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ABSTRACT OF THE DISSERTATION

Unconventional Seed-Mediated Growth of Non-Spherical Plasmonic Nanostructures
by

Ji Feng

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, December 2018
Dr. Yadong Yin, Chairperson

Noble metal nanostructures with tunable localized surface plasmon resonance
(LSPR) frequency have attracted significant attention due to their broad applications in
chemical sensing, photothermal therapy, and energy conversion. Because the resonance is
sensitive to the particle geometry, a significant amount of efforts have been made to
develop non-spherical metal nanostructures which provide access to many interesting
plasmonic absorption and scattering phenomena that are not seen in spherical ones.
Although conventional wet chemical methods have been proved to be powerful for the
synthesis of non-spherical nanostructures, it still has limitations of being only applicable
to specific materials and lacking effective mechanisms for controlling the orientation of
the nanostructures collectively. In this dissertation, we discuss our unconventional
methods for the synthesis of non-spherical plasmonic nanostructures.

Firstly, we developed a seed-mediated growth for creating secondary structures of
Au on spherical Au seeds. The formation of nanoislands is induced by modifying the
seeds with Pt to create a mismatched surface for metal deposition. The number of the
islands on each seed can be controlled by adjusting the reaction parameters from three
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aspects: the strain energy, the degree of oxidative ripening and the diffusion of metal

precursors on the surface of the metal seed. It is worth noting that ligand-assisted
ripening, should be considered as an important factor to tune the structure of the
nanoparticle. By integrating all the important parameters, Au satellite structure, dimers,
trimers and tetramers were obtained. It is worth noting that the Au dimers synthesized by
using this method is of controllable particle size, high purity, well-defined structures and
unique optical property, which has not been reported previously.

Through the study of the optical properties of dimers, we found out that the
plasmonic resonance of dimers could be separated into two modes: a transverse mode and
a longitudinal mode, which can be excited by light polarized along the short side and the
long side of the dimers, respectively. The two modes correspond with light absorption at
different wavelengths, which have never been carefully studied and utilized before. The
key to split the resonant mode of dimers is to control their orientation under polarized
light. To control the orientation of the dimer structures, we developed a stepwise seeded
growth method for the synthesis of self-registered anisotropic plasmonic nanostructures.
The synthesis requires using colloidal nanoparticle as substrates for the assembly of the
metal seeds, and precise control over the exposure of the metal seeds by surface
passivation. The anisotropic seeded growth of metal nanostructure can be induced by
creating a physical barrier on the seeds, which partially passivates the exposed area of the
seeds. Au dimers, linear trimers and Au-Ag dimers with distinguishable plasmonic
excitation bands have been synthesized. This method is very versatile for the synthesis of

other metals and semiconductors, for example, Pd and CuxO.

viii



This synthesis method results in rod-like nanostructures perpendicularly
registered to the substrates. Taking advantages of this unique feature, we report dynamic
tuning of the plasmonic excitation of Au-Au and Au-Ag dimers by controlling their
orientation relative to the incident light. Such tuning is enabled by switching the substrate
to anisotropic magnetic nanoparticles, whose orientation can be magnetically controlled.
By tuning the direction of the magnetic field, we are able to control the excitation of
plasmonic modes of the Au-Au dimers and Au-Ag dimers under the incidence of
polarized light. The optical switching of Au-Au and Au-Ag dimers exhibits bright colors
with high contrast. The nanostructures with orthogonal orientations are fixed in the

hydrogel to obtain anti-counterfeiting patterns.
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Chapter 1 Introduction to Seed-Mediated Growth of Non-Spherical Plasmonic
Nanostructures

1.1 Overview

Nanomaterials has attracted continuous attention from the beginning of its discovery.
When the size of the material is brought down to the nanometer scale, many properties of
the material will change accordingly. Comparing to their bulk counterparts,
nanomaterials have large surface area and high surface energy. Importantly, the localized
surface plasmon resonance (LSPR), which is generated by the interaction between the
light wave and electrons in the conduction band of a nanoparticle, could bring more
applications to the nanomaterials, such as chemical sensing, optoelectronics, catalysis,
and photothermal therapy.!* When the material is fixed, the LSPR frequency is highly
related to the size, shape, surrounding medium of the nanoparticle, the distance between
the nanoparticles and the alignment of anisotropic nanoparticles in the light field.>” In the
past decades, LSPR tuning has been widely studied to meet requirement of different
applications. Among them, seed-mediated growth, which is a general strategy to
synthesize nanocrystals with well-controlled size, shape and composition, plays a major
role in the LSPR tuning of nanostructures.

In this chapter, we would like to focus on the well-established theories and recent
progress in the field of seed-mediated growth of plasmonic nanostructures. We start with
a brief introduction to the rise of nanotechnology and the novel physicochemical
properties which have arisen from the nanomaterials, followed by introduction of

plasmonic resonance. After that, we will discuss the basic concept of seed-mediated



growth of plasmonic nanostructures. By analyzing the similarity between products and
seeds, we divide seed-mediated growth in two method, conventional seed-mediated
growth and unconventional seed-mediated growth. The detailed information regarding
thesis two synthetic strategies will be discussed in Section 1.2 and 1.3. Although
impressive progress has been achieved in nanotechnology, there are some great
challenges facing the research community, which will be discussed in Section 1.4. And
scope of this dissertation will be displayed in Section 1.5.

1.1.1 History of nanotechnology

Generally, nanotechnology deals with materials at the atomic, molecular or
macromolecular level in the length scale of approximately 1-100 nanometers range. It is a
complex and highly interdisciplinary science: it integrates chemistry, physics, materials
science, engineering, biology, medicine, etc. Although “nanotechnology” is modern
terminology, people have been using nanotechnology in their daily lives since very early.
For example, in the 4th century, Romans fabricated the dichroic Lycurgus Cup, which
could show a different color depending on whether or not light is passing through it.® The
dichroic effect is achieved by mixing gold-silver alloy nanoparticles in the glass. So that
it appears opaque green when lit from outside but translucent red when light shines
through the inside. Not only that, in about 6th-15th century, gold nanoparticles have been
used to make stained-glass windows with brilliant colors, which have been used to
decorate the cathedrals in European. These workers became the earliest researchers in the

field of nanotechnology without knowing it.



The first scientific description of nanotechnology is the preparation of “ruby” gold
colloids, which was reported by Michael Faraday in 1857.° Soon after that, the ideas and
concepts of nanotechnology started with a talk entitled “There’s Plenty of Room at the
Bottom”, presented by Richard Feynman at an American Physical Society meeting at the
California Institute of Technology in 1959.!° In his talk, Feynman described a process of
writing and reading the Encyclopedia on the head of a pin, and proposed several
advantages of making things small into nanometer scale in bioscience, data storage,
mechanical engineering and chemical synthesis. He predicted that it should be possible
for scientist to design new molecule by arranging atoms one by one, and get an
enormously greater range of possible properties that substances can have. Over a decade
later, Professor Norio Taniguchi in Tokyo University of Science coined the term
nanotechnology to describe semiconductor processes such as thin film deposition and ion
beam milling exhibiting characteristic control on the order of a nanometer.!! With the
development of the characterization methods, especially electron microscopy techniques,
including transmission electron microscopy (TEM), scanning electron microscopy
(SEM), atomic force microscopy (AFM), that modern nanotechnology began. Over the
past several decades, the research in nanotechnology has achieved impressive progress,
which benefits the human society in many ways. For example, carbon nanotubes have
been used to make sports equipment stronger and lighter weight. TiO2 and ZnO:
nanoparticles are used in transparent sunscreens to effectively absorb light and make the
sunscreen spread more easily over the skin. Silver nanoparticles are used in fabric to kill

bacteria and make clothing odor-resistant.



Nowadays, nanotechnology is attracting more and more attention in medicine,
cancer diagnose, catalysis, electronics, food packaging, fuel cells, solar cells, and
batteries.'?'® It is believed that nanotechnology is a key technology for the future.

1.1.2 Introduction of surface plasmon resonance

Plasmonic nanostructures have attracted continuous attention due to their wide
application in sensing, optoelectronics, catalysis and photothermal therapy. 17 Surface
plasmon resonance (SPR) refers to the collective oscillations of the conduction electrons
in metallic nanostructures. occurs in two distinct forms: localized SPR (LSPR) and
propagating surface plasmon polaritons (SPPs). LSPR occurs when the dimensions of a
metallic nanostructure are less than the wavelength of incident light, leading to collective
but non-propagating oscillations of surface electrons in the metallic nanostructure.! The
hot electrons can vibrationally activate adsorbates at the metal surface and catalyze the
reactions, such as Suzuki coupling, water splitting, ethylene and propylene epoxidation,
NH3; oxidation, and CO oxidation. Besides, plasmonic nanostructures have been widely
investigated for chemical/bio-sensing. It has been demonstrated that nanostructures with
edges or sharp tips show advantages for surface-enhanced Raman scattering (SERS), due
to the strong enhancement of electric field intensity on the surface of nanocrystals.'®
Moreover, plasmonic nanostructures display considerable photothermal effect, which has
been studied in cancer therapy.!® In addition, plasmonic nanostructures can be engineered
to optical nano-antennas, which could enable control and manipulation of optical fields at

nanoscale regions.?’



Mie theory provides calculation for the plasmonic extinction (absorption + scattering)

cross section of a metal nanosphere:
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where Cext IS the extinction cross section, R is the radius of the nanosphere, and em, & and
&i are the relative dielectric constant of the medium surrounding the nanosphere, and the
real and imaginary part of the dielectric function of the metal.? In a situation with a fixed
particle size and surrounding media, Cext largely depends on the intrinsic dielectric
properties of the metal species. According to the equation, when &r is close to -2em, the
nanoparticle is expected to have the largest Cex:. In addition, the &i should be close to zero
to maximize the Cext. Such requirement could only be matched with some metal species.
Another important factor that need to be considered is the quality factor, which is
proportionally related to the strength of the surface plasmon. Taken altogether, some
metal nanocrystals show LSPR in visible light range, such as Cu, Ag, Au, and Al, and
some are responsive under ultraviolet light irradiation, such as Rh, Pd, and Pt.?2 Among
all of the metal species, Ag has the largest quality factor across most of the spectrum
from 300 to 1200 nm.?! The LSPR of Au and Cu are limited to wavelengths higher than
500 and 600 nm, due to interband transition, where electrons are excited to higher energy
levels.?!

It is found that the wavelength of LSPR for a certain metal is highly dependent on the
shape of the nanoparticle.?® For example, the optical property of Au nanospheres and

nanorods are quite different. The former shows a strong absorption band in the visible



region of the electromagnetic field at about 520 nm; While the later has two absorption
band at both higher and lower wavelength.*> ?* The optical property of Au non-spherical
nanocrystals should be understood by using Gans theory, in which the extinction
coefficient y of randomly oriented particles can be simulated.?® According to Gans, the

extinction coefficient y can be calculated by the following equation:
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where N is the number of particles per unit volume, V is the volume of each particle. P,
are the depolarization factors for the three axes A, B, C of the rod with A> B = C. Pa, Ps

and Pc are defined as:
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where e is related to the aspect ratio of the Au nanorods. Following Gans theory, people
have figured out the relationship between the aspect ratio of Au nanorods and the

maximum absorption wavelength: Amax = (52.95R - 41.68) ¢,,, + 466.38. This equation

shows that the maximum absorption wavelength of Au nanorods depends only on the

aspect ratio R and the dielectric constant of the surrounding medium &,,.26%’

1.1.3 General concept of seed-mediated growth

Seed-mediated growth is an effective method to synthesize metal nanocrystals with well-
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defined shape, size, structure and composition.?®3° In 2001, Murphy and co-workers
firstly reported the growth of Au nanorods on Au colloidal nanoparticles.®* After that, the
strategies and mechanism of seed-mediated growth of different plasmonic metal
nanostructures has been intensively studied. A flourishing development was seen on the
synthesis of metal nanocrystals with high uniformity and well-defined nanostructures,
such as nanospheres, nanocubes, octahedrons, tetrahedrons, decahedrons, icosahedrons,
bipyramid, nanorods, nanowires, nanoplates, nanoshells and nanosatellites.32-38

In general, seed-mediated growth is a two-step synthetic process. The first step is the
synthesis of metal nanoparticle seeds. In most of the cases, the seeds can be used without
purification. The second step is the growth step, which is performed by injecting a
precursor solution into a solution containing the colloidal seeds, reductants, capping
agent and stabilizer/surfactants (Figure 1.1).22 The metal precursor is reduced to form
zero-valent atoms, which then heterogeneously nucleate on the surface of the seeds.
Continued growth of the seeds results in the formation of well-defined nanocrystals.
Comparing with one-step synthesis, which integrates the seeding and growth through
direct reduction of metal precursors, the two-step seed-mediated growth show advantages
in many aspects: (1) the sizes of the products can be widely tuned by varying the ratio of
precursors to the seeds; (2) nanocrystals with predictable morphologies can be
synthesized by controlling the reaction conditions in the growth step; (3) a vast number of
crystal morphologies can be obtained by the combination of different seeding and growth
steps; (4) the mechanism for crystal growth under different reaction conditions can be

very well studied. It is obvious that seed-mediated growth has better control over the



growth process by separating the growth step from the nucleation step.
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Figure 1.1 General strategy used for the seed-mediated growth of colloidal metal

nanocrystals. Copyright © 2017 Wiley-VCH.?®
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Some key parameters to a successful seed-mediated growth has been studied in previous
reports, such as the internal structure of the seeds, nucleation of the metal precursor in the
growth step, effect of ligands, reaction kinetics and diffusions. We will use examples to
analyze them in the corresponding paragraphs. Above all, it should be noted that control
of the nucleation step is very important to a good seed-mediated growth. Homogeneous
nucleation should be avoided in order to prevent the formation of nanocrystals with
diverse sizes, shapes, morphologies, and internal structures. As it has been theoretically
studied, the free energy of heterogeneous nucleation is lower than the free energy of
homogeneous nucleation when the nuclei are of the same sizes, indicating less driving
force for heterogeneous nucleation than homogeneous nucleation (Figure 1.2).28 In
another word, the free energy of a successful seed-mediated growth should be kept in
between the thresholds of heterogeneous nucleation and homogeneous nucleation.
Practically, a seed-mediated growth prefers a reaction system at relatively low
temperature and with low concentration of both metal precursors and reductants. Usually,
people used a syringe pump to control the injection rate of the precursor into a suspension
of seeds and reductants in order to limit the concentration of the metal precursor below
the threshold of homogeneous nucleation. A vivid example is the seed-mediated growth
of Au nanospheres (Figure 1.3).%° Firstly, the Au seeds were prepared by quickly reducing
HAuUCI4 with NaBHs in the presence of trisodium citrate, which was used as a ligand to
provide electrostatic repulsion to stabilize the Au seeds. The following growth step
required preparation of a growth solution, which employed polyvinylpyrrolidone (PVP)

as the capping agent to stabilize the Au® monomers after initial reduction and preventing
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interparticle agglomeration, potassium iodide (KI) as an additional coordinating ligand,
and ascorbic acid (AA) as a weak reducing agent. It is worth noting that the introduction
of K1 leads to coordination of I with Au®* ions, which effectively decreases the reduction
potential of the Au salt. By this means, the equilibrium concentration of Au® reduced by
AA is greatly decreased. Therefore, the deposition rate of the metal precursor can be
greatly reduced to avoid self-nucleation while maintaining a high precursor concentration
in the growth solution. Thanks to the use of Kl and PVP, the growth solution is
transparent and colorless, and could be kept with no change for 1 hour. Au nanospheres
with size range from several nanometers to 200 nm could be successfully synthesized by

adjusting the volume ratio between the seed solution and the growth solution.
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Seed-mediated growth is governed by a set of thermodynamic and kinetic parameters.
When deposit metal A on surface of metal B, the deposition mode is largely determined
by the surface energies of three interfaces (Figure 1.4): ya for surface energy of metal A
in solution, yg for surface energy of metal B in solution, and y; for interfacial energy of
metal A and B. The overall excess energy (Ay) is created to include the contribution of
these four energy terms according to the following equation: Ay = ya + yi + Ystrain - Y8, IN
which ystrain iS the strain energy.*:#? Depending on the overall excess energy, three type of
growth modes have been observed: Frank-van der Merwe (FM) or layer-by-layer mode,
\Volmer-Weber (VW) or island growth mode, and Stranski-Krastanov (SK) mode. One
important factor that need to be considered is the lattice mismatch, which can be
calculated according to the following equation: lattice mismatch = 100 x |(ag-aa)/ag|, in
which aa and ag are the lattice constant of metal A and metal B, respectively.*® This
mismatch induces a positive yswain, Which increases rapidly with the growth of nuclei.
When the deposited metal has a small lattice mismatch with the seed, and the sum of ya,
vi, and Yswain IS smaller than yg, layer-by-layer deposition (FM mode) is favorable
(negative Ay). In contrast, Ay becomes positive if the system has a large Ystrain, Or the sum
of ya, vi, and 7strain 1s bigger than yg, leading to deposition of metal A on the high energy
sites of metal B (VW mode). SK mode occurs when the system has large Yystrain, bUt
initially the sum of ya, vi, and Ystrain is smaller than yg, metal A will grow in layer-by-layer
fashion first. When the A layers grow thick enough (typically > 3 atomic layers), there
will no longer be an energy benefit for wetting, and island growth will take over. The

theory of the ‘three growth modes’ is effective in understanding the formation mechanism
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of some complex nanostructures, such as core-shell, dumbbell, and particle-on-particle
structures. Nanocrystals grown in VW and SK modes always have different symmetry
from the nanocrystal seeds. However, in real application, the nanostructure is also
determined by ligands, which greatly affect the energies of the growing surfaces and
growth Kinetics.

