cysteine-containing peptides that
strongly interact with inorganic surfaces.*'*'** Utilizing the enantio-selective
interaction of the peptides, synthesized nanoparticles showed mirror-imaged
structural chirality and resulting chiroptic responses according to the handedness

of the chiral ligand used during the synthesis.

In order to understand and design the mechanism by which the peptide
evolves chirality in nanocrystals, it is important to understand the binding and
configuration of the peptide on the crystal surface. The exceptional ability of
peptide that interacts with the inorganic surfaces results in the reconstruction of
local atomic conformation and evolves a macroscopic chiral structure.'”' The
functional groups of peptides including the amine groups, thiol groups, and
carboxylic groups interact with the inorganic surface forming strong and weak
bonding. These interactions cause local distortion of the inorganic materials to
develop a chiral structure, generating chiroptic responses even in the visible range
of light. Considering the role of peptide as a chirality inducer, the configuration
and binding properties of peptides are highly important in chirality evolution using
the peptide-inorganic interaction.'”>'** In this context, many efforts have been
made to analyze the surface state of the ligand using DFT and molecular dynamics
simulation.*”"¥*% Yeom et al. fabricated a chirally distorted Co;Ox crystal using
L-, D-cysteine molecule, and analyzed the CD response through computational

study using a model nanoparticle.”*” In addition, Le et al. analyzed the orbital
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couplings between the chiral ligands and cysteine-decorated molybdenum oxide
nanoparticles utilizing time-dependent density functional theory (TDDEFT)
simulation,'*® and Jiang et al. demonstrated that the packing of WOs lattice was
distorted after L-, D-aspartic acid was adsorbed on the surface through molecular
dynamics simulation."*” Despite these efforts, there was lacking experimental and
direct evidence showing the configuration of peptide on the surface for in-depth

understanding.

Existing studies on chiral metal oxides have focused on the expression of
chirality using a single amino acid. However, in order to understand the mechanism
of chirality development and to achieve scalable chiroptic responses, sequence
expansion to peptides is an essential step. In this regard, peptides including tyrosine
and cysteine, which have received a lot of attention recently due to their versatile
applicability as self-assembled structures and peptide-inorganic hybrid

materials,>1%

are suitable candidates for the development of chiral functional
peptide-based materials. Tyrosine with phenolic functional group is an important
amino acid in controlling the structural conformation in proteins, and its redox-
active property promotes the charge transport by proton-coupled electron-transfer
reactions in natural systems.">”'*® The thiol side chain in cysteine also serves an
important structural role in many proteins.'> Inspired by the fascinating properties
of tyrosine and cysteine, our group developed an assembling motifs composed of
short peptides with tyrosine and cysteine to investigate their structure and potential
applications.'®® The detailed structure of the YYACAYY dimer which was
assembled into macroscopic 2D nanosheets was revealed by 2D nuclear magnetic
resonance (NMR) spectroscopy. In the revealed structure, the phenolic groups of

tyrosine were facing towards the solvent to form a a-helical secondary structure,

and cysteine provided folding stability through disulfide bridges which were
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essential for assembly. Based on the tremendous potential of tyrosine and cysteine
as structural and functional materials, we believe that peptide composed of tyrosine
and cysteine can be applied to the development of chiral functional peptide-based
materials. Furthermore, we intend to discuss the structure of peptides that impart

unique characteristics to materials thorough 2D NMR study.

In Chapter 5, we report the synthesis of chiral cobalt oxide nanoparticles
using Tyr-Tyr-Cys peptide ligand. The L-, and D-Tyr-Tyr-Cys-directed cobalt
oxide nanoparticles exhibited mirror-symmetric chiroptic responses with a dis-
symmetry factor (g-factor) of 0.01 in the UV and visible light regions. Through the
control of synthetic parameters Tyr-Tyr-Cys, citrate, and NaBH, the mechanism
of particle formation was analyzed, and synthetic conditions were optimized. In
addition, the 3D structure of the Tyr-Tyr-Cys ligand on the surface of the
nanoparticle was determined by 2D nuclear magnetic resonance (NMR)
spectroscopy. This result inferred that the thiol group and carboxylic group of Tyr-
Tyr-Cys were aligned in a single direction and strongly interacted with the
nanoparticle surfaces, thereby providing in-depth understanding of the
configuration and binding of the peptide ligand. Furthermore, through the sequence
effect studies, the pivotal role of the C-terminal carboxylic group of Tyr-Tyr-Cys
to develop nanoparticles was analyzed. In addition, the use of peptide ligands of
different sequences produced dissimilar chiroptic responses, suggesting the
important role of the peptide functional group as well as the scalability of chiral
nanomaterial synthesis using peptides. Owing to the intrinsic chirality and
magnetic properties of the chiral cobalt oxide nanoparticles, the chiroptic
properties which were considered a permanent feature of the material could be

modulated by an external magnetic field.
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5.2 Synthesis of Chiral Cobalt Oxide Nanoparticles

using Tyr-Tyr-Cys

Chiral cobalt oxide nanoparticles were synthesized through a solution-
based growth method, exploiting the structure-guiding properties of the peptide

11 Cobalt chloride, sodium citrate, and Tyr-Tyr-Cys were used

ligand (Figure 5.1).
as a cobalt ion source, cobalt ion stabilizer, and a chirality inducer, respectively.
Possessing cysteine which provides high affinity metal binding due to its thiol
group, and tyrosine with a redox-active phenolic group that facilitates proton-
mediated electron transport, Tyr-Tyr-Cys is a suitable candidate for a peptide
ligand. To synthesize chiral cobalt oxide nanoparticles, a growth solution was
prepared by mixing cobalt chloride and sodium citrate stabilizing the Co(II) ion.
The color of the solution was pink because of the cobalt divalent ion. To encode
chirality, Tyr-Tyr-Cys was added to the growth solution and stirred for 30 minutes.
The reaction started with the addition of NaBH4 reducing agent. As the reaction
proceeded, the pink color of the growth solution gradually turned brown. The
reaction continued for 2 hours at room temperature under stirring. The thiol group
and carboxylic group of Tyr-Tyr-Cys strongly bind to the cobalt oxide surface to
develop nanoparticles. During the nanoparticle formation, the interaction between