In the following section, we will discuss the seed-mediated synthesis of non-spherical
plasmonic metal nanostructures. The synthetic methods are divided into conventional and
unconventional methods (Figure 1.5). Here, we classified the synthetic methods based on
whether the structure of the product can be predicted by the seed structure. If the structure
of the product is derived from the seeds, the synthetic method will be treated as
conventional method. In the section of conventional seed-mediated growth, we will
discuss several aspects, such as the internal structures of the seeds, the facet-selective
deposition by using ligands and Ag underpotential deposition, and control of reaction
kinetics. In the section of unconventional seed-mediated growth, we focus our discussion
on mainly two parts: surface modification of the seeds and template-assisted seed-
mediated growth. In addition, creation of unconventional nanostructures by control of
diffusion will also be included. We will limit our discussion to colloidal synthesis. Some
methods, such as lithography, chemical vapor deposition, laser irradiation, that are unique

but not using solution phase synthesis will not be discussed in this section.*+4¢
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1.2 Conventional Seed-Mediated Growth

The plasmonic properties of metal nanostructures are mainly due to their size, shape
and geometrical arrangement. Compared to isotropic spherical particles, anisotropic
nanostructures like nanorods, nanoplates, could offer tunability in plasmonic properties
by controlling their shapes and geometric arrangement. Conventional seed-mediated
growth of plasmonic metal nanocrystals refers to metal nanostructures with structures
derived from the seeds. For example, synthesis of Au nanospheres, Ag nanoplates, and Pd
nanocubes by using spherical Au seeds, small Ag nanoplates, small Pd nanocubes are
considered conventional seeded-growth, because there is no symmetry breaking of the
nanoparticle seeds during the growing process. Even there is symmetry breaking during
the growth, such as seed-mediated synthesis of Au nanorods, the growth will not be
treated as unconventional, because the nanorod structure can be derived from the
structure of the seeds. Another example is the facet-selective deposition of Pd on Pd
nanocubes, which was observed when controlling the deposition rate and diffusion rate of
Pd.*” However, the growth step is still be considered unconventional, because the
structure of the product is derived from the cubic structure of the seeds. The geometries
of the plasmonic nanostructures synthesized via conventional seed-mediated growth
methods largely depends on the internal structure of seeds and the growth pathways,
which includes passivation of some certain facets, and control of the growing kinetics.
1.2.1 Structures of Seeds
The seeds could be single crystalline or polycrystalline or of many crystal defects. This

crystal structure of metals, such as Au and Ag, is known as face-centered cubic (fcc) and
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has atoms at each corner of the cube and six atoms at each face of the cube. The intrinsic
surface energies of an fcc metal increase in the order of y{I111} < y{100} < y{110} in
vacuum at 0 K in the absence of capping agents.?®> According to Wulff’s theorem, a
truncated octahedron, which is enclosed by eight {111} and six {100} facets, is the most
stable shape of a single crystal fcc metal in an inert gas or vacuum. This truncated
octahedron, also called a Wulff polyhedron, is often approximated as a sphere. However,
in solution phase synthesis, one may obtain varies metal nanocrystals due to the
variations in the synthetic conditions. The fcc structure contains three types of planes
with an abcabcabc arrangement along the <111> direction. The most common defects in
fcc metals are stacking faults and twin defects. Stacking faults occur when the abcabcabc
stacking pattern of layers of metal atoms is disrupted by a missing or insertion of a layer,
for example, abcabacabc (insertion of plane a). And a twin plane is formed when this
disruption results in a mirroring of the stacking pattern around one of the layers, for
example, abcabacba. Because the energy barrier to the formation of the twin defects is
very low in fcc metals (Cu, Ag and Au), multiple twin defects can occur in a single

nanocrystal, increasing the diversity of the seeds.
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VCH.2

19



Formation of metal nanocrystal seeds is a result of thermodynamic and kinetic control.
The former regulates the structure of the nanocrystal according to the minimum in Gibbs
free energy, which includes minimization of surface and volume free energies, internal
defects, and strain energies. The later includes control of the ligand type and reduction
rate of the metal ions. In conclusion, there are four kinds of the seeds (Figure 1.6): single-
crystal seeds (truncated octahedron, cube, octahedron, tetrahedron, and cuboctahedron),
singly twinned seeds (bipyramidal), multiply twinned seeds (decahedral or icosahedral
shape) and stacking fault-lined seeds (plate-like).?®

1.2.2 Facet-Selective Deposition

In the seed-mediated growth, the major role of ligands in the synthesis of plasmonic
nanocrystals has been summaries by the ‘face-blocking theory’, in which a capping agent
selectively adsorbed to a particular crystal facet of the growing nanocrystal and slows the
growth rate of that facet relative to the others.*®*° The ligands can be small molecules or
polymers. For example, Br is for the growth of Ag (100), and PVP is for Au (111) and Ag
(100).>° Zhang et al. reported a seed-mediated growth method for the synthesis of Ag
nanoplates with aspect ratio up to 400 (Figure 1.7).>! The key parameter in the growth
step is the use of citrate ligands, which can effectively block the overgrowth of Ag onto
the {111} facets and ensure anisotropic growth along the lateral direction. They also
demonstrated that similar to citrate, many di- and tricarboxylate compounds whose two
nearest carboxylate groups are separated by two or three carbon atoms, have preferential

binding to the {111} facet.>

20



(111)

seeded

growth
~—- citrate ligand ()
fast slow
Ag’ Ag*-Cit

21



Figure 1.7 (a) Schematic illustration of the anisotropic seeded growth of Ag nanoplates
based on selective ligand adhesion and seeded growth at different reaction rates. TEM
image (b) and SEM images (c-g) showing the evolution of Ag nanoplates during the
stepwise growth process: from original seeds (a) after removal of PVP by centrifuging
and washing to larger Ag nanoplates after (b) one, (c) two, (d) four, (e) five, and (f) seven

cycles of seeded growth. Copyright © 2010 American Chemical Society.*!
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Another method for facet selective growth is through Ag underpotential deposition
(UPD).>® Ag UPD has been used to create Au nanocrystals with high energy facets. For
example, Ag*® was added as additives in the reduction of HAuCIls with AA to produce
{720}-faceted concave cubic gold nanocrystals.>* In this case, the strength of reducing
agent is not strong enough to reduce Ag", due to the low pH value. However, Ag* can still
be reduced when facilitated by the surface of the nanoparticles, because the surface
enables reduction at a potential less negative than the Nernst potential.>® By depositing
onto an Au surface facet, Ag hinders the further deposition of Au on that same facet and
stabilizes it, leading to its slowed growth and subsequent retention in the final
nanoparticle structure.®® Personick et al. take advantages of Ag UPD to direct the growth
of four different particle morphologies: octahedra with {111} facets, rhombic
dodecahedra with {110} facets, truncated di-tetragonal prisms with {310} facets, and
concave cubes with {720} facets (Figure 1.8).%" The preferential passivation of Au facets

was realized by adjusting the amount of Ag™ in the seed-mediated growth process.
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Figure 1.8 SEM images of (A) octahedra, (B) rhombic dodecahedra, (C) truncated
ditetragonal prisms, and (D) concave cubes synthesized from reaction solutions
containing Ag+/Au3+ ratios of 1:500, 1:50, 1:12.5, and 1:5, respectively. Scale bars: 200

nm. Copyright © 2011 American Chemical Society.>’
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1.2.3 Kinetic Control

Kinetic control refers to the control of reduction rate of metal precursor. Practically, it can
be done by: adjusting the rate of precursor decomposition/reduction by adding ligand to
form complex with the metal ions; adjusting the strength of reducing agent (changing the
type of reducing agent, and adjusting pH); coupling the reduction of metal precursor to an
oxidation process; involving Ostwald ripening; adjusting reaction temperature.

Reaction kinetics should be controlled both in the seeding step and the growth step. As
we have discussed in section 2.1, when the reduction or decomposition kinetics of the
metal precursor is sufficiently fast, the atoms tend to arrange to form single crystalline
nanoseeds. In contrast, when the reaction kinetics are kept slow, the system favors
formation of multiply twined seeds, because the size of the seeds could be kept small for
a long time. As it is known that the multiply twined seeds are enclosed by the low surface
energy {111} facets, it will compensate the strain energy caused by twining to achieve
lowest total free energy. In this case, the size of the seeds should be kept small, because
the surface energy increases with a rapid increase of the particle size, leads to failure in
compensation of the strain energy of large seeds. It is also worth noting that considerably
low reduction kinetics leads to formation of nuclei and seeds through random hexagonal
close packing, together with stacking faults. One example is the formation of plate-like
seeds, which is not thermodynamically favored.

Similarly, the low reduction rate of metal precursor favors facet selective deposition in
the growth step. Liu et al. performed selective deposition of Au on the edges of Ag

octahedra by injecting HAuClI4 solution dropwise with a syringe pump at pH~2, using AA
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as the reducing agent.®® Because the {100} tips and {110} edges of the Ag octahedra
having higher surface energies and increased reactivity than the more stable {111} facets,
Au atoms would preferentially deposit on the tips and edges under this weak reducing
condition.

Xia et al. showed the importance of controlling reaction kinetics in facet-selective growth
of metal nanocrystals (Figure 1.9).*" In this case, Pd nanocubes with slight truncation at
corners and edges are used as seeds for the deposition of Pd. Because the truncated facets
are relatively clean comparing to the side faces, deposition of Pd are expected to occur on
the edges and corners. Taking atom diffusion into consideration, the result can be
different with control of the ratio between the rates for atom deposition and surface
diffusion (Vdeposition/Vdiffusion). Practically, the deposition rate was controlled by adjusting
the injection rate of Pd precursors, while the diffusion rate was controlled by adjusting
the reaction temperature. When the reaction is dominated by deposition, surface diffusion
is negligible, and the deposition will happen to the clean facets, resulting in the formation
of Pd octapods. On the contrary, when the reaction is dominated by diffusion, the growth
will be switched to the <100> and <110> directions, because most of the adatoms at the
corners can quickly migrate to edges and side faces of a cubic seed, forming a

cuboctahedron as the final product.
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Figure 1.9 Effect of surface diffusion on the growth pattern of a Pd cubic seed.
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four different conditions. Copyright © 2013 PNAS.#
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1.3 Unconventional Seed-Mediated Growth

Instantaneous and reversible tuning of the photonic property of metal nanostructures
holds great promises for developing novel optoelectronic devices and more effective
chemical and biomedical sensors by allowing instant selective excitation or quenching of
specific plasmon modes. Although the development of conventional seed-mediated
growth produces tremendous structures for the nanocrystal family, it still has limitations
on the controlled growth of nanostructures beyond the facets of the seeds.
Unconventional seed-mediated growth shows its advantages especially during the growth
process using spherical nanocrystals as seeds. Conventionally, when depositing metal A
on surface of a spherical seed composed of the same material, the growth will follow a
layer-by-layer mode, because of the zero mismatch between the seed and the growing
material.** Examples can be found in enlargement of Au nanocrystals through seed-
mediated growth. Even when some of the facets of the nanocrystal are passivated by the
capping ligands, the deposition on the facets still follows the layer-by-layer mode,
resulting in facet-selective growth. It will be impossible to grow a nanoparticle of metal A
on one side of its seed through conventional seed-mediated growth. However, growth of
such nanostructure can be realized by unconventional methods using ligands, inorganics,
microemulsions to control the surface properties of the seeds. Seed-mediated growth
through unconventional strategies greatly enriched the diversity of the nanostructures,
which have more advantages in applications. Also, some unique nanostructures can be
used as models for investigation of their optical properties. In this section, we will discuss

unconventional seed-mediated growth in two categories: 1) surface modification of seeds;
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2) template-assisted seed-mediated growth. The former aims to tune surface properties of
seeds by using organic ligands, masks made of polymers, inorganics and metal
coordinates. After modification, the symmetry of the seeds will be broken, resulting in
anisotropic growth beyond facet-selective growth. The later one employed solid and
hollow colloidal nanoparticles as templates, which play a very important role in shaping
and reshaping the growth of the nanostructures.

1.3.1 Surface Modification of Seeds

1.3.1.1 Surface Modification of Seeds with Organic Ligands

As we have discussed before, there are two roles of ligands in conventional seed-
mediated growth strategies: stabilize the colloidal nanostructures, and direct the growth
of some certain facets. Controlling the role of ligand beyond facets remains a big
challenge to the synthesis of plasmonic nanostructures. Recent research revealed that the

ligands should have more impact in determining the growth modes of the nanocrystals.
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Copyright © 2012 American Chemical Society.>®
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Feng et al. reported the synthesis of Au-Ag bimetallic nanostructures by seed-mediated
growth of Ag on surface-modified Au nanospheres (Figure 1.10).%° Because of the
matching Au-Ag lattices (lattice parameters are 0.408 and 0.409 nm for Au and Ag,
respectively), growth of Ag on an Au nanosphere results in a core-shell nanostructure,
following the FM growth mode. The morphology of the Au-Ag nanostructures can be
continuously tuned to SK and VW growth modes by varying the ligand condition during
the growth of Ag. In a typical synthesis, citrate-stabilized Au nanospheres were incubated
with 2-mercaptobenzoimidazole-5-carboxylic acid (MBIA), and used as seeds for the
growth of Ag. Importantly, MBIA has both -SH group and -COOH group, which interacts
with both Au and Ag species. Hydroguinone was added in the reaction system as a weak
reductant, followed by dropwise addition of AgNOs. In this case, the ligands were
embedded on surface of the Au nanosphere, and could generated organic defects at the
Au-Ag interface. Such defects introduce strain in the metal lattice, resulting in change in
the growth modes. Density of the ligands on surface of the Au nanosphere was controlled
by adjusting the concentration of the ligands and temperature for surface modification.
When the incubation was performed at room temperature, and the concentration of MBIA
was increased from 1 to 5, and 20 uM, the Ag nanoparticle shifted from concentric
coverage to one side of the nanostructure. It is worth mentioning that the surface of Au
was covered with a thin layer of Ag in all of the structures, indicting a SK growth mode.
And when the temperature of the surface modification increased to 60 <C, the contact
area between Au and Ag could be largely reduced to show a dimer nanostructure. The

coating of Ag on the Au nanosphere was barely detectable, showing a VW growth mode.
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They also demonstrated that further increasing the incubation temperature to 80 and
100 <T could lead to formation of multiple Ag islands, which was due to the rising
difficulty for the nucleation and quickly accumulation of Ag® in solution.®

Polymers could be modified on plasmonic metal nanostructures to influence the surface
diffusion of metal ions in the seed-mediated growth process. Wang et al. reported a very
interesting method for tuning the growth pathways by using polyvinylpyrrolidone (PVP)
as ligands (Figure 1.11).% PVP is a bulky, non-toxic, non-ionic polymer, which has been
widely used in the synthesis of colloidal nanoparticles as a stabilizer, a shape-control
reagent, and a mild reductant.? The interaction between PVP and metal ions is
controversial. Some people suggested that the pyrrolidinone groups are perpendicularly
adsorbed onto the surface of the metal nanoparticles mainly via the carboxyl group, while
other claimed that the coordination between the nitrogen atom in the five-membered ring

and the metal ion also contributed.53-%4
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Figure 1.11 Shift of island growth on Au nanoplates to layer-by-layer mode by
manipulation of reaction kinetics after PVP modification. The TEM, and SEM, and AFM
images (left to right) in (A) reveal the original surfaces of two-dimensional Au
nanoplates to be smooth. Overgrowth of the Au nanoplates produces islands on the
nanoplates at a relatively high reaction kinetics (B), whereas island deposition (B-D) is
gradually transformed to layer-by-layer growth (E) when reaction kinetics are decreased,
as demonstrated by TEM, SEM, and AFM analyses (top to bottom). Copyright © 2017

Elsevier Inc.5!
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In this synthesis, the authors show that the growth modes of metal species could be tuned
by using strong polymeric binding ligand at a high deposition rate. In a typical seed-
mediated growth process, the pre-synthesized Au nanoplates were incubated in a PVP
aqueous solution. Then, the seeds solution was mixed with ascorbic acid, which was used
as a reducing agent, followed by addition of HAuUCIls as a gold precursor at a fast
injection rate. The seed-mediated growth produced quasi-hemispherical Au nanoislands
with sizes of 10-20 nm epitaxially grown on the Au nanoplate. The Au nanoislands were
highly stable in their synthetic solution. The nanostructure could be maintained for more
than 10 days, which could be considered as a stable substrate for SERS applications. Here,
the polymeric framework of PVP limits the diffusion of Au®* in the chemical deposition
process. It was worth noting that the reaction kinetics had to be controlled in this
synthesis, because the nanoislands were formed on the surface of the nanoplates when the
atoms were deposited too fast to migrate to other regions. When the reaction kinetics was
decreased by decreasing the concentration of ascorbic acid, the injection rate, and the
concentration of the Au precursor, the morphologies of the nanostructures changed from a
VW mode to a FM mode. Slow reaction kinetics produced Au nanoplates with flat
surfaces. This method was versatile for the growth of nanoislands on varies geometries,
such as Au nanorods and nanospheres.

1.3.1.2 Surface Modification of Seeds with Masks

Surface modification of plasmonic nanostructures with organic ligands show its power in
breaking the symmetry of the metal seeds. However, because the adsorption and

desorption of organic ligands on a plasmonic nanostructure is dynamic in solution phase,
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it is not easy to precisely control the starting points for the growth of the secondary
nanostructure. In contrast, partially masking the surfaces of the seeds with an inert
material provides accurate control of the size, shape, and uniformity of the products.
There are many materials which could be selected to form the masks, for examples,
polymers, inorganic solids, and metal coordinates.

Polymers could be modified on plasmonic nanostructures as masks to prevent the growth
of metal nanostructures at some certain sites. Thanks to the quick development of
polymer coating on metal nanoparticles, many metal-polymer hybrid nanostructures
could be used as seeds for the growth of unconventional nanostructures.®® For example,
Au-PS Janus nanoparticles have been synthesized through free radical polymerization.®
It is reported that surface segregation of amphiphilic block copolymers on a planar metal
surface can result in micelles with dense cores on some certain areas.®’ This phenomenon
has been observed on Au nanostructures to create polymer ‘patches’. As suggested in
Choueiri et al.’s work, PS transformed from a continuous coating to patches on Au
nanospheres, when the decreasing the solvent quality for the PS ligands.%® Liu et al.
reported the synthesis of Au-Pd, and Au-Au nanodimers by using Janus Au-PS
nanoparticles as seeds, originated from surface segregation of PEO-PS copolymers on the

Au nanospheres.®
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Figure 1.12 Schematics illustrating the four transformation modes of (AuNR-
ligand)@PSPAA. a Contraction, bimodal contraction, dissociation, and winding modes
(left panel). b The ligand dependence is summarized in the Table on the right panel.
Ligands 1-6 are 2-naphthalenethiol, biphenyl-4-thiol, thiol-terminated polystyrene, 1-
dodecanethiol, 1-octadecanethiol, and a thiol-ended phospholipid, 2-dipalmitoyl-sn-
glycero-3-phosphothioethanol (sodium salt), respectively. C (mM) the concentration of
the ligand in the initial encapsulation step, T the temperature used for transforming the

(AuNR-ligand) @PSPAA in water. Copyright © 2018 Nature Publishing Group.”
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Recently, Wang et al. reported a seed-mediated growth of unconventional Au
nanostructures by using Au nanorods with transformable polystyrene-block-poly(acrylic
acid) (PSPAA) polymeric masks as seeds (Figure 1.12).7° Different from stationary
polymer coating, the shapes of the polymer shells on the Au nanorods can be tuned under
different modes of shell transformation, allowing them to direct different growth
pathways for the deposition of Ag. In a typical synthesis, the Au nanorods are mixed with
PS-PAA and a hydrophobic ligand in dimethyl formamide/H2O solution, and heated at
110 €€ for 2 h to form AuNR-ligand@PS-PAA core-shell nanostructures. The
nanostructures were then heated to initiated the shape transformation of the PS-PAA shell,
resulting in contraction, bimodal contraction, dissociation and winding of the shell. The
modes of shape transformation are highly related to the types of ligands and their
concentrations. This method provides a way to deposit Ag and Pd at targeted and
arbitrary position of Au nanorods. AuNRs-Ag-Pd trimetallic nanostructures with Pd on
the tips and Ag after it could also be synthesized by stepwise contraction and metal
deposition. In addition, this method could be used on other plasmonic nanostructures

such as Au bipyramids and triangular nanoprisms.
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Figure 1.13 (a) Schematic illustration of the ligand competition that led to the formation
of Janus Au-SiO»; (b) TEM image of Janus Au-SiO», with [4-MPAA]:[PAA86] = 1:0.129
and [TEOS] = 1.445 mM; inset, a digital photo showing the color of the products. (c)
TEM image of the ternary structures AgNS-Au-SiO2. Copyright © 2010 American
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Inorganic solids, which are inert in seed-mediated growth, can also be used as masks.
This strategy requires selective coating of inorganic solids on surface of the metal seeds.
When the seed is partially covered by inorganic solids, deposition of the metal precursor
will only happen to the exposed area of the seed. There will not be metal deposited on
inorganic solids, because the interaction between metal-metal is stronger than that of
metal-inorganic solid. Selective deposition of inorganic solids on metal nanocrystals
requires carefully control of the surface property of metal by using ligands. Chen et al.
first used Janus Au-SiO> nanoparticles as seeds for the growth of ternary Ag-Au-SiO;
nanoparticles (Figure 1.13).”! The partial coating of SiO2 on the Au nanosphere was
achieved by a sol-gel method using competing ligands, 4-mercaptophenylacetic acid (4-
MPAA) and poly(acrylic acid) (PAA), to functionalize the surface of the Au nanospheres.
Because 4-MPAA is favorable for silica deposition and PAA is not, having a mixture of
the two ligands on surface of the Au nanospheres will decrease the compatibility between
Au and SiOg, resulting in the eccentric silica coating on the Au surface. During the seed-
mediated growth step, Ag grew from the exposed area of Au, leading to the formation of
ternary Ag-Au-SiO> nanostructures. The intrinsic ligand conditions of some anisotropic
plasmonic nanostructures were suitable for site-selective silica coating. For example, it is
well-known that the density on the sides of the Au nanorods is higher than that on the
ends, due to the lower curvature of sides than ends. Taking this into consideration, Wang
et al. selectively deposited SiO> on sides or ends of Au nanorods, and used these particles
as seeds for the growth of various structures.”” Because of the relatively low density of

CTAB at the ends of the Au nanorods, Si0> will firstly deposited on the ends, then on the
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sides. Controlling the amount of SiO; leads to selective deposition only on the ends. On
the other hand, selective deposition of SiO> only on the sides of the nanorods could be
achieved by modifying the nanorods with small amount of methoxypoly(ethylene glycol)
(mPEG-SH). Because of the high curvature and the low density of CTAB at the ends,
mPEG-SH was modified preferentially on the ends of the nanorods. And due to the larger
size of mPEG-SH than that of CTAB, SiO; could be firstly deposited on the sides.
Transverse growth of the Au@end-SiO; and longitudinal growth of the Au@side-mSiO;

were obtained after the seed-mediated growth.
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Figure 1.14 (a) A cartoon illustrating the formation of the islands-on-Au nanostructures.
(b) TEM images of the AuNSs. (c—d) TEM images of the islands-on-AuNSs with varying
densities of the nanoislands by changing the concentration of HAuCls. Copyright © 2018

WILEY-VCH.*
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Surface passivation can also be created by depositing metal coordinates on a seed. Fan et
al. reported the synthesis of high-density Au-Ag alloy nanoislands as secondary
nanostructures on the surface of Au nanocrystals (Figure 1.14).3! During the seed-
mediated growth, Ag was firstly deposited on surface of the Au nanocrystal in a solution
containing KI. Because the binding energy of Ag-I is high, the surface is energetically
unfavorable for a FM mode growth. Therefore, the metal deposition and convenient
migration to these sites are suppressed, which leads to the formation of abundant
nanoislands as secondary structures on the surface of the Au nanoparticles. The
concentration of Kl should be controlled to a low value, because high concentration of KI
leads to formation of Auls complex, which favored FM deposition of Au. It is worth
noting that the curvature of the nanoislands would be affected by the concentration of
AgNOs, because it altered the surface passivation and kinetics in the crystal growth.

1.3.2 Template-Assisted Seed-Mediated Growth

Template synthesis is a powerful and versatile method for preparing nanomaterials.
Pioneered work done by Charles Martin and Martin Moskovits demonstrates the concept
of template synthesis to fabricate nanostructures composed of polymers, metals,
semiconductors, and other materials by electrochemical deposition using AAO
templates.”>™ The method has been developed to fabricate metal nanocomplex with
designed orders and surface properties.’®”” Nanomaterials synthesized by templating
strategies hold a well-defined size, shape and configuration, which usually benefits from
the directing effect of the templates.”® In colloidal synthesis, theoretically, a template can

be any substance with nanostructured features. Thus, there are abundant types of
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materials that can be taken into consideration, for example, inorganic solids, micelles,
emulsions, and etc.

Template-assisted seed-mediated growth of plasmonic nanostructures can be divided into
two categories: seed-mediated growth on surface of a template and confined seed-
mediated growth inside a template. In the former case, the seeds are dispersed on the
surface of the template. After seeded growth, a shell structure is formed, replicating the
shape of the template. And in the latter case, the seeds are encapsulated in a shell. The
metal precursor in the growth solution penetrates through the shell, and was deposited on
the seeds. The template acts as a nanoreactor, which confined the growth of the seeds.
Some people use templates as substrates to stabilize the nanoparticles. This part will not
be discussed because the growth of the nanoparticles is independent of the substrates.
There are several advantages of template synthesis: 1) the shape of the template helps to
synthesize nanostructures which are difficult to achieve by solution phase synthesis; 2)
template synthesis usually leads to high yield of products; 3) nanostructures with high
uniformity derived from the well-defined template can be synthesized; 4) the space in
templates gives room for the fabrication of even more complicated structures.

1.3.2.1 Seed-Mediated Growth on a Template

Up to date, seed-mediated growth on a template has been widely investigated. In this case,
the seeds are dispersed on a template at first. During the seed-mediated growth step, the
seeds can grow bigger, and finally connected with each other to form a nanoshell
structure. It is worth noting that the substrate needs to be modified with ligands which

have strong interaction with both the substrate and the metal species in order to
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immobilize the seeds. The concept has been demonstrated by Oldenburg et al., who used
colloidal silica nanospheres as templates for the synthesis of Au nanoshells.”® The
monodispersed colloidal silica nanospheres with size of 120 nm were synthesized
through a modified Stcher method, and modified with APTES to graph the surface of
silica with NH: groups. Then, gold seeds with size of 1-2 nm were loaded to the modified
silica nanospheres. About 30 % of the silica surface could be covered with Au seeds,
limited by interparticle Coulomb repulsion. The seed-mediated growth was performed
through reducing an aged mixture of chloroauric acid and potassium carbonate by a
solution of sodium borohydride. As more Au was deposited on the seeds, the coverage of
Au on the silica nanoparticle increase, resulting in the formation of Au nanoshells with
about 95 % yield. Formation of nanoshell could greatly broaden the plasmonic excitation
of Au nanoparticles to over 800 nm in wavelength, which showed advantages in
biomedical applications.

Due to the structure directing effect of the template, the shape of the plasmonic
nanostructure depends on the geometry of the colloidal template. In addition, the intrinsic
property of the colloidal template can add on to the functionality of the complex structure.
For example, magnetic colloidal template can help the nanocomplex to be both
photoactivity and magnetic responsive. Wang et al. has reported the synthesis of
anisotropic nanoshells by using rod-like templates for information encryption and
magnetic-field-direction sensing.®® In a typical synthesis, Akaganéte (B-FeOOH)
nanorods were used as the starting materials which were first coated with a layer of silica,

reduced to magnetic state, and loaded with gold seeds. After seed-mediated growth, the
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gold nanoparticles formed anisotropic nanoshells, which could exhibit different
plasmonic extinction spectra when the incident light was polarized along transverse and
longitudinal directions.

1.3.2.2 Confined Seed-Mediated Growth in a Template

A successful confined seed-mediated growth inside a shell template including three steps:
(1) seeding of metal nanoparticles in a template; (2) confined seed-mediated growth of
metal nanostructures; and (3) removal of the templates. Step (3) is not always necessary.
Generally speaking, growth of non-spherical plasmonic structures requires the use of
non-spherical templates. Gao et al. reported the synthesis of metal nanorods with tunable
aspect ratio and high purity in tubular silica templates (Figure 1.15).8' This method is
versatile for the synthesis of metal nanorods composed of varies metal species, such as
Au, Ag, Pt and Pd. Some of which cannot be obtained by conventional seeded-mediated
growth method. The tubular templates were produced by coating uniform nickel-
hydrazine rod-like nanocrystals with a layer of silica through a sol-gel process, and
selective removal of the nickel-hydrazine templates.®? Silica nanotubes with tunable
aspect ratio could be successfully synthesized by tuning the hydrazine/nickel ratio during
the original template synthesis. Taking Au for example, seeding of Au nanoparticles
inside a shell template is of great importance to the successful growth of Au
nanostructures. If not all the Au seeds are encapsulated inside the template, Au seeds
outside the template will have a better chance to grow than the Au seeds inside the
template, due to the direct interaction with Au precursors. Another important factor that

needs to be controlled is the growth pathways. To address the problem, the inner surface
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of the original silica nanotube was modified by introducing a layer of 3-
aminopropyltriethoxysilane (APS) to the surface of the nickel-hydrazine nanorods before
the deposition of the silica layer. After removal of the nickel-hydrazine nanorods, the
amino groups are left on the inner surfaces of the silica nanotubes. Due to the
electrostatic and/or coordination interaction between amino groups and AuCls/metallic
Au, Au species could be limited to the inner surfaces of the silica nanotubes. After
reduction, an Au nanoparticle with size of 4 nm could be successfully loaded inside the
tubular template. On the other hand, the growth pathway has to be controlled to limit self-
nucleation of Au nanostructures. A low reaction rate was preferred in the growth step. It
required using ascorbic acid as a weaker reducing agent. In addition, KI was introduced
to lower the reduction rate of AuCls by forming complex with Au®. Meanwhile,
additional capping ligand, for example, polyvinylpyrrolidone (PVP), was also added to
the growth solution to stabilize the atomic monomer species and further delay the self-
nucleation. Moreover, metal nanorods with tunable aspect ratio was achieved by
controlling the aspect ratio of the silica nanotubes. A series of Au nanotubes with aspect
ratio increasing from 3.5 to 5.7, 14.8, and 21 could be synthesized by using silica

nanotubes of different dimensions.
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Figure 1.15 (a) A general templating approach to the synthesis of metal nanorods in
tubular silica templates. TEM images of the (a) silica nanotubes with inner cavity
functionalized with amino groups; (b)Au seed@silica nanotubes; (c)Au nanorod@silica
nanotubes after seeded growth; (d) Au nanorods after removal of silica templates.

Copyright © 2011 American Chemical Society.®!
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Confined growth could also be achieved in between two inorganic layers. Zhang et al.
developed confined growth of thin Au nanoshells in the empty space between
Fes04@SiO2 nanospheres and a porous shell.®® A typical synthesis started from the
synthesis of superparamagnetic FesO4 colloidal nanocrystal clusters through a high
temperature hydrolysis reaction. The highly responsive superparamagnetic cores were
used to broadens the applications of the nanoshells for magnetically guided delivery and
magnetic resonance (MR) imaging. The FezO4 colloidal nanocrystal clusters were coated
with a thin layer of SiO2 and modified with APTES for the attachment of pre-synthesized
TSC capped Au nanoseeds with sized of about 15 nm in diameter. After the loading of Au,
the nanostructures were coated with another layer of silica to fully encapsulate the Au
seeds inside the silica matrix in the presence of PVP. The porosity and pore sizes of the
silica shell was tuned by using a ‘surface-protected etching’ method, using NaOH as the
etchant. This process was not only aimed make the Au nanoseeds accessible, but also
provided enough space for the formation of a complete shell in the following seed-
mediated growth reaction. Finally, the Au nanoshells were formed via overgrowth of the
embedded Au nanoseeds. It is worth mentioning that the porous silica shell protected the
Au nanoseeds against detachment from the colloidal substrates, leading to high yield of

Au nanoshells with complete structures.
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Figure 1.16 (a) Outline of the confined dewetting process for the fabrication of Au
nanocups: silica spheres are coated sequentially with RF, Au, and SiO; layers, followed
by calcination in air to remove RF and dewet Au from SiO; surface, and then etching
SiO, templates to release Au nanocups. TEM images of (b) SiO2 nanospheres. (c)
SIO,@RF nanospheres. (d) SiO.@RF@Au nanospheres. (e) SiO2@RF@AuU@SIO-
nanospheres. (f) SIO.@RF@AuU@SiO> nanospheres after calcination in air at 800 <C for
3 h. f) Au nanocups after removal of the SiO, templates. All scale bars are 200 nm.

Copyright © 2017 WILEY-VCH.%
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Interestingly, seed-mediated growth in spherical templates could also result in non-
spherical structures. Gao et al. reported the synthesis of Au nanocups with tunable
dimensions through a confined-space thermal dewetting strategy for OCT imaging
(Figure 1.16).2* The synthesis started with coating a layer of resorcinol formaldehyde
resin (RF) on a silica nanosphere through a sol-gel method. Then, the RF layer was
modified with APTES, and loaded with 1-2 nm Au seeds. The nanostructure was added
into a solution containing Au precursors for the growth of Au nanoshell. After that, an
additional layer of silica was coated on the nanostructure as a protector to prevent
interparticle aggregation during high-temperature calcination, and also afford confined
space for the Au dewetting process. As the dynamics of thermal dewetting is determined
by macroscopic hydrodynamic flows, the calcination temperature is a crucial factor for
the formation of nanocups. Au nanocups were achieved after thermal dewetting at 800 <C,
and released by etching of silica with HF. This high temperature treatment also ensured
the complete removal of the RF layer, leaving room for the deformation of the Au
nanoshell. It was worth mentioning that the thickness of the RF layer determines the extra
space available for thermal dewetting of Au. When the thickness of RF decreased from
25, to 18, and 12 nm, the height of Au nanocups increased and the size of the cup opening
decreased. Because of the differences in geometries, the Au nanocups showed very
different plasmonic properties from Au nanoparticles and Au nanoshells with the same
size. The asymmetric shape and strong extinction of the nanocups at around 1250-1360
nm contributed to a much better backscattering intensity achieved by the nanocups than

the nanoshells in response to the OCT light source.
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1.4 Challenges

Unconventional seed-mediated growth is an interesting research topic, because it
leads to the growth of metal nanocrystals beyond facet control, which will result in a
variety of plasmonic nanostructures with unique optical properties. Although many
excellent works have been done to tune the growth pathways of metal nanocrystals and
discover the chemistry behind the seed-mediated growth, it still remains a challenge to
create secondary nanostructures on pre-existing Au or Ag nanocrystals in a controllable
manner, which could benefit both application and fundamental study.