Tyr-Tyr-Cys and the surface chirally distorts the local atomic conformation of the

nanoparticle surfaces generating chirality.
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nanoparticles using peptide ligand and reducing agent. Tyr-Tyr-Cys was injected into

the growth solution as a chirality encoder.
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Utilizing Tyr-Tyr-Cys ligand, chiral cobalt oxide nanoparticles with
chiroptic properties were synthesized. Transmission electron microscopy (TEM)
image in Figure 5.2 further confirmed that nanoparticle of about 5 nm in size were
synthesized using a peptide ligand.'®" Circular dichroism (CD) and absorbance
spectra of the chiral cobalt oxide nanoparticles were evaluated in the ultraviolet
and visible region. Chiral cobalt oxide nanoparticles showed clear chiroptic
responses with 5 positive and negative peaks as shown in Figure 5.3.'' This
distinct optical spectrum showed clear difference from previously reported chiral
cobalt oxide synthesized using a single amino acid."*” Nanoparticles synthesized
using L-, and D-Tyr-Tyr-Cys ligands showed the perfect mirror-symmetric CD
signal with coincident peak positions and zero crossing points. In detail, CD peaks
at 260, 290 and 350 nm in the UV region and peaks at 550 and 640 nm in the visible
region originated from LMCT with a small fraction of intraparticle Co(Il)—Co(III)
d-d transitions were observed.'*” When converted to Kuhn's dis-symmetry value,
g-factor, chiral cobalt oxide nanoparticles showed maximum g-value of 0.01 at the
wavelength of 640 nm (Figure 5.4)."®" L-, and D-YYC-directed nanoparticles
showed almost the same absorbance spectra with the strong absorbance peak at 274
nm and a shoulder at 280 nm from the absorption of the tyrosine residue of Tyr-
Tyr-Cys ligand with a small fraction of O(II)—Co(II) transition (Figure 5.5).'¢'"'¢4
In addition, chiral cobalt oxide nanoparticles had characteristic peaks at 303 and
363 nm by ligand to cobalt charge transfer with small fraction of O(I1)—Co(III)

transition, %5167
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Figure 5.2 TEM image of synthesized chiral cobalt oxide nanoparticles. Scale bar is

50 nm.
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Figure 5.3 Circular dichroism spectra of L- (black line) and D-Tyr-Tyr-Cys-directed

chiral nanoparticles (red line). The nanoparticles synthesized using Tyr-Tyr-Cys

enantiomers showed mirror-symmetric CD responses.
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Figure 5.4 g-factor spectrum of the nanoparticles synthesized with L- (left) and D-
Tyr-Tyr-Cys (right). The chiral cobalt oxide nanoparticles exhibited maximum g-
value of 0.01 at the wavelength of 640 nm
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D-Tyr-Tyr-Cys (right).
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5.3  Effect of Synthetic Parameters on Chirality

Development of Chiral Cobalt Oxide Nanoparticles

To understand the underlying mechanism of the chiral nanoparticle
formation and optimize the synthesis conditions, synthesis parameters were
controlled during the growth. The molar concentrations of sodium citrate, Tyr-Tyr-
Cys peptide ligand, and sodium borohydride were adjusted while the concentration
of cobalt ion in the growth solution was fixed at 5 mM. First, Tyr-Tyr-Cys ligand
which imparts chirality to the nanoparticles plays an important role in nanoparticle
formation. In the absence of Tyr-Tyr-Cys, the solution appeared pinkish, indicating
that no cobalt oxide nanoparticles were produced (Figure 5.6).'' At 3.75 mM, the
growth solution exhibited a light brown color, and above 5 mM, characteristic
absorption peaks at 303 and 363 nm of cobalt oxide nanoparticles were observed,
showing that the cobalt oxide nanoparticles were successfully synthesized. The
color of the solution became light at higher concentrations, suggesting that the yield
of nanoparticles decreased. The CD response in Figure 5.6 increased as the
concentration increased, showing the highest value with distinct peaks at 5 mM
Tyr-Tyr-Cys. At higher concentrations, the CD value decreased as the particle yield
decreased. The highest g-factor of 0.011 was achieved at Tyr-Tyr-Cys
concentration of 6.25 mM. At higher concentrations, the g-factor was saturated and

the yield was reduced.

114 21 & 11 =]



12
Increasing concentration 15 YYC (mM)
— —0
o o09r —2.50
g 3.75
S 5.00
5 0.6~ —6.25
5 —17.50
I} ——10.00
Q 03
<
10+
0.0p L L L L 4 I I L ' L
300 400 500 600 700 18 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 5.6 Effect of synthetic parameters on chirality development of chiral cobalt
oxide nanoparticles. The molar concentrations of Tyr-Tyr-Cys were adjusted while
the concentration of cobalt in the growth solution was fixed at 5 mM. Absorbance
spectra (left) and CD spectra (right) of nanoparticles synthesized using Tyr-Tyr-

Cys at various concentrations from 0 to 10 mM.
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The concentration of sodium borohydride (NaBHs), which used as a
reducing agent during the synthesis, also greatly influences the yield and synthesis
kinetics of the chiral cobalt oxide nanoparticles. At low concentrations of less than
3.75 mM, particles are hardly formed, resulting in a transparent solution with CD

161 A the NaBH. concentration increased to 7.5

signal close to zero (Figure 5.7).
mM, the particle yield increased and the characteristic absorption peaks of cobalt
oxide nanoparticles at 303, 363 nm appeared and increased. The CD signal in
Figure 1d increased with increasing NaBH4 concentration and produced the highest
value at 7.5 mM. At 10 mM NaBHy, the yield of the nanoparticles increased but
the chirality of the particles decreased. Further increase in concentration largely
changed the kinetic for particle formation. Particularly noteworthy, at high NaBH,4
concentration of above 20 mM, the characteristic absorption of cobalt oxide

nanoparticle at 303, 363 nm disappeared and a divergent CD signal was generated,

suggesting that nanoparticles with different properties were synthesized.