Seed-mediated growth of Au or Ag nanocrystals usually results in core-shell
nanostructures, due to the tight lattice match in a monometallic or Au/Ag bimetallic
system. Growth of secondary nanostructures usually occurs in a bimetallic system with
large lattice mismatch and thus poor wettability between the two components. In previous
reports, the seeds were modified with strong ligands, masks and inorganic solids for the
construction of secondary nanostructures. However, the difficulty in synthesis, and the
lack of structural tunability and optical properties limit the application of such methods as
general synthetic methods. Therefore, it is highly important to build up a new synthetic
system, which provides a universal method for building secondary nanostructures with
tunable geometries and optical properties.

Besides the difficulty in synthesis, dynamic tuning of the optical properties of
plasmonic nanoparticles with complicated geometry is another challenge. Because
dynamic tuning of plasmonic excitation of anisotropic nanostructures holds great promise

for developing novel optoelectronic devices and more effective chemical and biomedical
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sensors, it is very important to develop a reliable method by allowing instant selective
excitation or quenching of specific plasmon modes.
1.5 The Scope of This Dissertation

This dissertation discusses our efforts in the development of unconventional seed-
mediated growth method for the synthesis of non-spherical plasmonic metal nanocrystals.
The unique optical properties of the non-spherical nanostructures, such as Au-Au dimers
and trimers, is investigated, and the application of such nanostructures is demonstrated.

Chapter 1 is the introduction to nanocrystal synthesis. First, the general concept of
seed-mediated growth is introduced, followed by discussion of conventional and
unconventional methods for the synthesis of metal nanocrystals. Some well-established
theories on controlled growth of metal nanocrystals has been discussed.

In Chapter 2, we will introduce our work regarding the unconventional synthesis
of non-spherical nanostructures in solution phase. We developed a system, which could
be widely applied for the construction of a secondary nanostructure on a metal seed. This
method was based on surface modification of the metal seed with another metal species
of mismatched lattice, which could induce a positive strain energy to drive the growth of
metal follow the island-growth mode. By introducing ligand-assisted oxidative ripening
to the system, the number of islands on a metal seed could be controlled. We show the
successful preparation of Au satellite structures and dimers with high yield, and the
possibility to tune the nanostructure to Au trimers, and tetramers. The key parameters for
the synthesis were carefully studied, including the surface strain, the oxidative ripening

and the diffusion of metal precursors.
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In Chapter 3, we show the template-assisted seed-mediated growth method for the
fabrication of rod-like nanostructures. After the successful synthesis of the Au dimer, we
studied their unique optical property, and found out that the optical property of such
nanostructure was highly related to the connection area and overlapping distance of the
two nanospheres. To control the growth of Au dimers with more precision, we borrow the
idea from template synthesis, and design our system by making use of colloidal
nanoparticles as substrates. In order to create surface anisotropy, we used a non-metal
solid, which was inert in the seed-mediated growth of metal nanocrystals to partially
cover the surface of the metal seed. So that the secondary structures could only grow
from the uncovered areas. By using this template-assisted seed-mediated growth method,
we successfully synthesized Au-Au dimers, and heteodimers, such as Au-Ag, Au-Pd, and
Au-Cu20. Repeating the synthetic procedure resulted in formation of rod-like
nanostructure with higher aspect ratio, eg. linear trimers, and tetramers.

Chapter 4 will focus on the study of the angular dependent plasmonic property of
Au-Au and Au-Ag dimers, and their application as anticounterfeiting patterns. Thanks to
the template-assisted seed-mediated growth, rod-like plasmonic nanostructures, which
were self-registered along the surface normal of the colloidal substrates could be
obtained. By controlling the orientation of the colloidal substrates rather than the
nanorods themselves, we were able to selectively excite different resonant mode of the
nanostructures. To demonstrate this unique advantage, we adopted this strategy for
growing Au nanorods on the surface of magnetic iron oxide nanorods and nanoplates to

produce magnetic/plasmonic nanocomposites whose plasmonic bands can be selectively
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excited by controlling the orientation of the magnetic components using external
magnetic field. The convenient magnetic control further enabled the creation of thin
polymer films containing Au nanorods with defined orientation at different locations,
producing polarization dependent color displays that may find potential application in
information encryption.

In Chapter 5, we present a conclusion, and discuss any possible future work that

can be done as an extension of this dissertation.
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Chapter 2 Seed-Mediated Growth of Au Islands on Au Nanocrystals by Surface
Engineering and Controlled Ripening
2.1 Introduction

It is well known that seed-mediated growth of metal nanocrystals, which involves
reduction and deposition of metal precursors on the pre-existed seeds, is an effective
method for the synthesis of plasmonic metal nanocrystals with well-defined geometry,
size, composition, and surface properties.®* Although many excellent works have been
done to tune the growth pathways of metal nanocrystals and discover the chemistry
behind the seed-mediated growth, it still remains a challenge to create a secondary
structure on a nanocrystal in a controllable manner, which could benefit both application
and fundamental study of the complicated nanostructures.

Seed-mediated growth of plasmonic nanostructures composed of Au and Ag always
follows a layer-by-layer fashion, which is also known as the ‘Frank-van der Merwe’ (FM)
mode, due to the tight match between crystal lattices.®> To break the conformal growth
pattern, the surface property of the seed and the kinetics for the metal deposition should
be precisely controlled.® Previous research managed to adjust the interfacial strain energy
during the deposition of Ag on Au by using strong ligands, which forced the deposition
of Ag to follow the island-growth (Volmer-Weber, VW) mode.”° In addition, partial
passivation of Au surface by using inorganic solids, polymers, and metal coordinates is a
straightforward method to create difference between regions, leading to the growth of
secondary structures from the exposed areas. The difficulty in synthesis, and the lack of

tunability in the structures and optical properties of the nanocrystals limit the application
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of such methods as a general method for island-growth of plasmonic nanostructures.
Therefore, it is highly important to build up a new reaction system, which is not only
suitable for island-growth, but also has room for adjustment of the island nanostructures.
In this work, we design an effective route to create the secondary structure of Au on
an Au nanosphere, and control the number of islands by a two-step seed-mediated growth
process. The system has several degrees of freedom, and is suitable for the investigation
of each of them by adjusting one variable while fixing the rests. We will analyze three
important degrees of freedom: the strain energy caused by lattice mismatch, the ripening
process during the seed-mediated growth and the surface diffusion of metal ions. First,
the surface property of Au seed should be engineered to meet the thermodynamic
requirement for the island-growth mode. Island-growth of one metal species on the other
is governed by a number of physical parameters, including the mismatch of lattice
constants, and the correlation of surface and interface energies. When a metal is
deposited on the surface of a seed with a large lattice mismatch, the growth will be
dominated by the island mode.!* In this case, the interface strain energy could be
increased by modifying the Au seeds with a thin layer of Pt, which has 4.08 % lattice
mismatch with Au.'?>'3 Second, a controlled oxidative ripening process, which is often
neglected in previous study, should be considered during the growth of nanoislands. We
employed I" as a ligand to promote the oxidative ripening of Au. Third, control the
diffusion of Au precursors on surface of the seeds should also be considered, because it
influences the migration of atoms, which may lead to formation of nanoislands with

different structures. Combining all of the parameters above, growth of Au nanoislands on
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Au nanoparticles could be achieved in different well-controlled structures. This synthetic
system has many advantages: 1) the interface strain energy can be adjusted by tuning the
molar ratio of Pt/Au; 2) the AuPt nanospheres can be stable in various seeded growth
reactions; 3) the ripening of deposited Au can be tuned by controlling the amount of KI; 4)
Au islands with tunable structures can be obtained in the same system with minor
modification of the reaction conditions. It is worth noting that although Pt is plasmonic
inert in visible range, the plasmonic properties of the Au nanostructured can be retained

when the Pt layer is very thin.
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2.2 Materials and Methods
2.2.1 Materials
Poly(vinylpyrrolidone) (PVP, Mw=10,000), potassium iodide (K1), L-ascorbic acid (AA),
sodium borohydride (NaBHa4, 99%), chloroauric acid (HAuCls), chloroplatinic acid
(H2PtCls 6H20) and trisodium citrate (TSC) were purchased from Sigma-Aldrich. All
chemicals were directly used without further purification.
2.2.2 Synthesis of AuPt Nanospheres

The AuPt nanospheres were synthesized by reducing Pt precursors in a solution
containing Au nanospheres. In a typical synthesis, 20 uL of HAuCls (0.25 M) was added
to 9.5 mL of H>O. The solution was heated to boiling, followed by injection of 0.5 mL of
TSC (1 wt%) solution. After boiling for 10 minutes, the solution became wine-red. Then,
50 pL of AA (0.1 M) and 25 pL of H2PtCls (20 mM) were added to the solution for the
growth of Pt. The molar ratio of AA:Pt was 10. After reacting for another 5 minutes, the
AuPt nanoparticles was centrifuged at 12000 rpm for 5 minutes and redispersed in 10 mL
of H20. The amount of Pt could be tuned to adjust the ratio of Pt:Au. In this case, the
molar ratio of Pt:Au was calculated to be 0.1. The sample was named as AuPt-0.1.
2.2.3 Synthesis of (AuPt-0.1)-Au Core-Satellite Nanostructure

In a typical synthesis, 500 pL of AuPt-0.1 solution, 500 uL of H20, 40 uL PVP (5
wt%), 2 uL of AA (0.1 M), and 2.5 puLL of HAuCls (25 mM) were added in order at room
temperature. The solution was kept stirring for 10 minutes. The resulting (AuPt-0.1)-Au
core-satellite nanostructures were collected by centrifugation, washed with H»O, and

redispersed in 1 mL of H20.
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2.2.4 Synthesis of (AuPt-0.1)-Au Dimers.

A growth solution was prepared by mixing 100 pL of H2O, 50 uL of PVP (5
wt%), 12.5 uL AA (0.1 M), 12.5 uL of KI (0.2 M), and 3 uL of HAuCls (0.25 M). The
growth solution was used within one hour after the preparation. In a typical synthesis,
500 pL of AuPt-0.1 solution, 500 uL of H20, and 58.3 uL of KI (0.2 M) were added in
order at room temperature. 60 puL of the growth solution was added to the above solution.
The molar ratio of KI: Au was 50. The Au dimers was collected after 30 minutes of the

reaction, washed with H>O and redispersed in 1 mL of H.O.

2.2.5 COMSOL simulation of the LSPR

LSPR of the nanostructure was simulated by using COMSOL Multiphysics. The Au
dimer was composed by two Au nanoparticles with size of 17 nm. A non-uniform
meshing grid with smallest grid size ~ 3 nm was used. The refractive indices of gold were
adopted from Palik’s Handbook of Optical Constants of Solids.
2.2.6. Characterizations.

Transmission electron microscopy (TEM) images were taken with a Philips
Tecnai 12 transmission electron microscope operating at 120 kV and JEOL JEM-2100
microscope operating at 200 kV (Cs 1.0 mm, point resolution 2.3 A). The samples for
TEM observation were prepared by drop casting a solution on a carbon film supported on
a copper grid. Scanning transmission electron microscopy (STEM) images and energy-
dispersive X-ray spectroscopy (EDS) mapping profiles were collected on a FEI Talos
F200X transmission electron microscope operated at 200 kV UV-vis spectra were

measured by using an Ocean Optics HR 2000CG-UV-NIR spectrometer.
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2.2.5 Synthesis of (AuPt-0.1)-Au Core-Satellite Nanostructure

Deposition of Au species on Au seeds follows the layer-by-layer mode, because
the lattice structure is just the same. An increase in the size from 17.0 to 28.4 nm and a
slight redshift of the plasmonic extinction peak from 520 to 528 nm was observed when
reducing HAuCls on citrate capped Au nanocrystals by AA in a solution containing PVP
as the surfactants (Figure 2.1 and 2.2). As described above, a mismatched interface is the
sufficient condition to guide the metal deposition in the island-growth mode. Here, Pt
species was introduced to modify the surface of the Au nanocrystals by reducing H2PtCle
in a hot solution containing citrate capped Au nanocrystals and AA. The new seeds with
Pt on the surface was names as AuPt-x, in which x indicated the molar ratio of Pt to Au.
In a typical synthesis, the molar ratio of Pt to Au was fixed to 0.1. The large mismatch
between Pt and Au increases the strain energy for Au deposition, which shifts the growth
mode of Au from FM to VW, and hence the product from conformal nanospheres to
nanoislands-on-nanospheres. Immediately after the injection of H2PtCls solution, the
color of the citrate capped Au nanocrystals turned from ruby-red to burgundy,
corresponding with a slight blue shift in the UV-vis spectra (Figure 2.3j) comparing with
that of the citrate capped Au nanocrystals. The transmission electron microscopy (TEM)
and high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) images (Figure 2.3a and b) show that the AuPt-0.1 remained spherical with
smooth surface and size of 17.3 1.1 nm. Successful deposition of Pt was confirmed by
X-ray spectroscopy (EDS) elemental mapping and the line elemental scan (Figure 2.3c

and d), which shows the even distributions of Au and Pt elements in the AuPt-0.1. The
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distribution of Au and Pt overlaps on the entire nanocrystal, indicating that the Pt layer is
very thin. Seed-mediated growth of Au on AuPt-0.1 was done by reducing HAuCl4 in a
solution containing AA and 0.02 wt% PVP, named as (AuPt-0.1)-Au. The TEM and
HAADF-STEM images (Figure 2.3e and f) show the core-satellite nanostructure of the
(AuPt-0.1)-Au with an Au core of 17.2 1.2 nm and Au nanoislands of 6.4 1.3 nm,
confirming the growth of Au species on the AuPt-0.1 nanocrystals in the VW mode. EDS
elemental mapping and the line elemental scan (Figure 2.3g and h) of the (AuPt-0.1)-Au
show the even distribution of Pt on the entire Au seed, and confirm that the islands are
mainly composed of Au atoms. The HRTEM image in Figure 2.3i clearly shows that the
small island is grown from the Au nanocrystal along the [111] direction. The stacking
faults between the island and the Au nanocrystal indicate the high strain energy due to the
deposition of Pt atoms. The growth of the Au nanoislands on the surface of the AuPt-0.1
nanoparticles has strong influence to their optical properties, as shown in the extinction
spectra (Figure 2.3j). After the formation of Au nanoislands, the LSPR band is greatly
broadened, and the peak redshifts from 512 nm to 536 nm. The redshift and broadening

of the LSPR peak are due to the increase in surface roughness and anisotropy.
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Figure 2.1 TEM images of TSC-Au seeds (a) and Au nanospheres after seeded growth

(b).
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Figure 2.2 UV-vis extinction spectra of the TSC-Au seeds and Au nanospheres.
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Figure 2.1 TEM images of AuPt-0.1 nanoparticles (a) and (AuPt-0.1)-Au core-satellite
nanostructures (e). HADDF-STEM image and EDS elemental mapping of AuPt-0.1
nanoparticles (b, ¢) and (AuPt-0.1)-Au core-satellite nanostructures (f, g). EDS line scan
showing the distribution of Pt (red line) on the Au (black) surface of a single AuPt-0.1
nanoparticle (d) and (AuPt-0.1)-Au nanoparticles (h). (i) HRTEM of a single Au island
on AuPt-0.1. (j) UV-vis spectra of AuUPt-0.1 nanoparticles and (AuPt-0.1)-Au
nanoparticles. The scale bars are 20 nm in a, b, e and f, 10 nm in the EDS elemental

mapping and 2 nm in i.
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2.2.6 Control the Number of Islands by Ligand-Assisted Oxidative Ripening

The number of nanoislands on AuPt-0.1 should be controlled to create multiple
nanostructures. Here, we managed the shape transformation from multiple islands to
dimers by controlled oxidative ripening. Ripening is a phenomenon related to the energy
difference of large particles and the small ones during growth crystal growth, which often
results in size change and shape transformation of the nanocrystals.!*® In this work,
oxidative etching is performed by adding I, which is proposed to form I3™ to oxidize Au
nanoparticles according to equations below:
21"+ Oz + 4H"= 1 + 2H,0
L+ 1 =l3
2AU + I3+ "= 2Auly.

We show the structure transformation of (AuPt-0.1)-Au from satellite structure to
dimers by adding Kl into the reaction. The seed-mediated growth was done by injecting a
growth solution containing PVP as surfactant, HAuCls as the Au precursor, AA as the
reducing agent and Kl as the ligand to an AuPt-0.1 suspension. It appears that when the
ratio of I7Au is fixed to 50, the dimer structure is formed (Figure 2.4). TEM images
(Figure 2.4a-d) show the structure of (AuPt-0.1)-Au dimers with increasing amount of
growth solution. The molar ratio of Au in growth solution (Augrowth) t0 Au in seeds
(Auseeds) was calculated to be 0.25, 0.5, 1, and 1.5 for sample shown in Figure 2.4a-d.
Each dimer is composed of two spherical Au nanoparticles with the size of one
nanoparticle fixed at around 17 nm and the other increased from 9.2 to 14.7, 18.4 and

25.1 nm with increasing amount of growth solution. A large scale TEM image (Figure
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2.4e) of the sample shown in Figure 2b proves that the (AuPt-0.1)-Au dimer is of very
high purity. The HAADF-STEM images and EDS mapping (Figure 2.4f) show the
distribution of Au and Pt on the dimer structure. Au distributed homogeneously on the
entire dimer structure, while Pt is rich on one end and rare on the other end. The
inhomogeneous distribution of Pt is also confirmed by the line elemental scan (Figure
2.49). HRTEM image in Figure 2.5 shows the stacking faults between the two spherical
nanoparticles, indicating the similar island-growth mechanism with the formation of

(AuPt-0.1)-Au core-satellite nanostructures.
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Figure 2.4 TEM images of (AuPt-0.1)-Au dimers synthesized with increasing amount of
HAUCI; (a-d). (e) Large scale TEM image of sample in b. (f) HADDF-STEM image and
EDS elemental mapping of the (AuPt-0.1)-Au dimer (sample in b). (g) corresponding
EDS line scan showing the distribution of Pt (red line) on the Au (black) surface of a
(AuPt-0.1)-Au dimer. (h) UV-vis spectra of of (AuPt-0.1)-Au dimers in a-d. The scale

bars are 20 nm in (a-d), 50 nm in (e), and 10 nm in (f).
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Figure 2.5 HRTEM images of (AuPt-0.1)-Au dimers.
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As we have proposed, although plasmonic excitation of Au can be flattened by Pt,
Au nanostructures with a very thin layer of Pt will still maintain their plasmonic
properties. The UV-vis extinction spectra (Figure 2.4h) of sample a-d show dramatic
changes comparing with the AuPt-0.1 nanocrystals. When the ratio of Augrowth/AUseeds Was
0.25, the extinction peak is broad, and can be split to two peaks centered at 527 and 604
nm. A more distinguishable peak appeared at 623 nm, while the peak at lower wavelength
slightly redshift to 529 nm, when the ratio of Augrowth/AUseeds INcreased to 0.5. Further
increase the ratio of Augrowmth/AUseeds t0 1 caused an increase in the intensity of the
extinction peak at 529 nm, and slightly blueshift of the peak at longer wavelength to 614
nm. The intensity of the peak at lower wavelength kept increasing when the
Augrowth/ AUseeds Was increased to 1.5, together with slightly redshift of the peak to 531 nm.
Meanwhile, the peak at longer wavelength blueshifted to 592 nm.

The plasmonic excitation of Au dimers can be understood by analyzing the
excitation modes of two connected plasmonic nanoparticles. It has been reported that the
plasmonic excitation of Au dimers could be split to two modes, a quadrupole resonance at
lower wavelength and a dipole resonance at longer wavelength.!’-*® Here, we calculated
the absorption spectra by using COMSOL Multiphysics. The scheme in Figure 2.6a
shows the simulation model. The model is composed of two Au nanospheres and a
tangent sphere, in which R is the radius of the Au nanosphere, r is the radius of the
tangent sphere, and D is the overlapping distance. The transverse resonance and
longitudinal resonance are calculated by varying the polarization direction of the incident

light. When the oscillation of the electric field is polarized perpendicularly to the
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interparticle axis, a transverse mode is excited, resulting in an absorption peak at short
wavelength (520 nm). In contrast, when the oscillation direction of the electric field is
polarized parallel to the interparticle axis, a longitudinal mode is excited, resulting in two
absorption peaks at both short and long wavelength. In this case, the energy of the
transverse mode is not related to the change in the shape of the dimers (Figure 2.6b and
d). However, the energy of the longitudinal resonance is determined by not only the
curvature of the connection (r), but also the overlapping distance (D) of the two spherical
nanoparticles. As shown in Figure 2.6c, when r increases from 0.5 to 1, 5, 10, to 30 nm
while D is fixed at 5 nm, the wavelength of the longitudinal resonance blueshifts from
640 to 635, 616, 605, and 595 nm. In addition, for a given r (1 nm), when D increases
from 1to 3, 5, 7, 9, and 11 nm, the wavelength of the dipole resonance blueshifts from
802 to 690, 635, 600, 575 and 560 nm. In a word, the plasmonic absorption under
ordinary light is a sum of both the transverse and the longitudinal resonances, resulting in

the two-peak absorption at both short and long wavelengths.

78



O

Absorption, a.u.

Q.

Absorption, a.u.

D=

i
D
30 | C 30
——10 ——10
— 5 — 5
— p i |
—05 | & —05
S
s
[e]
7]
Kol
<
400 500 600 700 800 900 400 500 600 700 800 900
Wavelength, nm Wavelength, nm
— 11 e | —mn
-9 9
B M
5 5 | —5
| —3
— 5|
g
[e]
w
0
<C
400 500 600 700 800 900 400 500 600 700 800 900

Wavelength, nm

Wavelength, nm

79



Figure 2.6 Calculated absorption spectra of Au dimers with different overlapping
distances and curvatures of the connections. (a) Simulation model (r: radius of the tangent
ball; R (17 nm): radius of the Au nanosphere); D: overlapping distance between two Au
nanospheres); transverse (b) and longitudinal (c) absorption spectra of Au dimers with
different r (D = 5 nm); transverse (d) and longitudinal (e) absorption spectra of Au dimers

with different D (r = 1 nm).
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Figure 2.7 (a-¢) TEM images of plasmonic nanostructures with the number of the

spherical nanoparticles on the AuPt-0.1 nanospheres varying by deceasing the molar ratio
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(). (k) UV-vis extinction spectra of the Au nanostructures, corresponding to (a-e). (I)

Statistical analysis of the product distribution with different ratio of KI/ HAuCls. The

dash line in (I) shows the trend of change in population of each nanostructure. (m)

scheme illustration of ligand-assisted oxidative ripening. The scale bars are 50 nm in (a-
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As iodide appears to be the most critical reagent for the formation of dimers, we
examine its role carefully. TEM images in Figure 2.7 a-e show structure change of the
(AuPt-0.1)-Au products synthesized with increasing amount of KI while the other
synthetic parameters were kept exactly the same. The ratio of KI/HAuUCI4 in the growth
solution was tuned from 2 to 5,7.5, 20 and 50 for sample shown in a-e. Some typical
nanostructures, such as tetramer, trimer, and dimer (Figure 2.7f-j) can be clearly observed.
It is shown that the angle between multiple Au islands are different in tetramer and
trimers, indicating random distribution of the Au islands on the AuPt-0.1 nanocrystals.
Statistical analysis of the product distribution (Figure 2.71) shows that the number of Au
islands on each AuPt-0.1 nanocrystal decreased with increasing the ratio of KI/HAUCI..
When the ratio of KI/HAUCI4 increased, the percentage of tetramers (green dashed line)
decreased, while the percentage of dimers (red dashed line) increased. The shape change
has significant impact to the plasmonic resonance of the (AuPt-0.1)-Au nanostructures.
As shown in the UV-vis spectra, the sample synthesized with KI/HAuUCIs = 2 has a broad
extinction band. Increasing the ratio of KI/HAuUCI4 leads to exhibition of the two-band
extinction. And the peak at higher wavelength redshifts when KI/HAuUCI; increased from

2 to 5 and 7.5, and blueshifts when the KI/HAuUCI increased from 7.5 to 20 and 50.
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Figure 2.8 Time-dependent UV-vis spectra of plasmonic nanostructures synthesized with
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The reducing number of islands can be attributed to the oxidative etching of gold by
iodide ions in the presence of oxygen. To further confirm the role of KI, we performed
real-time UV-vis spectra (Figure 2.8) to monitor the shape transformation of the
nanostructures with different KI/HAuCls. The formation of islands could be divides into
two parts: initial deposition and oxidative ripening. Immediately after the injection of
growth solution into the seed suspension, the plasmonic peak of Au redshifts and is
greatly broadened in all of the samples, indicating the initial deposition and the formation
of multiple islands on the AuPt-0.1 nanospheres. It took longer time for suspension with
more KI to reach the highest extinction, indicating the lower initial deposition rate of the
Au. It is worth noting that after the intensity of the plasmonic extinction at around 520
nm reaches its maximum, a second extinction peak at longer wavelength starts to emerge,
and finally results in the two-band extinction for sample with higher KI/HAuUCls. This
process is considered a ripening process, during which the small islands dissolved and
redeposited on relatively larger nanocrystals. Oxidative ripening of Au nanoparticles by
K1 was confirmed by adding K1 in a suspension of 3-5 nm TSC capped Au nanoparticles
in air. Figure 2.9 shows the real-time UV-vis spectra of sample taken at 60 minutes after
the injection of KI. The broad peak at 502 nm redshifts to 525 nm, indicating an increase
in size of the Au nanoparticle. And the change in peak intensity suggests dissolution and
redeposition of the Au atoms. Removal of oxygen from the reaction suspension by
purging N2 leads to weakening of the shape transformation. As shown in Figure 2.9, the
plasmonic resonance of Au shows almost no change under N2 atmosphere. Here, we

summarize the role of KI in two aspects, in the initial deposition step, KI is used to
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coordinate with Au ions to form complex, which will lower down the reduction rate of Au.
And in oxidative etching process, as shown in Figure 2.7m, the I" ions can react with O
to form 3", which react with Au to remove the relatively unstable small features. With
increasing amount of I, the reaction rate for initial deposition was reduced and the
etching of small Au islands was promoted, driving the reaction towards oxidative

ripening.

85



0.1 Au seeds
5 0.4- —KIN,
mﬂ ] — Kl air
S 0.3
"g' |
g 0.2-
L .
0.1
0.0

300 400 500 600 700 800 900
Wavelength, nm

Figure 2.9 UV-vis spectra of freshly prepared Au seeds, and I -assisted oxidative
ripening products of Au seeds in air and in N2. The products were collected after 60

minutes of the reaction.
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2.2.7 Control the Number of Islands by Tuning Surface Strain

Besides the ligand-assisted oxidative ripening, there are two other important
parameters need to be considered during island growth: the molar ratio of Pt/Au in the
seeds and the diffusion of the precursors. The former influences the surface strain for
metal deposition, while the latter determines the difficulty of the metal precursor
migration on surface of the AuPt-x nanocrystals. The impact of these two parameters was
studied by adjusting a single variable during the synthesis.

When the surface of Au nanocrystals is occupied by Pt atoms, the strain energy
for Au deposition will increase with increasing the amount of Pt. In another word, the
surface of AuPt is not friendly for Au deposition, and the degree of difficulty is elevated
by modify the surface of the seeds with more Pt. Figure 2.10 shows the structure change
of the AuPt-x-Au nanocrystals with Pt/Au ratio increases from 0.025 to 0.075, 0.1 and
0.25, while the other parameters were kept all the same. AuPt-x nanoparticles with
different molar ratio of Pt/Au were synthesized by adjusting the injection volume of the
H2PtCls. The UV-vis spectra (Figure 2.11) and TEM images (Figure 2.12) of AuPt-0.025,
AuPt-0.075 and AuPt-0.25 confirm the successful deposition of Pt on the Au nanocrystals.
During seeded growth, the molar ratio of KI/HAuUCI4 in the growth solution was fixed at
10, because it gave room for the observation of the structure change. And the atomic ratio
of Au in the growth solution to Au in the seeds was maintained at 1. The sample
synthesized by using AuPt-0.025 as seeds still holds anisotropic nanostructure, but the
morphology of the islands is not clear in the TEM images. The UV-vis extinction of

sample synthesized by using AuPt-0.025 shows a broad resonance band at 566 nm
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(Figure 2.10e), indicating the increase in anisotropy of the nanostructure comparing with
spherical Au. However, the anisotropy is not enough for peak separation. In addition, the
interfacial area between spherical nanoparticles in one nanostructure is relatively larger
than the samples with higher Pt/Au ratio, due to the relatively small degree of surface
strain. As the molar ratio of Pt/Au increased, the island-structure became much clearer,
and the number of islands on one seed was greatly reduced. Statistical analysis of the
product distribution shows a decrease from 17.6 to 8.5 and 0 % for Au tetramers, and
from 56.9 to 47.3 and 18.6 % for Au trimers when the Pt/Au was increased from 0.075 to
0.1 and 0.25. Meanwhile, the percentage of Au dimers increases from 25.5 to 46.8 and
79.1 %. The shape changes also caused the change in resonance mode of the
nanostructures. The two-band extinction spectra were observed for (AuPt-0.075)-Au and
(AuPt-0.1)-Au (Figure 2.10e). It is worth noting that although the (AuPt-0.25)-Au is
dominated by dimer structures, it shows only one extinction peak at 534 nm, which can
be attributed to the plasmonic resonance of Au nanospheres. The single peak is shown

because the dipole resonance of Au dimers is prohibited by the Pt layer.
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Figure 2.10 (a-d) TEM images of plasmonic nanostructures with the number of the
spherical nanoparticles on the AuPt-x nanospheres varying by increasing the molar ratio
of Pt/Au in the seed. (e) UV-vis extinction spectra of the Au nanostructures,
corresponding to (a-d). (f) Statistical analysis of the product distribution with different
ratio of Pt/Au in the seed. The dash line in (f) shows the trend of change in the population

of each nanostructure. The scale bars are 20 nm in (a-d).

89



Y
N

- AuPt-0.25
1.0 AuPt-0.1
_ AuPt-0.075
. AuPt-0.025
5 0.8+ -
© d
c N
S 0.6
-‘60 -
€ 0.4-
<
n
0.2-
0.0

300 400 500 600 700 800 900
Wavelength, nm

Figure 2.11 UV-vis spectra of AuPt-x nanospheres with Pt/Au = 0.025, 0.075, 0.1, 0.25.

90



Figure 2.12 TEM images of AuPt-0.025 and AuPt-0.075, and AuPt-0.25. The scale bars

are 20 nm.
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Figure 2.13 Time-dependent UV-vis spectra of the plasmonic nanostructures synthesized
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To further investigate the role of Pt, we characterized the real-time UV-vis spectra
of samples shown in Figure 2.10. As it is shown in Figure 2.13, the shape evolution of all
the samples follows the initial deposition and oxidative ripening process. Because the
samples were synthesized with the same KI/HAuUCI, ratio, the time for all the samples to
reach the maximum intensity of plasmonic extinction are the same, indicating the same
deposition rate for initial deposition of Au atoms. Different from the other samples, the
time dependent UV-vis spectra of (AuPt-0.025)-Au (Figure 2.13a) shows slight redshift
in the first 1 minute, and the peak is narrow comparing with the other samples after
reaction for the same time. This feature indicates isotropic growth of Au in the early stage,
which is due to the small mismatch with less Pt. With more Au deposited, the surface
strain increased, leading to anisotropic growth to some extent. In addition, (AuPt-0.075)-
Au and (AuPt-0.1)-Au show very broad peak for initial deposition, indicating the random
distribution of Au atoms on the AuPt-x nanocrystals. These results show that the role of
Pt is to create a mismatched surface for the growth of Au. Because of the strong oxidative
ripening driven by KI, the randomly distributed Au nanoislands would ripen to large
crystals. During this step, the growing Au tends to minimize the interfacial area with the
seeds in order to reduce the total free energy. With more Pt, it is more difficult for the
growing Au to “wet” the surface of the seeds. Therefore, the number of Au islands is
greatly reduced.

2.2.8 Control the Number of Islands by Adjusting Diffusion of Metal Precursors
Oxidative ripening is related to the etching of metallic and redeposition of Au ions,

controlling over the migration of Au ions on surface of the seed is also important to tune
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the structure of the island. This tuning is realized by only adjusting the concentration of
PVP during the seed-mediated growth of Au. TEM images in Figure 2.14a-d show the
morphology change of (AuPt-0.1)-Au with increasing amount of PVP from 0.02 to 0.2, 2,
and 4 %. It is clear that the morphology of the sample changes from dimers to trimers and
tetramers. In another word, with increasing the amount of PVP, more islands are formed
on the seed. The similar trend in structure change has been observed in the sample
synthesized without KI. TEM image in Figure 2.17 confirms that more Au islands was
formed when the concentration of PVP was elevated from 0.02 to 2 wt%. These
observations agree well with our previous work on the formation of Au nanoislands on
PVP modified Au nanoplates. Due to the steric hinderance caused by the large polymer
molecules, the migration of Au ions on surface of the seed is greatly reduced. As a result,
the oxidative ripening will happen locally, resulting in more islands on surface of the
seed. The two-band extinction is observed for the sample with 0.02 wt% PVP in the UV-
vis spectra (Figure 2.14€). The peak at longer wavelength redshifts with the concentration
of PVP increases to 0.2 and 2 wt%, indicating an increase in the aspect ratio of the
nanostructure. The sample synthesized with 4 % PVP show only one plasmonic peak,
which can be attributed to the very small interface between the spherical nanoparticles.
The very small connection between the spherical nanoparticles is confirmed by the
HRTEM image in Figure 2.15. Due to the high concentration of PVP, the islands tend to
minimize their contact with the seeds, resulting in the formation of nearly tangent island

structures.
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Figure 2.14 (a-d) TEM images of plasmonic nanostructures with the number of the
spherical nanoparticles on the AuPt-0.1 nanospheres varying by increasing the
concentration of PVP in the growth solution. () UV-vis extinction spectra of the

plasmonic nanostructures, corresponding to (a-d).
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Figure 2.15 UV-vis spectra of the plasmonic nanostructures synthesized with 10 wt%

PVP.
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Figure 2.16 TEM images of the plasmonic nanostructures synthesized with 4 wt% PVP.

97



T .
a »

sl GRS TR
e R e

= *:“ < i’ 9
Pz . '#~ Tk
e "-»"
ISR

(RN,

Figure 2.17 TEM images of the (AuPt-0.1)-Au satellite nanostructure synthesized in 2 %

PVP.