Citrate is not essential for the formation of nanoparticles, but it modulates
the yield and g-factor of the nanoparticle by affecting the reduction of cobalt cation
during the synthesis. As shown in Figure 5.8 the particle solution turned dark brown
showing the characteristic absorption spectrum even at low citrate
concentrations.'® When citrate is in the growth solution, it affects the reduction of
cobalt cation, reducing the yield of the nanoparticles. It is observed that as the
concentration of citrate increased, the color of the solution changed from dark
brown to light brown and the absorption peaks in UV-vis region were reduced. The
overall shape of CD spectrum remained similar in the 0 to 10 mM citrate
concentration range (Figure 5.8). The CD responses decreased slightly as the citrate
concentration increased to 5 mM and slightly increased when the concentration

further increased to 10 mM. The chirality index, g-factor, showed the highest value
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Figure 5.7 Effect of synthetic parameters on chirality development of chiral cobalt

oxide nanoparticles. The molar concentrations of sodium borohydride were adjusted

while the concentration of cobalt in the growth solution was fixed at 5 mM.

Absorbance spectra (left) and CD spectra (right) of nanoparticles synthesized at
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Figure 5.8 Effect of synthetic parameters on chirality development of chiral cobalt
oxide nanoparticles. The molar concentrations of citrate were adjusted while the
concentration of cobalt in the growth solution was fixed at 5 mM. Absorbance
spectra (left) and CD spectra (right) of nanoparticles synthesized at various citrate
concentrations from 0 to 10 mM. The images of the synthesized nanoparticle
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when the citrate concentration was 7.5 mM. Higher concentrations are expected to
interfere with particle formation, decreasing the g-value. Taken together, in chiral
cobalt oxide nanoparticle synthesis, Tyr-Tyr-Cys peptide and sodium borohydride
initiate the synthesis and generate nanoparticles. Citrate affects the reduction of
cobalt cations to control the particle yield and g-factor. The optimized synthesis
condition for the highest chiroptic properties with g-factor of above 0.01 was found
under 5 mM cobalt ion, 7.5 mM citrate, 6.25 mM Tyr-Tyr-Cys, and 6.25 mM
NaBHa.
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5.4 3D Conformation of Tyr-Tyr-Cys Ligand

The tertiary interaction between Tyr-Tyr-Cys (or Y1-Y2-C3) peptides and
cobalt oxide nanoparticles was investigated by NMR analysis. The intact peptides
showed only one set of correlation peaks in Ho-NH, HB-NH, and NH-NH region
of 2D TOCSY spectrum (Figure 5.9, magenta), suggesting that intact peptides have
dynamic random structures.'® However, after treatment with cobalt oxide
nanoparticle, the NMR spectra of the peptides showed dramatic changes. First, a
large number of new cross peaks were appeared. Also, among them at least 7
unambiguously distinguishable sets of Tyr-Tyr-Cys cross peaks were identified
(Figure 5.9, other colors). Second, the proton resonances showed sizable
pseudocontact shifts, which are well known as the changes in chemical shifts due
to the close contact to paramagnetic center, in this case, Co®".'® This observation
clearly demonstrated that the peptides directly interacted with cobalt oxide
nanoparticles, and as a result, the peptide structures were stabilized forming several

different conformers.

120 + ] 5 11 =1



°
| HB- ~C3
1.5 HB-NH ca, * NG
3.
2.0 a CecaB =3
e o
254 . Y2-0 Y2 9 o L-Y2 D-g30L-C3
LR
3.0 Y2 % p.y2 Les
Y2202 v, Sv2g O 8
(X D-C%
35 Y2
4.0 °
4.2{ Ha-NH o &- 3 0 ,
44 - o 90
46 ° 02 ¥ bifcs, e
3 Y2 Y2 ‘ S enC3
= .e0aq 2 ° R R P
50 Y "e® O Cc3-€@' ©-C3
L 52 o o
75] NH-NH  ©3-Y2 °
~a v O
C3-Y2,,C3-Y2
8.0
c3-y2-?
8.5/
9.0/
..0 °
9.5 SO , °
> Y2 ° ) °
10.0 : Y2 Y2
L °
10.0 95 9.0 8.5 8.0 75
"H (ppm)

Figure 5.9 2D NOESY (NH-NH) and TOCSY (Ho-NH and HB-NH) spectrum.
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Next, to examine the structural characteristics of Tyr-Tyr-Cys peptides and
the binding interaction mode to cobalt oxide nanoparticle, we determined the
solution structures of the peptides. Among the more than seven sets of identified
Tyr-Tyr-Cys NOE peaks, the four sets that showed a distinct pseudocontact shift
with clear NOE peaks were used for 3D structural calculations. The 20 lowest
energy structures of all four conformers were well converged with a backbone
rm.s.d. of < 0.2 A, respectively (Figure 5.10)."" The Y1 of structure 4 was
relatively less converged due to the lack of NOE restraints. To figure out how Tyr-
Tyr-Cys interacts with cobalt oxide nanoparticle, the lowest energy structures of
each conformation set were aligned through the alpha carbon atoms of each residue
(Figure 5.11)."" All amide nitrogen and carboxylic oxygen of the backbone as well
as thiol of Cys faced toward the same direction. Since cobalt has great affinity to
nitrogen, it is strongly suggested that the tertiary interaction of peptide with cobalt
oxide nanoparticles is through the backbone interface including thiol of Cys. The
side chains of Y1 and Y2 pointed toward the upper direction, but the directions of
phenol ring of Y1 are different. The angle of the aromatic ring of Tyr1 between set
3 and set 4 was measured to be ~ 90 degrees (Figure 5.11), therefore we suggest
that the slightly different peptide structures might play a role as a building block of

cobalt oxide nanoparticles.
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Figure 5.10 Superimposition of the 20 lowest energy conformations of the four
representative conformation sets. The colors of the elements C, N, O, H, and S in the

structures are green, blue, red, white, and yellow, respectively.
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Figure 5.11 Superimposition of the lowest energy conformations of each

conformation set, which are aligned for the a carbon of backbone.