98



2.3 Conclusion

In conclusion, we developed a seed-mediated growth for creating secondary
structures of Au on spherical Au seeds. The formation of islands is induced by modifying
the seeds with Pt to create a mismatched surface for metal deposition. The number of the
islands on each seed can be controlled by adjusting the reaction parameters. Ligand
assisted oxidative ripening, which is promoted by adding KI in the reaction system,
drives the formation of nanostructures with less islands. In addition, increasing the degree
of surface mismatch by adding more Pt also resulted in a smaller number of islands. In
contrast, prohibiting surface diffusion of metal precursors by grafting the surface of the
seed with more polymeric ligands can limit the oxidative ripening locally, leading to
formation of more islands. By integrating all the important parameters, Au satellite
structure, dimers, trimers and tetramers were obtained. It is worth noting that the Au
dimers synthesized by using this method is of controllable particle size, high purity, well-
defined structures and unique optical property, which has not been reported previously.
The nanoparticles may have potential applications in catalysis and sensing, due to the
broad absorption and enhanced electric filed in the concave structure. This synthetic
method may be expended to nanostructures with different geometry, which will result in
various unconventional plasmonic nanostructures.
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Chapter 3 Template-Assisted Seed-Mediated Synthesis of
Rod-Like Plasmonic Nanoparticles
3.1 Introduction

Control over localized surface plasmon resonance (LSPR) frequency of metal
nanoparticles has attracted great attention, due to its potential application in chemical
sensing, photothermal therapy and energy related area.!® Because LSPR frequency is
sensitive to the geometry of the nanoparticle, synthesis of anisotropic metal nanoparticles
provides an access to more remarkable plasmonic absorbance and scattering phenomena
that are not seen in spherical NPs.® Up to now, many efforts have been made to control
LSPR frequency by tuning the geometry of the metal nanoparticles, as reported for
nanorods, nanoshells, nanoplates and nanorings.>** Among all types of metal
nanostructures, the LSPR of rod-shaped nanostructures has its unique optical feature. For
example, Au nanorods usually display a transverse and a longitudinal LSPR mode, which
correspond to two bands of different wavelengths in extinction spectrum.'?

In 2001, Murphy and co-workers, for the first time, discovered seeded growth
method for the synthesis of Au and Ag nanorods from seeds based on Au and Ag
colloidal particles.’>*® After that, seeded growth method has been widely investigated
throughout the development of colloidal chemistry for the synthesis of metal nanocrystals
with well-defined shape, composition, size and structure.'®'° Seeded growth method is
performed by injecting a precursor solution of the second material into a mixture of
colloidal seeds, capping ligands and reducing agents. Heterogeneous nucleation of the

zero-valent metal ions on surface of the colloidal seeds, followed by continued growth of
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the seeds, results in the formation of well-defined nanocrystals. The shape of a
nanocrystal is determined by the internal structure of the seed and the binding affinity of
the capping agent.?° If the seed is fixed to be isotropic, controlling over surface property
of the seed is necessary for the anisotropic growth of a second material. Such asymmetric
surface property can be generated by either adjusting the surface constrains between
metals, or creating a physical barrier to partially cover the colloidal seed. As for the
former case, a high degree of lattice mismatch between different materials favors island
growth of the second material and yields anisotropic heterogeneous dimers, as reported
for Au-Pt.!® Besides, anisotropic growth can be achieved by performing surface
modification of the seeds. Chen et al. synthesized Au-Ag heterogeneous dimers by
varying ligand conditions during the growth of Ag.?! On the other hand, asymmetric
surface can also be created by forming a physical barrier on the colloidal seed.???3 In this
case, the surface of the seed is partially blocked by an inert material, which can direct the
deposition of the second metal on the exposed surface of the seed. However, previous
methods are limited to materials, and require special ligands and precise control of the
reaction Kinetics. In addition, conventional methods generate free standing rod-like
nanoparticles, which are not suitable for the study and utilization of their angular-
dependent optical property.

It is important to introduce a substrate to the synthesis of rod-like nanoparticles. A
substrate can not only provide a physical barrier by contacting with the metal
nanoparticles, but also alter the direction of the metal nanoparticles in response to some

external stimuli. Sun et al. reported the synthesis of Au-Au homogeneous dimers and Au-
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Ag heterogeneous dimers assembled on Fe3Os@silica nanospheres for amphiphilic
asymmetric nano-assembly and catalysis.?* The superparamagnetic property of the
Fe304/SiO- particles facilitates the efficient purification of products with assistance of an
external magnetic field. However, the two-band absorption of nanoparticle dimers is not
observed because of the lack of control in the geometry of the plasmonic metal
nanostructure.

In this work, we describe a template-assisted seed-mediated growth for the
preparation of rod-like plasmonic nanoparticles. Colloidal silica nanospheres are
employed as the substrates for illustration of the synthesis strategy. Au nanoparticles are
loaded on the surface of colloidal silica as seeds through binding ligands. During seeded
growth, the surface of the seed which is in contact with silica is blocked from being
deposited with the second material, giving rise to anisotropic growth of the metal
nanostructures. An additional layer of silica is coated on the structure through a sol-gel
method to increase the contact area between the Au seed and the colloidal silica, followed
by a seeded growth process. The exposure of the gold seed can be precisely tuned by
adjusting the silica precursor in the sol-gel coating method without additional polymer
ligands. This synthesis has several advantages: 1) the aspect ratio of the rod-like
nanocrystal can be controlled by stepwise seeded growth; 2) the synthesis is easy to scale
up by increasing the loading amount of Au nanoparticles; 3) the synthesis is a generalized
method, which can be used for the synthesis of metal nanocrystals with different
materials and shapes; 4) this template-assisted synthesis can also be used to synthesize

Janus nanoparticles, such as metal-metal oxides and metal-polymer nanoparticles.

104



3.2 Materials and Methods
3.2.1 Materials

Tetraethylorthosilicate (TEOS), poly(vinyl pyrrolidone) (PVP, Mw~10,000), 3-
Aminopropyl)triethoxysilane (APTES), potassium iodide (KI), L-ascorbic acid (AA),
sodium borohydride (NaBHs4, 99%), sodium hydroxide (NaOH), Chloroauric acid
(HAUCls), polyacrylic acid (PAA, average M.W. 1800), and trisodium citrate (TSC) were
purchased from Sigma-Aldrich. For the preparation of the hydrogel film, acrylamide, 2-
Hydroxy-4’-(2-hydroxyethoxy)-2-methyl-propiophe and N,N’-methylenebis(acrylamide)
(purity 98%) were purchased from Sigma-Aldrich. Ammonium hydroxide (NHs H-0,
28% by weight in water) was purchased from Fisher Scientific. Ethanol (200 proof) is
purchased from Decon Laboratories Inc. All chemicals were directly used as received
without further purification.

3.2.2 Synthesis of SiO2-Au@SiO:2 seeds.

Silica nanospheres were synthesized by using a modified Stober process. In a
typical synthesis, 3 mL of NH3z H>O was added into a mixture of 92 mL of ethanol, 16
mL of H20 and 3.44 mL of TEOS at room temperature. The mixture was stirred for 4 hrs.
Silica nanospheres were collected by centrifugation, and washed with ethanol for 3 times.
The products were re-dispersed in 20 mL of ethanol. Surface modification of SiO>
nanospheres was done by refluxing 2 mL of the dispersion of silica nanospheres in a
mixture of 30 mL of ethanol and 1 mL of 3-Aminopropyltriethoxysilane (APTES) for 3
hrs. SiO>-NH> was collected by centrifugation. The samples were washed with ethanol

and water for 3 times, and re-dispersed in 20 mL of H>O. According to our previous
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report, Au nanoparticles were synthesized by using a seeded growth method.® In a
typical synthesis, 1 mL of HAuCls (5 mM) and 1 mL of TSC (5 mM) were mixed with 18
mL of H20 under vigorous stirring. 0.6 mL of freshly made NaBHs solution (0.1 M) was
quickly injected into the solution. After stirring for 4 h, 400 uL of the above solution was
quickly injected into a growth solution of Au containing 2 mL of PVP (5 wt%), 1 mL of
L-ascorbic acid (0.1 M), 800 uL of KI (0.2 M), 240 uL of HAuCl4 (0.25M), and 4 mL of
H20. After stirring for 10 min, the dispersion of Au nanoparticles was collected for the
next step. Loading of Au nanoparticles on SiO2-NH2 was done by mixing one aliquot of
the Au nanoparticle dispersion with 4 mL of SiO2-NH.. After sonicating for 10 minutes,
dark red SiO2-Au was collected by centrifugation, and washed with H,O. The particles
were re-dispersed in 20 mL of ethanol. Silica coating on SiO2-Au was achieved by
injecting TEOS into a mixture containing 10 mL of SiO2-Au dispersion, 1 mL of H20 and
0.5 mL of NHsH20. Thickness of the silica layer was controlled by adjusting the
addition amount of TEOS. After sonicating for 30 minutes, the SiO>-Au@SiO. was
collected by centrifugation, and washed with ethanol and H2O. The particles were re-
dispersed in 2 mL H.O as seeds solution for the growth of dimer structures.
3.2.3 Synthesis of SiO2-Au dimer structure.

Growth of Au-Au dimer structure was achieved by using a seeded growth method.
100 pL of PVP (5 wt%), 25 uL of L-ascorbic acid (0.1 M), 20 uL of KI (0.2 M), 6 uL of
HAUCI4 (0.25M), and 200 puL of H2O were mixed as a growth solution. 25 uL of the
growth solution was added into 50 pL of SiO2-Au@SiO> seeds and 200 uL. H>O to get the

SiO2-Au dimer structure. After stirring for 10 min, the particles were collected by
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centrifugation.
3.2.4 Synthesis of heterogeneous dimers.

SiO2-Au-Ag dimer was obtained by adding 4 puL of AA into a mixture containing
50 pL of SiO2-Au@SiO2 seeds, 200 pL of H20, 200 pL of PVP (5 wt%) and 4 pL of
AgNO:3 (0.1 M). After stirring for 10 min, the particles were collected by centrifugation.

SiO2-Au-Pd dimer was obtained by adding 20 puL of AA (0.1 M) into a mixture
containing 50 pL of SiO2-Au@SiO2 seeds, 400 ulL of H20O, 10 puL of H2PdCls (20 mM)
and 6 uL of NaOH (0.1 M). After stirring for 10 min, the particles were collected by
centrifugation.

SiO,-Au-Cu20 dimer was synthesized according to a previous report.2® Briefly, 50
uL of 0.1 M CuCl; and 0.1 g SDS were mixed in 9.475 mL H2O to obtain a Cu?* stock
solution. Then, 450 pL of the stock solution was added to 25 puL of SiO2-Au@SiO> seeds,
followed by the addition of 3 uL of 1 M NaOH and 8.26 pL of 0.1 M NH20H HCI. The
mixture was stirred at room temperature for 30 min for the growth of Cu.0.

3.2.5 Characterizations

Transmission electron microscopy (TEM) images were taken with a Philips
Tecnai 12 transmission electron microscope operating at 120 kV. The samples for TEM
observation were prepared by drop casting a solution on a carbon film supported on a
copper grid. UV-vis spectra were measured by using an Ocean Optics HR 2000CG-UV-

NIR spectrometer. Optical microscopy was performed using a Zeiss Axio Imager Alm.
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3.3 Results and Discussion
3.3.1 Synthesis of SiO2-Au dimers.

The scheme for the step-wise synthesis process of Au dimers on silica
nanospheres is shown in Figure 3.1a. In a typical synthesis, SiO> nanospheres were
synthesized through a modified Stober method, using tetrathylorthosilicate (TEOS) as the
silica precursor. Then, the SiO, nanospheres were modified with 3-aminopropyl-
triethoxysilane (APTES) to graft the surface of the nanospheres with -NH> groups. After
that, gold nanoparticles, which were synthesized through a seeded growth method, were
added to the SiO: dispersion. Due to the formation of chemical bonds between the gold
atoms and the -NH2 groups, the gold nanoparticles could be attached to surface of SiO-
nanospheres, denoted as SiO2-Au. As shown in Figure 3.2, the sizes of SiO2 nanospheres
and Au nanoparticles are 269.7 nm and 31.4 nm. In order to generate an asymmetric
surface on gold nanoparticle, the SiO2-Au was coated by a layer of silica through a sol-
gel method, using TEOS as the silica precursor. Because of the different chemical nature
of gold and silica, the deposition of silica could only occur on the silica nanospheres.
Therefore, one part of gold nanoparticle was embedded in silica, while the other was
exposed to solution. The thickness of the silica layer could be controlled at nanometer
scale by adjusting the addition amount of TEOS. With an increase of the addition amount
of TEQOS, the exposure of the gold nanoparticle decreased. In the case of the growth for
the nanoparticle dimers, the thickness of the silica layer was precisely controlled to cover
most of the gold nanoparticles. The nanostructure was denoted as SiO2-Au@SiO». Finally,

the SiO>-Au@SiO2 nanostructures were used as seeds for the growth of the gold
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nanoparticle dimers. Typically, a dispersion of SiO.-Au@SiO. was injected to a mixture,
including HAuCl4, PVP, KI and AA. The reaction was maintained for 10 minutes under
vigorous stirring. The color of the solution gradually changed from red to bluish-purple,

indicating the formation of Au nanoparticle dimers.

109



Silica Seeded
Coating Growth
®: SiOZ B * Au

® : Au, Ag, Pd or Cu,0

——Si0,-Au@sio,
—Si0,-Au dimer
—Si0,-Au trimer

Extinction, a.u.

400 500 600 700 800 9001000
Wavelength, nm

110



Figure 3.1 A scheme illustrating the synthetic strategy. TEM images of (b) SiO-
Au@SiO2 nanoparticles, (c) SiO2-Au dimers and (d) SiO2-Au trimers. The SiO.-Au
trimers were obtained after a second round of SiO> coating and seeded-growth of Au. (e)
Large scale TEM image of SiO2-Au dimers. (f) Au dimers and trimers after releasing
from the SiO2 colloidal substrates. (g) UV-vis spectra of SiO.-Au@SiO: nanoparticles,

SiO2-Au dimers and SiO2-Au trimers. The scale bars in (b-d, f) and (e) are 50 and 200 nm.
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500 nm

Figure 3.2 TEM image of Au nanoparticles loaded on SiO, nanospheres (SiO2-Au).
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Figure 3.3 Large scale TEM image of SiO2>-Au@SiO:..
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Figure 3.1b shows the TEM image of SiO2-Au@SiO. dimers. The size of SiO»-
Au@SiO2 is measured to be 335.7 nm from the large scale TEM image (Figure 3.3). The
thickness of the SiO> layer is calculated to be ~33.0 nm, which is about equal to the size
of the Au nanoparticle. Figure 3.1c shows the nanostructure after performing seeded
growth of Au on SiO>-Au@SiO». The elongation of the spherical nanoparticle can be
clearly observed. The large scale TEM image of the nanostructure after seeded growth
(Figure 3.1e) proves that this synthesis strategy results in Au-Au nanoparticle dimers with
high purity. Linear trimers made of Au could be obtained by repeating the coating and
seeded growth step on the SiO2-Au dimers (Figure 3.1d). After the removal of all the
SiO2 by HF, the free-standing Au dimers and linear trimers can be released from the
substrate. As shown in Figure 3.1f, the average length and width are 56.8 and 33.5 nm of
Au dimers, and 78.8 and 33.8 nm of Au linear trimers. The aspect ratios of Au dimers and
Au linear trimers are calculated to be 1.7 and 2.33. Figure 3.1g shows the UV-vis
extinction spectra of SiO2-Au@SiOz, SiO2-Au dimers and SiOz-Au linear trimers. SiO-
Au@SiO> displays one absorption peak at 537 nm, which corresponds to the absorption
of Au nanoparticles embedded in silica. Structure evolution of Au nanoparticle to Au
nanoparticle dimers leads to a two-band spectrum. SiO2-Au dimers show two absorption
peaks at 544 and 621 nm, due to the transverse and longitudinal plasmonic resonance of
the dimer structure. After the removal of silica, the two absorption peaks of the free-
standing Au-Au nanoparticle dimers blue-shift to 536 and 598 nm due to the change in
the dielectric environment (Figure 3.4). The two-peak extinction agrees with results from

previous report. When two metal nanoparticles conductively contact, a transverse mode
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of dipole resonance and a longitudinal mode of dipole and quadruple resonance of the
nanoparticle dimers can be excited, showing two extinction bands at both shorted and
longer wavelength.?” Further elongation of the rod-like nanostructure can cause a redshift
of the longitudinal mode in the UV-vis extinction. As shown in Figure 3.1f, the extinction

peaks for Au linear trimers are at 540 and 719 nm.
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Figure 3.4 UV-vis spectrum of Au dimers after releasing form the silica substrate.
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3.2.1 Key parameters in the synthesis