124 o WEE |



5.5 Sequence Effect of the Tyr-Tyr-Cys

Based on our understanding on the configuration of Tyr-Tyr-Cys
decorating nanoparticle, the sequence effect was explored to investigate the role of
Tyr-Tyr-Cys in developing nanoparticles. First, in order to explore the role of the
N-terminal and C-terminal of Tyr-Tyr-Cys in developing chiral nanoparticles, L-
Tyr-Tyr-Cys ethyl ester with a blocked carboxylic acid group and N-acetyl-L-Tyr-
Tyr-Cys with a blocked amine group were used for synthesis. Along with the NMR
data presented above, the terminal blocking experiment suggests that the thiol
group and the carboxylic group of Tyr-Tyr-Cys play an important role in the chiral
nanoparticle evolution. As shown in Figure 5.12, blocking the C-terminal of the
peptide prevented the formation of the chiral cobalt oxide nanoparticles, resulting
in the disappearance of the CD response.'®' The absorbance spectrum of the C-
terminal-blocked case showed that the characteristic LMCT peak disappeared due
to low nanoparticle yield with a large scattering in visible-IR range by peptide
aggregates (Figure 5.12). When the N-terminal of the peptide was blocked, a CD
response similar to Tyr-Tyr-Cys-directed nanoparticle was obtained, while
chirality was not observed when the C-terminal was blocked. N-blocked Tyr-Tyr-
Cys-directed nanoparticles showed a similar absorbance spectrum to Tyr-Tyr-Cys-
directed nanoparticles matching the characteristic peaks at 274, 303, and 363 nm.
Detailed observations revealed that the CD peaks in the UV region of the N-
blocking coincided with Tyr-Tyr-Cys-directed nanoparticles, but the CD peaks in
the visible region were blue-shifted. This result indicates that the N-terminal amine
group of Tyr-Tyr-Cys is not dominant in developing chiral nanoparticles, but

appears to participate in chirality evolution altering the CD spectrum.
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Figure 5.12 CD spectra (left) and absorbance spectra (right) of the nanoparticles
synthesized with Tyr-Tyr-Cys (black line), C-terminal (red line), and N-blocked Tyr-
Tyr-Cys (blue line). For the C- and N-blocking experiment, L-Tyr-Tyr-Cys ethyl
ester and N-acetyl-L-Tyr-Tyr-Cys were used, respectively.
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To provide an in-depth understanding on the role of Tyr-Tyr-Cys peptide in
chiral nanoparticle development, Cys-Tyr-Tyr and cysteine ligands were used for
the synthesis and compared to Tyr-Tyr-Cys. Tyr-Tyr-Cys-directed cobalt oxide
exhibited a characteristic CD spectrum in UV and visible range. However, when
Cys-Tyr-Tyr and cysteine were involved as a chirality inducer, CD responses
different from Tyr-Tyr-Cys was obtained. When Cys-Tyr-Tyr was added instead
Tyr-Tyr-Cys, a CD spectrum with similar peak positions at 260, 290, 350 nm but
different shape was obtained in the UV region (Figure 5.13).'¢' Also, it exhibited a
unique spectrum with a positive CD peak at 480 nm and a negative peak at 560 nm
in the visible region. In case of cysteine, a continuous spectrum of negative peaks
near 290 nm, positive peaks at 350 nm, positive peaks near 500 nm, and negative
peaks near 550 nm was observed, which is considered to be similar to Cys-Tyr-Tyr
case. In addition, nanoparticles synthesized using Cys-Tyr-Tyr and cysteine had
unique absorption spectra different from Tyr-Tyr-Cys (Figure 5.13, right). When
Cys-Tyr-Tyr was used, a unique absorbance spectrum appeared with peak at 274
nm with 280 nm shoulder corresponding to the absorption of tyrosine residues and
peak at 340 nm originated from LMCT.'%!%1¢7 For cysteine-directed nanoparticles,
absorption peaks at 260 nm corresponding to the absorption of cysteine and peak
at 340 nm derived from LMCT were observed.'® The thiol group and amine group
and carboxyl group of the peptide interact with the inorganic surfaces. Therefore,
it is expected that the configuration of the ligand on the interface will be different,
depending on the spatial location of functional groups. We suppose that in the case
of cysteine and Cys-Tyr-Tyr, where both amine groups are exposed, thiol groups
and amine groups bind to NP surface, by order of binding affinity, resulting in

different chiroptic properties from Tyr-Tyr-Cys.
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Figure 5.13 The sequence effect of Tyr-Tyr-Cys ligand in chiral cobalt oxide
nanoparticles development. CD spectra (left) and absorbance spectra (right) of
nanoparticles synthesize with Tyr-Tyr-Cys (black line), Cys-Tyr-Tyr (CYY, red line),

and cysteine (C, blue line).
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5.6 Magnetic Circular Dichroism in Chiral Cobalt

Oxide Nanoparticles.

The chiroptic response of the synthesized cobalt oxide nanoparticle which
is paramagnetic at room temperature can be modulated by an external magnetic
field. For the first time in chiral cobalt oxide nanoparticles, CD and magnetic
circular dichroism (MCD) were analyzed according to the presence and direction
of a magnetic field and compared with achiral cobalt oxide nanoparticles. CD
spectra of chiral cobalt oxide nanoparticles synthesized with Tyr-Tyr-Cys were
measured in the presence of magnetic field of 1.6 T in parallel (forward) and
antiparallel (backward) directions of light propagation. In order to evaluate a pure
magnetic contribution on circular dichroism, MCD spectra except natural CD
obtained without external magnetic field to total CD was depicted in Figure 5.14
and 5.15.'' The MCD of the chiral cobalt oxide nanoparticles showed a strong
negative peak at a position of the absorption maximum of 274 nm. It also exhibited
a relatively small positive peak at 390 nm and a negative peak at 508 nm, which
are expected to be originated from ligand to cobalt transfer and d-d transition of
Co(II) and Co(III), respectively.'”*'”! When the direction of the magnetic field was
reversed, the sign of these three peaks were reversed showing a symmetrical

spectrum.

The strong MCD signal in the UV region of the peptide-directed
nanoparticles was achieved by utilizing the absorption of tyrosine residues through
peptide-inorganic hybridization. To further analyze, achiral cobalt oxide
nanoparticles were synthesized through a hydrothermal method, and the MCD
spectra were measured and compared with chiral cobalt oxide nanoparticles

(Figure 5.16)."! Achiral nanoparticles showed broad absorbance peaks from UV
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Figure 5.14 Magnetic circular dichroism in chiral cobalt oxide nanoparticles. Total
CD spectra (left) and MCD spectra (right) of L-Tyr-Tyr-Cys-directed chiral cobalt
oxide nanoparticles. The MCD measurement was conducted under an external
magnetic field of 1.6 T in the forward (red line) and backward directions (blue line)
of the light propagation. The MCD spectrum was obtained through subtracting the

natural CD from the total CD spectrum.
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Figure 5.15 Magnetic circular dichroism in chiral cobalt oxide nanoparticles. Total
CD spectra (left) and MCD spectra (right) of D-Tyr-Tyr-Cys-directed chiral cobalt

oxide nanoparticles. The MCD measurement was conducted under an external

magnetic field of 1.6 T in the forward (red line) and backward directions (blue line)

of the light propagation. The MCD spectrum was obtained through subtracting the

natural CD from the total CD spectrum.
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to 300 nm corresponding to O(II)—>Co(Il) transition, and at 340 to 600 nm and
around 700 nm which were originated from O(II)—Co(IIl) transition (Figure 5.16,
left). '17%17 The achiral nanoparticles did not exhibit a natural CD response in the
absence of a magnetic field. When an external magnetic field was applied, it
showed broad MCD peaks which were symmetric according to the magnetic field
direction due to the intrinsic magnetic properties of cobalt oxide (Figure 5.16, right).
Due to the absence of strong absorption of tyrosine residue in the UV region, the
magnitude of the MCD signal was about 10 times smaller than that of chiral cobalt
oxide nanoparticles, demonstrating that the MCD signal can be improved via
peptide-inorganic hybridization. Chiral cobalt oxide nanoparticles synthesized
using Tyr-Tyr-Cys are optical materials that combine chirality and magnetism and
showed the versatile potential of chiral nanomaterials for application in industry by
controlling the optical activity that was considered permanent after fabrication or

synthesis.
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Figure 5.16 Absorbance (left) and MCD spectra (right) of achiral cobalt oxide
nanoparticles synthesized by a hydrothermal method. The MCD measurement was

conducted under an external magnetic field of 1.6 T in the forward (red line) and

backward directions (blue line) of the light propagation.
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5.7 Conclusion

In summary, chiral cobalt oxide nanoparticle with g-factor of 0.01 in visible
range was synthesized using Tyr-Tyr-Cys ligand. Since chiral nanoparticles were
evolved through the interaction between the peptide and the inorganic surfaces,
synthesized nanoparticle exhibited mirror-symmetric chiroptic responses
depending on the handedness of the peptides. The role of the chemical parameters
that can determine the chirality evolution in the nanoparticles was elucidated and
the synthetic condition was optimized for a large chiroptic response through
experimental demonstration. In the synthesis of chiral cobalt oxide nanoparticles,
peptide imparted chirality to nanoparticles and initiated the particle formation.
Sodium borohydride affected the kinetics of particle formation and final yield of
the nanoparticle, and citrate adjusted the particle yield and g-factor. In addition, the
2D NMR analysis revealed that the thiol group and carboxylic group of the Tyr-
Tyr-Cys ligand were aligned in single direction on the nanoparticle, indicating their
strong interaction with the nanoparticle surfaces. Furthermore, the sequence effect
of Tyr-Tyr-Cys developing chiral nanoparticle was analyzed. The C-terminal
carboxylic group of the peptide exhibited a dominant effect on the chirality
expression of the nanoparticle. The use of Cys-Tyr-Tyr and cysteine instead of Tyr-
Tyr-Cys generated different chiroptic responses, which are expected to be the effect
of exposed amine groups. Given the diversity of peptides, this suggests the infinite
expandability of the synthesis method utilizing peptide ligand. Due to the magnetic
properties of chiral cobalt oxide nanoparticle, the chiroptic properties could be
modulated by an external magnetic field. The MCD measurement demonstrated
that the CD response in the UV and visible region of the nanoparticles dramatically
changed under a magnetic field of 1.6 T. The Tyr-Tyr-Cys-directed chiral cobalt

oxide nanoparticle exhibiting chiroptic properties that can be controlled by an
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external magnetic field is not only important for the fundamental studies on
spintronics and magneto-optics, but also can be widely applied as opto-electronic

devices, active displays and chiral catalysts.
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Chapter 6. Circular Dichroism Manipulation
based on Plasmonic Coupling of Chiral

Nanostructures

6.1 Introduction

Chiral metamaterials, benefited from recent advances in nanophotonics,
have been actively pursued for its exceptional light-manipulating capabilities such

7175 and bio-sensing."**'7® As chirality is

as, control over polarization state of light,
a true 3D nature, numerous efforts has been conducted to fabricate 3D chiral
metamaterials using lithographic approaches and synthetic approaches at the
subwavelength scale. Inspired by biological systems that evolve highly complex 3D
chiral shape from molecular to macroscopic scale,'” chiral metamaterials with
continuous 3D morphology were chemically synthesized using organic molecules
and exhibited strong chiroptical response.'”'”"""*! However, the difficulty in
modulation of the chiral response for desired purpose, along with a lacked flexibility

in manipulating of the chiral structure at nanoscale, had restricted the translation of

chiral metamaterials into practical devices.