In this section, we will discuss the key parameters that could influence the
structure of the Au nanoparticle. They are: 1) the volume ratio of HAuUClI4 to the seeds; 2)
the thickness of the silica layer. During the seeded growth step, the volume ratio of
HAUCI4 to the seeds determined the size of the second Au nanoparticle. The size of the
second Au nanoparticle could be enlarged with an increase of the HAuClas/seeds (v/v)
ratio, leading to an elongation of the Au nanostructures. Here, we used the same SiOo-
Au@SiO> seeds with 31.4 nm Au nanoparticle and 33.0 nm thickness of the second silica
to perform the seeded growth. By fixing the volume of the seeds at 50 uL, and adjusting
the amount of growth solution of 5, 15, 25 and 35 uL, the HAuCls/seeds (v/v) ratio was
changed at 10, 3.3, 2 and 1.43. Figure 3.5a-d show structure evolution of SiO2-Au dimers
with an increasing HAuCl4/seeds ratio. The length of the gold nanoparticle obtained
through the seeded growth process changed from 36.9, 46.2, 50.8 to 58.5 nm, resulting in
a morphology change of the Au dimers from snowman-like to dumbbell-like structures. If
we assume that the moles of the seeds is equal to the moles of HAuClI4 that was used to
prepare the seeds, the molar ratio of HAuCla/seeds during the seeded growth step can be
calculated as 0.14, 0.42, 0.71 and 1.00 for samples in Figure 3.5a-d. It shows that the size
of the second Au nanoparticle is about equal to the size of the Au seed, when the molar
ratio of HAuCls/seeds equals to 1. Figure 3.5e shows the UV-vis spectra of SiO»-Au
nanostructures a-d. SiO>-Au shown in Figure 3.5a has only one extinction peak, due to
the relatively spherical shape of the particle. With elongation of the Au nanoparticle

dimers, the dipole resonance at longer wavelength redshifts to 600, 631 and 654 nm,
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resulting in a color change of the SiO2-Au suspension from red to bluish-purple, as

shown in the inset digital image of Figure 3.5e.
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Figure 3.5 Evolution of the SiO>-Au dimers obtained with different amount of growth
solution: (a) 5, (b) 15, (c) 25, and (d) 35 pL. () UV-vis spectra of SiO>-Au dimers. The
inset digital image shows the corresponding color change of the solution containing SiO,-

Au nanostructures.
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Figure 3.6 TEM images of SiO-Au@SiO. with a second layer of SiO; of different
thickness: (al) 6.5, (b1) 31.3, and (c1) 33.0 nm; TEM images of SiO2-Au nanostructures
after seeded-growth of Au (a2, b2 and c2); and the corresponding UV-vis spectra (d). The

inset digital image in (d) shows the color of SiO,-Au nanostructures after seeded-growth.
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Besides the HAuUCI4/seeds ratio, the thickness of the silica layer, which covered
the Au seeds, also has significant impact on the nanostructures of Au dimers. It
determines the exposure of Au seeds by creating a physical barrier for seeded growth,
which can further induce anisotropic growth of the nanostructure. The red and green
circles on the inset scheme in Figure 3.6a-c show the Au nanostructure before and after
the seeded growth step. Due to the increase of the silica layer, the shape of the Au
nanostructure changes from spherical to dumbbell-like. Here, we performed seeded
growth by using SiO-Au@SiO; of different thickness of silica layer. The amount of
SiO2-Au@SiO2 and growth solution was fixed at 50 and 25 pL for all of the seeded
growth steps. Figure 3.6al, b1 and c1 show SiO2-Au@SiO: seeds with silica thickness of
6.5, 31.3 and 33.0 nm, respectively. The corresponding nanostructures after seeded-
growth are shown in Figure 3.6a2, b2 and c2. When the thickness of the secondary silica
layer is 6.5 nm, spherical Au-Au nanostructure of 42.8 nm is formed after seeded-growth
(Figure 3.6a2). With an increase in the thickness of the second silica layer, Au
nanostructures with higher degree of anisotropy were observed. Rod-like Au
nanostructures can be obtained when the second silica layer is 31.3 and 33.0 nm. Figure
3.6d shows the UV-vis spectra of nanostructures a2-c2. The spherical nanoparticles and
short rod-like nanoparticles shows only one absorption peak at 540 and 556 nm, due to
the low anisotropy of the nanostructure. The broad shoulder in the UV-vis spectrum of a2
can be attributed to free gold nanoparticle aggregates. Because the thickness of the
secondary silica layer is small, some gold nanoparticles detached from the silica substrate,

forming aggregates in the washing steps. The two-absorption plasmonic resonant peaks
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can only be obtained when the thickness of the second silica layer reaches 33.0 nm,
revealing the importance of silica thickness to the anisotropic growth of Au
nanostructures.
3.2.2 Synthesis of heterodimers

The SiO.-Au@SiO; seeds are versatile for the synthesis of not only homogeneous
dimers, but also heterogeneous dimers, such as Au-Ag, Au-Pd and Au-CuO nanoparticle
dimers. Figure 3.7 shows the nanostructure and optical property of Au-Ag, Au-Pd and
Au-Cu20 nanoparticle dimers synthesized by using the same SiO>-Au@SiO. seeds
through different seeded-growth method. In a typical synthesis of Au-Ag nanoparticle
dimers, AA was injected into an aqueous mixture containing SiO.-Au@SiO; seeds, PVP
and AgNOas. The size of Ag was adjusted by tuning the addition amount of AgNO3,
which affected the length of the particle. Figure 3.7a shows the TEM image of Au-Ag
nanoparticle dimers and the corresponding UV-vis extinction spectra. The three
extinction peaks at 423, 538 and 598 nm can be attributed to the absorption of Ag, Au and
the dipole resonance of the rod-like nanostructure. Au-Pd nanoparticle dimers were
synthesized by injecting AA into an aqueous mixture containing SiO2-Au@SiO> seeds,
H2PdCls and NaOH. Dandelion-like Au-Pd dimers were obtained after reaction for 10
minutes. The Au-Pd dimers show a decrease in the intensity of the plasmonic absorption.
The slightly redshift and broadening of the peak indicates the connection of Au and Pd.
Besides metal-metal dimers, metal-semiconductor nanoparticle dimers could also be
synthesized by using SiO>-Au@SiO; as seeds. For example, Au-Cu,O dimers were

synthesized by reducing CuCl; with NH2HCI in a suspension of SiO-Au@Au seeds. In a
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typical synthesis, CuCl, and SDS were dissolved in H20O to obtain a stock solution. A
certain amount of the stock solution was added into a mixture of SiO2-Au@Au seeds and
NaOH, followed by the addition of NH> HCI as a reducing agent. The anisotropic growth
of Cu20 on Au results in Au-Cu0 mushroom-like structure, which leads to a peak shift

in the UV-vis spectra from 537 to 574 nm.
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Figure 3.7 TEM images (al, a2) and UV-vis spectra (a3) of SiO.-Au-Ag dimers; TEM
images (b1, b2) and UV-vis spectra (b3) of SiO2-Au-Pd dimers; TEM images (c1, c2) and
UV-vis spectra (c3) of SiO2-Au-Cu20 dimers (al), (bl) and (cl) are large scale TEM

images.
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3.2.3 Optical property of Au-Cu20 heteodimers

This SiO2-Au@SiO> nanocomposites can be used as seeds for the synthesis of varies
unconventional nanostructures. Because the degree of surface passivation can be
precisely controlled by adjusting the amount of TEOS in the silica coating step, the
exposure of Au nanoparticle is well-controlled. In addition, silica and Au are intrinsically
different in chemical and physical properties. For example, silica has -OH groups which
can form hydrogen bonds with other chemical species, while Au has strong coordination
ability with many ligands, such as -SH, -NH> and -COOH. Moreover, Au is crystal,
which favors the growth of crystals, while silica favors the deposition of amorphous
materials because its amorphous nature. Therefore, the SiO2-Au@SiO2 seed can be
widely applied to the synthesis of Au-X nanostructures with controlled coverage of Au
nanoparticles, which is expected to show different properties than conventional core-shell
nanostructures.

In this section, we show that the LSPR shift of Au-Cuy0 is related to the coverage of
Cu20 on surface of the Au nanoparticle, and the thickness of Cu2O. We firstly prepared
three types of SiO2-Au@SiO: seeds with different thickness of the second silica layer. the
thickness of the second silica layer is measured to be 3, 29 and 37.5 nm for SiO»-

Au@SiOs-1, Si02-Au@Si02-2, and SiO2-Au@Si0,-3, respectively.

125



Figure 3.8 Seeded-growth of CuxO on SiO2-Au@SiO2-1 with increasing amount of

CuCls. The scale bars are 50 nm.
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Figure 3.9 UV-vis spectra of SiO2-Au@SiO»-1-Cu.0O with increasing amount of CuClo.

Inset is the digital image of the solution.
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The growth of CuxO was done by reducing CuClz with NH2 HCI in a suspension of SiO»-
Au@SiO; seeds. In a typical synthesis, CuClz and SDS were dissolved in H20 to obtain a
stock solution. A certain amount of the stock solution was added into a mixture of SiO.-
Au@SiO; seeds and NaOH, followed by the addition of NH2 HCI as a reducing agent.
The thickness of Cu2O will increase with increasing the injection volume of Cu?* stock
solution.

The TEM images show the structure of SiO.-Au-Cu20 by using different SiO2-Au@SiO>
as seeds. For all of the three seeds, the thickness of Cu20 increased with increasing the
addition volume of the Cu?" stock solution. When SiO-Au@SiO,-1 was used as seeds,
some Au detached from the SiO> substrate due to the etching effect of NaOH in the
growth solution (Figure 3.8). The morphology of Cu,O on the different SiO2-Au@SiO-
were slightly different in shape. When the thickness of silica was thin (S102-Au@SiO»-1
and Si02-Au@Si0;-2, Figure 3.10 and 3.12), the exposure of Au nanosphere was
relatively large, and the shape of CuxO was irregular, indicating that the structure was
polycrystalline. And when the thickness of SiO: increased to cover most of the Au
nanosphere, the Cu2O grew to be nanoparticle with obvious edges and sharp corners,

indicating that the structure may be single crystalline.
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Figure 3.10 Seeded-growth of Cu2O on SiO2-Au@SiO2-2 with increasing amount of

CuCls,. The scale bars are 50 nm.
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Figure 3.11 UV-vis spectra of SiO2-Au@Si02-2-Cu20 with increasing amount of CuCl..

Inset is the digital image of the solution.
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The UV-vis spectra show the peak-shift of the SiO>-Au@SiO; after the deposition of
Cu20. The peak-shift is due to the change in dielectric environment of the Au
nanoparticles caused by the deposition of Cu.0. When SiO2-Au@SiO.-1 was used as
seeds, the extinction peak redshifted from 532 to 549, 590, 614, 648, 667, and 683 nm as
the volume of Cu?®* stock solution increased from 0 to 200, 300, 450, 900, 1800 and 3600
uL, corresponding with a color change of the solution form pink to purple, bluish-purple,
blue, green and yellowish-green (Figure 3.9). And when SiO2-Au@SiO>-1 was used as
seeds, the extinction peak redshifted from 536 to 569, 577, 583, 587 and 590 nm as the
volume of Cu?* stock solution increased from 0 to 450, 900, 1800 and 3600 pL,
corresponding with a color change of the solution form pink to bluish-purple, and
yellowish-green (Figure 3.11). In contrast, when SiO2-Au@SiO2-3 was used as seeds, the
extinction peak redshifted from 538 to 550, and 560 as the Cu?* stock solution increased
from 0 to 200, 450, and 1800 pL (Figure 3.13). There was no peak shift when the peak
position reached 560 nm, even when the addition volume of the Cu?" stock solution
increased to 4 times. The color of the solution changed slightly from dark red to
yellowish-red, due to the absorption of Cu.O at around 460 nm.

Comparing the UV-vis spectra of SiO2-Au@Cu.0O synthesized by using 1800 uL of the
Cu?* stock solution and different SiO2-Au@SiO2 seeds, the extinction peak blue-shifted

from 667 to 587 and 560 nm, due to the reduced coverage of Cu20 on the Au nanosphere.
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Figure 3.12 Seeded-growth of Cu20 on SiO2-Au@SiO2-3 with increasing amount of

CuCls,. The scale bars are 50 nm.
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Figure 3.13 UV-vis spectra of SiO2-Au@Si02-3-Cu20 with increasing amount of CuCl..

Inset is the digital image of the solution.
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3.2.4 Application of SiO2-Au@SiO2 template for the selective deposition of polymers
In this section, we will show the application of SiO2-Au@SiO; template for the selective
deposition of polymers, for example, resin formaldehyde (RF) and polyaniline (PANI).

RF is a kind of synthetic polymers obtained by the reaction of phenol with formaldehyde,
which has been widely used for the production of molded products including billiard
balls, laboratory countertops, and as coatings and adhesives. RF nanoparticles can be
synthesized by a sol-gel reaction, which includes the polymerization of phenol and
formaldehyde under the catalysis of ammonia.”® In our group, RF has been used as a
sacrificial layer and protective layer to be coated on various nanostructures, such as metal
nanocrystals non-medal solids and metal oxides.”®° Usually, the surface of the
nanostructure has to be modified before the deposition of RF, because the affinity
between RF and the other material is weak. For example, SiO, nanosphere has to be
modified with PVP or CTAB before the coating of RF. It cannot be coated with RF
without surface modification. On the other hand, colloidal metal nanocrystals are usually
synthesized in a suspension with capping ligands, for example, PVP, which make the as-
synthesized nanocrystals already a good candidate for RF coating. Therefore, when

coating the Si02-Au@SiOz nanostructure with RF, only Au will be coated.
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Figure 3.14 Selective deposition of RF on SiO2-Au@SiO: with decreasing the amount of

the seeds. The scale bars are 200 nm in al, b1 and c1, and 50 nm in a2, b2 and c2.
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Figure 3.15 Au-RF Janus nanoparticles released from the SiO- substrate. The scale bar is

50 nm.
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TEM images (Figure 3.14) confirm the successful deposition of RF on the SiO»-
Au@Si0; nanostructure. The thickness of the RF layer can be controlled by adjusting the
volume ratio of Si02-Au@SiO; seed and the RF precursors. RF with increasing thickness
can be achieved by decreasing the volume of the Si02-Au@SiO> seed in a fixed volume
of RF precursors. It is worth noting that the Au-RF could be released from the SiO»
substrate by removing SiO2 with HF. The RF has to be condensed by high temperature
treatment beforehand to increase its stability in the HF solution. TEM image (Figure
3.15) shows the successful preparation of Au-RF Janus nanoparticles after releasing from
the substrate.

Another example is the selective coating of PANI on Au nanoparticles. In this
experiment, the PANI was coated on the SiO2-Au@SiO; seed by chemical oxidative
polymerization of aniline monomer in sodium dodecyl sulfate (SDS) aqueous solution

using ammonium persulfate as redox initiator.?!-3

It is worth noting that SDS plays a
very important role in the selective deposition of PANI on Au nanoparticles. TEM
images (Figure 3.16) confirm the import role of SDS as structure directing agent. When
the synthesis was carried out without SDS, both SiO; and Au can be coated. In contrast,

when a certain amount of SDS was used as surfactant, selective coating on Au rather than

on SiO> could be achieved.
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Figure 3.16 Selective deposition of PANI on SiO>-Au@SiO> with increasing amount of

SDS. The scale bars are 200 nm in al and b1, and 50 nm in a2 and b2.
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The mechanism for selective deposition of PANI is shown in Figure 3.17. Because the -
NH> groups in aniline can interact with not only the -OH groups in SiO; through
hydrogen bonding, but also Au atoms through coordination, the deposition of PANI
shouldn’t have any preference. However, when the concentration of SDS was increased
to a certain value, the surfactants can form micelles in the aqueous solution, which can be
treated as nanoreactors with the hydrophobic tails as cores and the hydrophilic heads as
shells, encapsulating the aniline molecules inside the nanoreactors. The electrostatic
repulsion between the negatively charged SDS micelle and the negatively charged SiO:
nanosphere could prevent the deposition of PANI on surface of SiO, resulting in

selective deposition of PANI only on the Au nanospheres.
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Figure 3.17 Mechanism for the selective deposition of PANI on SiO2-Au@SiOx.
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3.2.5 Control the nanostructure of Au by ligand-assisted ripening

Besides the synthesis of Janus nanoparticles, the SiO2-Au@SiO2 nanostructure also
provide opportunity for the growth of complicated metal nanostructures by combining the
unique property of the seeds and the growth pathways. As we have introduced in Chapter
2, island growth of Au on Au nanospheres can be induced by modifying the surface of
the Au nanoparticles with Pt, because the over excessive energy increase with the large
mismatch between the lattice of Pt and Au. In addition, the number of islands can be
controlled by ligand-assisted oxidative ripening. With more KI in the growth solution, the
number of islands can be reduced. In this section, we show the unconventional Au
nanostructures which could be synthesized by using SiO2-Au@SiO; as seeds. The SiO-
Au@SiO; seeds were modified with Pt first, followed by injecting the growth solution of
Au with different amount of KI.

TEM images in Figure 3.18 show the nanostructure after the seed-mediated growth of Au
with increasing amount of KI. When the synthesis was carried out without KI, multiple
islands can be observed on the Au nanospheres. The number of islands was reduced by
increasing the amount of KI. As shown in Figure 3.17 b, when the ratio of KI:Au** was
increased to 5, the number of islands on each Au nanosphere was reduced to 2-4,
corresponding with an increase in the island size. As the ratio of KI:Au®* was further
increased to 50, only one island could be observed.

In this synthetic system, the number of Au islands is not only related to the amounts of
ligands in the synthesis, but also related to the exposed area of the Au nanosphere. Figure

3.19 shows the change in the number of islands by increasing the exposure of Au
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nanosphere. When the exposed area was 27.9 % of the surface of the Au nanosphere,
there were 3-4 nanoislands on each Au nanosphere. In contrast, when the exposed area
increased to 56.3 %, the number of islands increased to 7-8. The surface area of a
spherical cap was calculated according to A= 2zrh, where A is the surface area of the
spherical cap, r is the radius of the sphere, and h is the height of the cap. After releasing

from the SiO; substrate by adding HF, the foot-like nanostructures can be obtained.