Modulation of chirality and chiroptical response can be achieved through
minute change in morphology in nanoscale. In this regard, many attempts have been
made to control over chiroptical properties by changing size,*” arrangement,*® and
structure of nano-building blocks.'®' In chemical synthesis, incorporation of different
additive during the synthesis can generate divergent chiral nanostructures. Recently,
evolution of chiral gold nanoparticle using wide ranges of multi-scale biological
87,129,152

encoder was demonstrated using from amino acid to oligonucleotide.

Alterations of chiral additives involved in the synthesis affect the evolutionary

136 + 1



pathway of nanoparticle, resulting in completely different morphologies and
chiroptic responses. In another approach, the optical response of a single plasmonic
particle can be amplified and sensitively modulated using plasmonic coupling. When
several nanoscale plasmonic particles are adjacent to each other, hybridization of
particle resonance is induced, which significantly changes the resonance
wavelength.'®? In plasmonic coupling, not only the distance but also the shape of the
nanogap affects the optical signal, and through arraying and coupling with a metal
film, a plasmon coupling mode that is not observed in single particles can be

created.'®184

In Chapter 6, we demonstrate the fabrication of a helicoid-based
metamaterials. We analyzed its chiral scattering properties through DRCD
measurement along with conventional transmission-based CD spectroscopy. We
demonstrated that it is possible to improve and modulate the CD response with
simple gold nanolayer deposition in the helicoid-based metamaterial. Interestingly,
in metal-layer incorporated helicoid film, the DRCD peak is inverted by creating a
new mode in the visible region, exhibiting the same sign in transmitted CD peak and
DRCD peak. In addition, we showed that the spectral shape of DRCD of helicoid-
based metamaterial can be finely modulated by adjusting structural parameter such
as the development of chiral gap of helicoid, the thickness of gold layer. Furthermore,
synthesis of chiral gold-silica core-shell NPs was demonstrated, enabling versatile

control of the structure and properties of plasmonic nanoparticles.
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6.2 Chiroptical Property of Helicoid-Based

Plasmonic Nanostructure

We designed an optical metamaterials utilizing 432 helicoid 111, hereinafter
called helicoid, synthesized from solution-based method using peptide. The
helicoids exhibit a cube-like shape, in each face of the cube is implemented with four
chiral arms evolving away from the center, breaking mirror and inversion symmetry
for the 432 point group symmetry generation.”” To fabricate helicoid NP film, the
helicoids are coated onto quartz substrate by electrostatic coating method using
charged particles and plasma-treated substrate. During the coating, CT AB molecules
separate the NP spatially with little aggregation. The helicoid NP film was coated
with gold layer of 10 to 50 nm by E-beam evaporation. Growth of gold layer on
helicoid NP film creates a conformal hat structure that follows a pinwheel-like chiral
motif on the helicoid, and nanogap structure at the bottom of the helicoid as shown

in Figure 6.1.

In order to investigate the chiroptical properties of fabricated helicoid-
based metamaterial, we utilized conventional transmission-based circular dichroism
(CD) spectroscopy and diffuse reflectance circular dichroism (DRCD) spectroscopy
that collect light scattered off a surface in different directions. Due to the high
symmetry of helicoid unit, the helicoid films show a strong ensemble chiroptic
response despite of the random deposition of NPs onto the film (Figure 6.2 and 6.3).
Interestingly, our helicoid-based plasmonic metamaterial has the same sign in
transmitted CD mode and diffuse-reflected CD mode in the visible region (Figure
6.3). Bare helicoid film exhibited three distinct peaks in the spectral range from

visible to near-IR in transmitted CD spectrum. The strongest CD mode in 600nm
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Figure 6.1 Schematic illustration (top) and SEM images (bottom) of helicoid-based
plasmonic metamaterial. Gold layer was deposited onto helicoid NPs film to create
a hat structure on the helicoid and nanogap structure at the bottom. The hat and

nanogap structures are shown in the inset.
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appeared to be flipped when DRCD was observed (Figure 6.2). Another CD mode
in NIR region also showed the opposite sign when measured in the forward and
backward directions, whereas A CD peak around 400 nm maintained the same sign.
The intensity of the main peak for transmitted CD was higher than DRCD, and the

peak positions was red-shifted about 10nm when observed by DRCD.
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Figure 6.2 Transmittance CD spectrum (black line) and DRCD spectrum (red line)
of bare helicoid film. Transmittance CD showed negative main peak, whereas DRCD

exhibited positive main peak at around 600 nm.
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Figure 6.3 Transmittance CD spectrum (black line) and DRCD spectrum (red line)
of helicoid-based metamaterial deposited with a 30 nm gold layer (top).
Transmittance (black line) and diffuse reflectance (red line) of helicoid-based

metamaterial (bottom).
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The addition of gold layer improved the diffuse reflectance of the 30nm
gold layer deposited helicoid film to 13%, with reduced transmittance of 15% at the
wavelength of 600 nm (Figure 6.3). After the gold layer coating, the main peak
positions have red-shifted about 40nm, and DRCD peak is observed in a longer
wavelength than Trans CD, like the bare helicoid film. This peak shift can also be
confirmed by red-shift in the dip in transmittance spectrum and peak in diffuse
reflectance spectrum. Interestingly, the main peak sign in DRCD spectrum is shown
to be flipped in metal-layer deposition helicoid film, exhibiting the same negative
sign of the transmitted CD mode, which is a phenomenon that has been reported
several times in optical metamaterials operating NIR but was not observed in the
visible region. In addition, the intensity of both CD signal enhanced with the
incorporation of gold layer. Especially, the increase rate of DRCD response was

found to be 3 after deposition.

In order to understand the modulation in CD spectrum through plasmon coupling,
mode shift effect was analyzed by observing the absorption spectra in the VIS-NIR
region of the bare helicoid film and gold layer coated film. In bare helicoid film, an
absorbance peak was observed at 550 nm (Figure 6.4). When the gold layer was
deposited, the absorption mode was observed to be redshifted by plasmon coupling,
as shown in Figure 6.4. Since the CD signal is generated by the excitation difference
between LCP and RCP in each mode, it can be understood that CD modulation

occurs due to the shift phenomenon of the plasmon coupled mode.
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Figure 6.4 Absorbance spectra of bare helicoid film (left) and gold layer deposited
film (right).
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6.3  Effect of Chiral Gap Structure

To better understand the role of curved arms of helicoid NP in chiroptic
response of helicoid-based metamaterials, we observed the change in transmission
CD and DRCD spectra of the films as the plasmonic gap of helicoid gradually
developed. As gsh molecule drives asymmetric growth of nanoparticles, the
morphology evolution of the chiral gaps of helicoid can be controlled by the
concentration of gsh. Indeed, nanoparticles with more curved and deeper plasmonic
gaps were synthesized as the gsh concentration increased from 3.3 to 5 uM (Figure
6.5). To fabricated helicoid-based metamaterials, the synthesized nanoparticles with
different shapes were coated onto quartz substrates and deposited with 30 nm of gold
layer by E-beam evaporation. As the gsh concentration involved in the synthesis
increased, the main peak intensity of transmission CD signals of helicoid-based
metamaterials gradually increased with redshifted chiral response and transmittance
dip (Figure 6.6). The deeper and more twisted gaps of helicoid from high gsh
concentration are expected to enhance the chirality of the hat structure on top of
helicoid. In metamaterials based on a more distinct chiral motif, the intensity of
flipped DRCD signal from plasmonic coupling with deposited gold layer structure
as well as transmission CD is gradually intensified. In DRCD, the sign of the main
peak was flipped due to the plasmonic coupling, and the intensity of the flipped
DRCD signal also showed gradual increase and redshift when the chirality of
helicoid increased (Figure 6.7).
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Figure 6.5 SEM images of different gap morphologies of helicoid NPs synthesized
by the addition of 3.3 puM, 3.9 uM, 4.4 uM, and 5.5 uM L-gsh. As L-gsh
concentration increased, nanoparticles with more curved with deeper plasmonic gaps

were synthesized. The scale bars are 200 nm.
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Figure 6.6 Transmittance CD spectra (top) and transmittance (bottom) of helicoid-

based metamaterials with different chiral gap structure.
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Figure 6.7 DRCD spectra (top) and diffuse reflectance (bottom) of helicoid-based

metamaterials. The main CD peaks at 600 nm gradually increased with increasing
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6.4 Spectral Manipulation through Structural

Parameter Control

In order to better elucidate the correlation between the nanostructure of
helicoid-based metamaterials and the corresponding chiroptic response, we
measured the Transmission CD and DRCD with varying gold layer thickness as
shown in Figure 6.8. Evidently, spectral shape of helicoid-based metamaterials is
closely dependent on the hat structure which is crucial to generate plasmonic
coupling mode. For the measurement, 10 to 50 nm of gold layers were deposited
onto helicoid film and compared to bare helicoid film without gold layer. Thicker
gold layer increases the height of the hat structure of helicoid-based metamaterials.
The thicker the gold layer, the greater the absorption and reflection of the gold layer,
which reduces light transmittance and increases diffuse reflectance. When observed
through DRCD, bare helicoid film showed a positive main peak at 600 nm, and
negative peaks at around 400 nm and NIR region. When a hat and gap structure are
gradually created by increasing gold layer thickness, CD peaks at around 400nm and
NIR red-shifted as the gold layer becomes thicker without flip, whereas the main
peak at 600nm changed and inverted gradually. In detail, addition of 10 nm of gold
layer changed the spectral shape of helicoid film due to the excitation of coupled
mode. In the case of 20 nm, generation of negative peak at 600nm is clearly shown.
The intensity of the flipped CD peak reached maximum value at 40 nm gold layer

casc.
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Figure 6.8 DRCD spectra (top) and diffuse reflectance spectra (bottom) of helicoid-

based metamaterials with different gold layer thickness from 0 to 50 nm.
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6.5 Synthesis of Chiral Gold-Silica Core-Shell

Nanoparticles

Through the previous research results, it was found that the coupled plasmon
mode changes significantly depending on the dimension, distance, and refractive
index of the nanostructure. From this point of view, the facile control of the
nanostructure and optical properties of plasmonic nanoparticle is important for
practical applications in various fields. The properties of chiral gold nanoparticles
can be improved through silica coating, which has excellent refractive index and
stability. In order to synthesize chiral gold-silica core-shell nanoparticles, we utilized
the stober method, a chemical process for synthesizing silica in a water-ethanol
mixed solvent (Figure 6.9). First, in order to disperse the helicoid nanoparticles in
organic solvent, the CTAB ligands has exchanged to mPEG-SH. Then, a silica
coupling agent was injected into the chiral nanoparticle solution to synthesize silica
shell. A high pH environment promotes the condensation reaction and generates a

uniform shell.

Through the introduction of silica shell, it is possible to adjust and improve
the optical response of gold nanoparticles. g-factor spectrum of the chiral
nanoparticle films coated with 0 to 20nm silica shell were measured as shown in
Figure 6.10. In detail, g-factor spectrum was redshifted due to the increase of the
peripheral refractive index as the silica shell became thicker. In addition, it was

shown that the g-factor gradually increased as the silica shell became thicker.
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Figure 6.9 Schematic of synthesis of chiral gold-silica core-shell nanoparticle

utilizing a modified stober method.
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Figure 6.10 g-factor spectrum of chiral gold-silica core-shell nanoparticle films with

different silica shell thickness.
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6.6 Conclusion

In Chapter 6, circular dichroism manipulation was achieved by combining
helicoid particles with a gold layer and synthesizing core-shell nanoparticles. We
have fabricated optical metamaterial utilizing helicoid nanoparticle with strong
intrinsic chirality, and analyzed its chiral scattering by DRCD measurement along
with conventional transmission CD measurement. The highly sophisticated feature
of helicoid nanoparticle and plasmonic property, and its well-defined
electromagnetic coupling with conformally coated metal nanostructure modulate
back-scattered light in the visible region to preserve the same handedness as the
transmission. In addition, the spectral shape of DRCD can be finely controlled and
even designed by structural parameters such as the development of chiral arms and
the height of chiral hat structure. In addition, through the synthesis of chiral gold-
silica core-shell nanoparticles, the chiroptic response of gold nanoparticles was
enhanced and modulated. We believe the manipulation of optical response of
plasmonic nanostructure can ultimately facilitate the application of chiral

metamaterials into real devices.
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Chapter 7. Concluding Remarks

In this thesis, we demonstrated modulation of a chiroptic response using
plasmon coupling. The fundamental motivation of this research was inspired by
biological pathway for nanoscale morphology and chirality control. Based on
understanding underlying mechanism and influential factors for chiroptic properties
of nanomaterials, we diversified nanoparticle morphology using peptide molecules
and modulated its optical response utilizing plasmonic coupling of nanostructures.
First, we focused on the role of peptide ligand and its functional group in developing
chirality in nanoparticles. Second, we presented the circular dichroism modulation
through plasmon coupling which has been studied to control optical properties in

achiral nanostructure.

Fascinating physical phenomena of inorganic plasmonic nanomaterials
have led to numerous attempts to fabricate chiral nanostructures using state-of-the-
art lithographic techniques and molecular assembly scaffolds. Among them, the
implementation of a chiral structure through interacts with an inorganic interface and
a biomolecule gives an inspiration for the development of a chiral nanostructure.
Since biomolecules with intrinsic chirality can be self-assembled in chiral
geometries, chiral plasmonic building blocks can be assembled into chiral
microscopic assemblies to fabricate chiral nanostructures such as spirals, twisted
rods and asymmetric pyramids. In this thesis, we reported the fabrication of chiral
nanostructures through chirality transfer from organic to inorganic at the interface of
high Miller-index planes of inorganic crystals and biomolecules. Understanding of
interactions and optical response at the nanoscale is a cornerstone for modulation of

CD responses to improve the applicability of chiral metamaterials.
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Firstly, chiral morphology and resulting optical response were manipulated
by changing ligands molecules involved in synthesis. To understand and control
chirality evolution in gold NPs, we demonstrated the synthesis of chiral gold
nanoparticles using dipeptide y-Glu-Cys and Cys-Gly. The dramatic difference of
two dipeptides on chiral development were analyzed in terms of the final
morphology, growth pathway, and peptide concentration. The representative
morphology of y-Glu-Cys-directed nanoparticles showed a cube-like outline with
protruded chiral wing with 4-fold symmetry. On the other hand, the nanoparticle
synthesized in the presence of Cys-Gly exhibited a rhombic dodecahedron-like
outline, with curved edges and elliptical cavities on each face. In addition,
tntermediate morphology anslysis indicated gold nanoparticles synthesized with vy-
Glu-Cys followed an intermediate morphology of concave hexoctahedron, while the
nanoparticle synthesized with Cys-Gly formed a concave rhombic dodecahedron.
These two clearly distinct intermediate morphologies provided a separate starting
point for chiral development. Resulting from the morphological differences, two
nanoparticles displayed diverging chiroptic response as y-Glu-Cys produced a
positive main peak and Cys-Gly produced a negative main peak. This suggests that
the chiral structure and resulting chiroptic response can be modulated through

understanding the interaction between peptides and gold surfaces.

Role of peptides in evolving chirality to materials can vary and be
diversified depending on the material. We presented synthesis of chiral cobalt oxide
nanoparticle with g-factor of 0.01 in visible range using Tyr-Tyr-Cys ligand. The
role of the chemical parameters that can determine the chirality evolution in the
nanoparticles was elucidated and the synthetic condition was optimized for a large
chiroptic response through experimental demonstration. In addition, the 2D NMR
analysis revealed that the thiol group and carboxylic group of the Tyr-Tyr-Cys ligand

were aligned in single direction on the nanoparticle, indicating their strong
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interaction with the nanoparticle surfaces. Furthermore, the sequence effect of Tyr-
Tyr-Cys developing chiral nanoparticle was analyzed. The C-terminal carboxylic
group of the peptide exhibited a dominant effect on the chirality expression of the
nanoparticle. The use of Cys-Tyr-Tyr and cysteine instead of Tyr-Tyr-Cys generated
different chiroptic responses, which are expected to be the effect of exposed amine
groups. Interestingly, due to the magnetic properties of chiral cobalt oxide
nanoparticle, the chiroptic properties could be modulated by an external magnetic
field. The MCD measurement demonstrated that the CD response in the UV and
visible region of the nanoparticles dramatically changed under a magnetic field of
1.6 T. The study on Tyr-Tyr-Cys-directed chiral cobalt oxide nanoparticle suggests
that the role of the peptides can vary depending on the interacting material, which
imparts tunability to chiroptic properties and thus makes it possible to be applied to

optoelectronic devices, active displays, and chiral catalysts.

Through plasmon coupling, the chiroptic properties of plasmonic
nanostructure can be amplified and sensitively controlled. We demonstrated the
fabrication of metamaterial by coating chiral gold nanoparticles on a substrate and
depositing a nanoscale plasmonic metal layer, and investigate its optical responses.
In order to investigate changes in optical properties due to plasmon coupling, diffuse
reflectance CD spectroscopy was utilized along with conventional transmission-
based CD spectroscopy. Through this, it was confirmed that the resonance position,
magnitude, and sign of the CD spectrum were largely changed by plasmon coupling.
In addition, the change in coupled plasmon mode were related to structural parameter
in nanoscale, such as the dimension, distance, and refractive index of the
nanostructure. Furthermore, we demonstrated the modulation of the structure and
optical properties of plasmonic nanoparticles by synthesizing chiral gold-silica core-

shell NPs, facilitating their application to tailored plasmon coupling.
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From this study, I believe it was possible to understand the role of peptides
in developing chiral structure. Furthermore, based on this understanding,
manipulation of circular dichroism of chiral nanostructures and establishment of
effective platform for tailored plasmon coupling were possible. Insights from this
study could provide theoretical guidelines for designing chiro-optical responses for
the integration of chiral metamaterials into practical devices, shah as active displays,
holography, chirality sensing, chiral catalyst and all-angle negative-refractive-index

materials.
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