142



-

Figure 3.18 Growth of Au on Pt modified SiO.-Au@SiO> seed with increasing amount
of KI. The atomic ratio between K1 and Au®* in the growth solution were 0 (a), 5 (b) and

50 (c). The scale bars are 50 nm.
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Figure 3.19 Growth of Au islands on Pt modified SiO>-Au@SiO; seed. The atomic ratio

of KI/Au®* was 5. The scale bars are 50 nm in a and d, and 20 nm in b, c, e, and f.
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3.3 Conclusion

In summary, we have developed a stepwise template-assisted seed-mediated growth
method for the synthesis of rod-like plasmonic nanostructures. The synthesis requires
using colloidal nanoparticle as substrates for the assembly of metal seeds, and precise
control of the coverage of the metal seeds. Anisotropic growth of metal nanostructure is
induced by partial passivizing the exposed area of the metal seeds. Au dimers, linear
trimers and Au-Ag dimers with two distinct plasmonic excitation bands have been
synthesized. Besides, this template is very versatile for the anisotropic growth of other
materials, for example, Pd and Cuz0. In addition, Au-polymer Janus nanoparticles could
be obtained by selective deposition of RF and PANI on the template. Moreover, the
template can be used for the synthesis of unconventional metal nanostructures by
controlling the surface property of the seed and the ripening process in the seed-mediated

growth step.

145



3.4 References

1. Hu, M.; Chen, J. Y.; Li, Z. Y.; Au, L.; Hartland, G. V.; Li, X. D.; Marquez, M.;
Xia, Y. N., Gold nanostructures: engineering their plasmonic properties for biomedical
applications. Chem. Soc. Rev. 2006, 35 (11), 1084.

2. Chen, H. J.; Shao, L.; Li, Q.; Wang, J. F., Gold nanorods and their plasmonic
properties. Chem. Soc. Rev. 2013, 42 (7), 2679.

3. Liu, K.; Bai, Y.; Zhang, L.; Yang, Z.; Fan, Q.; Zheng, H.; Yin, Y.; Gao, C.,
Porous Au—Ag Nanospheres with High-Density and Highly Accessible Hotspots for
SERS Analysis. Nano Lett. 2016, 16 (6), 3675.

4, Zhang, Q.; Lima, D. Q.; Lee, L.; Zaera, F.; Chi, M. F.; Yin, Y. D., A Highly
Active Titanium Dioxide Based Visible-Light Photocatalyst with Nonmetal Doping and
Plasmonic Metal Decoration. Angew. Chem., Int. Ed. 2011, 50 (31), 7088.

5. Bagley, A. F.; Hill, S.; Rogers, G. S.; Bhatia, S. N., Plasmonic Photothermal
Heating of Intraperitoneal Tumors through the Use of an Implanted Near-Infrared Source.
ACS Nano 2013, 7 (9), 8089.

6. Lohse, S. E.; Murphy, C. J., The Quest for Shape Control: A History of Gold
Nanorod Synthesis. Chem. Mater. 2013, 25 (8), 1250.

7. Gao, A. Q.; Xu, W. J.; de Leon, Y. P.; Bai, Y. C.; Gong, M. F.; Xie, K. L.; Park,
B. H.; Yin, Y. D., Controllable Fabrication of Au Nanocups by Confined-Space Thermal
Dewetting for OCT Imaging. Adv. Mater. 2017, 29 (26).

8. Wang, G.; Tao, S.; Liu, Y.; Guo, L.; Qin, G.; [jiro, K.; Maeda, M.; Yin, Y., High-
yield halide-free synthesis of biocompatible Au nanoplates. Chem. Commun. 2016, 52
(2), 398.

9. Nikoobakht, B.; El-Sayed, M. A., Preparation and Growth Mechanism of Gold
Nanorods (NRs) Using Seed-Mediated Growth Method. Chem. Mater. 2003, 15 (10),
1957.

10. Chen, Y.; Yang, D.; Yoon, Y. J.; Pang, X.; Wang, Z.; Jung, J.; He, Y.; Harn, Y.
W.; He, M.; Zhang, S.; Zhang, G.; Lin, Z., Hairy Uniform Permanently Ligated Hollow
Nanoparticles with Precise Dimension Control and Tunable Optical Properties. J. Am.
Chem. Soc. 2017, 139 (37), 12956.

11. Meétraux, G. S.; Cao, Y. C.; Jin, R.; Mirkin, C. A., Triangular Nanoframes Made
of Gold and Silver. Nano Lett. 2003, 3 (4), 519.

146



12. Wang, M.; Gao, C.; He, L.; Lu, Q.; Zhang, J.; Tang, C.; Zorba, S.; Yin, Y.,
Magnetic Tuning of Plasmonic Excitation of Gold Nanorods. J. Am. Chem. Soc. 2013,
135 (41), 15302.

13. Murphy, C. J.; Jana, N. R., Controlling the aspect ratio of inorganic nanorods and
nanowires. Adv. Mater. 2002, 14 (1), 80.

14. Jana, N. R.; Gearheart, L.; Murphy, C. J., Wet chemical synthesis of silver
nanorods and nanowires of controllable aspect ratio. Chem. Commun. 2001, (7), 617.

15. Murphy, C. J.; Sau, T. K.; Gole, A. M.; Orendorff, C. J.; Gao, J.; Gou, L.;
Hunyadi, S. E.; Li, T., Anisotropic Metal Nanoparticles: Synthesis, Assembly, and
Optical Applications. J. Phys. Chem. B 2005, 109 (29), 13857.

16. Xia, Y.; Gilroy, K. D.; Peng, H.-C.; Xia, X., Seed-Mediated Growth of Colloidal
Metal Nanocrystals. Angew. Chem., Int. Ed. 2017, 56 (1), 60.

17. Wiley, B.; Herricks, T.; Sun, Y.; Xia, Y., Polyol Synthesis of Silver
Nanoparticles: Use of Chloride and Oxygen to Promote the Formation of Single-Crystal,
Truncated Cubes and Tetrahedrons. Nano Lett. 2004, 4 (9), 1733.

18. Habas, S. E.; Lee, H.; Radmilovic, V.; Somorjai, G. A.; Yang, P., Shaping binary
metal nanocrystals through epitaxial seeded growth. Nat. Mater. 2007, 6, 692.

19. Langille, M. R.; Zhang, J.; Personick, M. L.; Li, S.; Mirkin, C. A., Stepwise
Evolution of Spherical Seeds into 20-Fold Twinned Icosahedra. Science 2012, 337
(6097), 954.

20. Xia, Y.; Xiong, Y.; Lim, B.; Skrabalak, S. E., Shape-Controlled Synthesis of
Metal Nanocrystals: Simple Chemistry Meets Complex Physics? Angew. Chem., Int. Ed.
2009, 48 (1), 60.

21. Feng, Y.; He, J.; Wang, H.; Tay, Y. Y.; Sun, H.; Zhu, L.; Chen, H., An
Unconventional Role of Ligand in Continuously Tuning of Metal-Metal Interfacial
Strain. J. Am. Chem. Soc. 2012, 134 (4), 2004.

22. Crane, C. C.; Tao, J.; Wang, F.; Zhu, Y. M.; Chen, J. Y., Mask-Assisted Seeded
Growth of Segmented Metallic Heteronanostructures. J. Phys. Chem. C 2014, 118 (48),
28134.

23. Chen, T.; Chen, G.; Xing, S.; Wu, T.; Chen, H., Scalable Routes to Janus
Au—Si02 and Ternary Ag—Au—SiO2 Nanoparticles. Chem. Mater. 2010, 22 (13), 3826.
24. Hu, Y. X,; Sun, Y. G., A Generic Approach for the Synthesis of Dimer
Nanoclusters and Asymmetric Nanoassemblies. J. Am. Chem. Soc. 2013, 135 (6), 2213.
25. Gao, C.; Vuong, J.; Zhang, Q.; Liu, Y.; Yin, Y., One-step seeded growth of Au
nanoparticles with widely tunable sizes. Nanoscale 2012, 4 (9), 2875.

147



26. Kuo, C.-H.; Hua, T.-E.; Huang, M. H., Au Nanocrystal-Directed Growth of
Au—Cu20 Core—Shell Heterostructures with Precise Morphological Control. J. Am.
Chem. Soc. 2009, 131 (49), 17871.

27. Romero, L.; Aizpurua, J.; Bryant, G. W.; Abajo, F. J. G. d., Plasmons in nearly
touching metallic nanoparticles: singular response in the limit of touching dimers. Opt.
Express 2006, 14 (21), 9988.

28. Liu, J.; Qiao, S. Z.; Liu, H.; Chen, J.; Orpe, A.; Zhao, D.; Lu, G. Q., Extension of
The Stober Method to the Preparation of Monodisperse Resorcinol-Formaldehyde Resin
Polymer and Carbon Spheres. Angew. Chem., Int. Ed. 2011, 50 (26), 5947.

29. Li, N.; Zhang, Q.; Liu, J.; Joo, J.; Lee, A.; Gan, Y.; Yin, Y., Sol-gel coating of
inorganic nanostructures with resorcinol-formaldehyde resin. Chem. Commun. 2013, 49
(45), 5135.

30. Liu, H.; Joo, J. B.; Dahl, M.; Fu, L.; Zeng, Z.; Yin, Y., Crystallinity control of
TiO2 hollow shells through resin-protected calcination for enhanced photocatalytic
activity. Energy Environ. Sci. 2015, 8 (1), 286.

31. Kim, B.-J.; Oh, S.-G.; Han, M.-G.; Im, S.-S., Synthesis and characterization of
polyaniline nanoparticles in SDS micellar solutions. Synth. Met. 2001, 122 (2), 297.

32. Jiang, N.; Shao, L.; Wang, J., (Gold Nanorod Core)/(Polyaniline Shell) Plasmonic
Switches with Large Plasmon Shifts and Modulation Depths. Adv. Mater. 2014, 26 (20),
3282.

33. Lu, W.; Jiang, N.; Wang, J., Active Electrochemical Plasmonic Switching on
Polyaniline-Coated Gold Nanocrystals. Adv. Mater. 2017, 29 (8), 1604862.

148



Chapter 4 Magnetic Tuning of Plasmonic Excitation of Au-Au and Au-Ag Dimers

4.1 Introduction

It is known that the plasmonic properties of metal nanostructures are mainly related to
their sizes, shapes and surrounding medium.*® Many efforts have been devoted to tuning
the plasmonic property of metal nanocrystals by shape-controlled synthesis or by
assembling them into defined structures.®'® Compared to isotropic spherical particles,
anisotropic nanostructures like nanorods, which have two plasmonic resonant modes in
responds to light polarized along different directions, could offer plasmonic tunability by
controlling their alignment in the optical field.!"*® Magnetic field is an ideal tool for this
purpose because it can be applied instantly and remotely. Another important advantage of
magnetic control is the anisotropic nature of magnetic interactions, which allow effective
alignment of magnetic dipoles along the external fields. However, as Au is nonmagnetic,
additional magnetically active material needs to be incorporated to enable the desired
magnetic orientational control of Au nanorods.!” Our group has successfully
demonstrated that the orientation of gold nanorods could be dynamically controlled by
binding them parallelly to the surface of superparamagnetic iron oxide nanorods. As
shown in Figure 4.1, when applying an external magnetic field, the angle between the
field direction and the direction of polarization of the incident light could be readily
adjusted, thus resulting in the selective excitation of either transverse or longitudinal
mode of the gold nanorods.

Similar as Au nanorods, Au dimers which are composed of two Au nanoparticles show

the polarization dependent optical properties.’®?> Atay et al. has studied the plasmonic
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excitation modes of Au dimers composed of two Au disks with size of 130 nm and
tunable interparticle distance under polarized light.?®> As shown in Figure 4.2 (a), when
the incident light was polarized perpendicular to the dimers, a transverse mode was
excited, resulting in one plasmonic peak at around 700 nm. In contrast, when the incident
light was polarized parallel to the Au dimers, a longitudinal mode was excited, resulting
in a two-band absorption at both shorter and longer wavelength. The polarization
dependent plasmonic property of Au dimers provide opportunity for dynamic tuning.

The result of our template-assisted seed-mediated growth results in self-registered rod-
like Au nanoparticles assembled along the surface normal of the colloidal substrates. this
structure makes it convenient to manipulate the orientation of the nanorods and
consequently their plasmonic properties by controlling the orientation of the colloidal
substrates rather than the nanorods themselves. To demonstrate this unique advantage, we
adopted this strategy for growing Au nanorods on the surface of magnetic iron oxide
nanorods and nanoplates to produce magnetic/plasmonic nanocomposites whose
plasmonic bands can be selectively excited by controlling the orientation of the magnetic
components using external magnetic fields. The convenient magnetic control further
enabled the creation of thin polymer films containing Au nanorods with defined
orientations at different locations, producing polarization dependent color displays that

may find potential applications in many areas such as information encryption.
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Figure 4.1 (a) Scheme showing the plasmon excitation of AUNRs under polarized light.
(b) Spectra of a dispersion of the hybrid nanostructures under a magnetic field with its
direction varying from perpendicular to parallel within the yz plane relative to the
incident light. The incident light is polarized along the z axis. The inset shows digital
images of the dispersion under a magnetic field with its direction parallel (bottom) and
perpendicular (up) to the incident beam. (c) Spectra of the dispersion under a magnetic
field with its direction varying within the xy plane from perpendicular to parallel relative

to the incident light. Copyright © 2013 American Chemical Society.!’
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Figure 4.2 (a) Spectra for perpendicular polarization over the entire pair separation

regime. (b) Spectra for parallel polarization over the entire pair separation regime.

Increasing the particle overlap from point contact and the widening of the interconnection

“neck” into an eventually single ellipsoidal single (anisotropic) plasmonic particle.

Copyright © 2004 American Chemical Society.?®
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4.2 Materials and Methods
4.2.1 Materials

Tetraethylorthosilicate (TEOS), poly(vinyl pyrrolidone) (PVP, Mw~10,000), 3-
Aminopropyl)triethoxysilane (APTES), potassium iodide (KI), L-ascorbic acid (AA),
sodium borohydride (NaBHs, 99%), sodium hydroxide (NaOH), FeCls, CoCly,
Chloroauric acid (HAuUCIs), polyacrylic acid (PAA, average M.W. 1800), and trisodium
citrate (TSC) were purchased from Sigma-Aldrich. For the preparation of the hydrogel
film, acrylamide, 2-Hydroxy-4’-(2-hydroxyethoxy)-2-methyl-propiophe and N,N’-
methylenebis(acrylamide) (purity 98%) were purchased from Sigma-Aldrich. Ammonium
hydroxide (NHsH20, 28% by weight in water) was purchased from Fisher Scientific.
Ethanol (200 proof) is purchased from Decon Laboratories Inc. All chemicals were
directly used as received without further purification.
4.2.2 Synthesis of Au Dimers-on-Magnetic Nanorods

(1) Synthesis of FeOOH@Si0O2 Nanorods

The synthesis of FeOOH nanorods was based on a previous report with some
modifications.?* Typically, 19.464 g of anhydrous FeCls were dissolved in 80 mL of water.
The solution was added into 1.166 mL of concentrated HCI and then centrifuged at 11000
rpm for 5 min for the removal of unsolvable precipitates. The purified solution was
diluted to 200 mL and heated to 98 <€ for 24 hrs. The solid product was collected by
centrifugation and washed with water twice. The FeOOH nanorods were dispersed in 40
mL of DI water. The nanorods were modified with PAA before silica coating. 40 mL of

FeOOH nanorods dispersion was added to 160 mL of 0.1M PAA solution. Ammonia was
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added to adjust the pH of the solution to 8-9. After overnight stirring, the nanorods were
recovered by centrifugation and were redispersed in 200 mL H20. Silica coating on
FeOOH nanorods was done by adding 150 uL TEOS to 10 mL FeOOH nanorods, 100 mL
of ethanol and 5 mL of ammonia. After stirring for 40 min, the products was centrifuged,
washed with Ethanol twice and redispersed in 10 mL Ethanol.
(2) Reduction of FFOOH@Si0; Nanorods
FeOOH@Si10; nanorods and were heated at 360 °C for 2 h in a flow of forming gas
to convert the FEOOH nanorods to the magnetic phase.
(3) Au Seeds Loading
After forming gas reduction, the Fe304@Si02 nanorods were dispersed in 30 mL
of ethanol and 1 mL of APTES. The suspension was heated at 80 °C for 3 hrs, isolated by
centrifugation, washed with ethanol and water for three times, and redispersed in 10 mL
H>O. The Au nanoparticles were synthesized by injecting 1 mL of the Au seeds solution
into a growth solution containing 5 mL of PVP (5 wt%), 2.5 mL of L-ascorbic acid (0.1 M),
2 mL of KI (0.2 M), 600 pL of HAuCls (0.25M), and 10 mL of H,O. After stirring for 10 min,
the Au suspension was mixed with the APTES modified FesO4s@SiO2 nanorods.
(4) Silica Coating
For silica coating, 2 mL of Fe304@Si10,-Au was added to 18 mL of ethanol, 2 mL
of water and 1 mL of NH3-H>O with sonication. 40 uL of TEOS was added to the above
solution under sonication for 5 minutes, and leave on vortex for 40 minutes to achieve
Fe;04@S102-Au@Si0O2. The nanocomposites were washed with Ethanol twice, and

redispersed in 4 mL of water.
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(5) Seeded Growth of Au Dimers
For the growth of Au, an Au growth solution was prepared by mixing 1.5 mL of
PVP (5 wt%), 375 uL of L-ascorbic acid (0.1 M), 300 uL of KI (0.2 M), 90 uL of HAuCls
(0.25M), and 3 mL of H20. Then, 4 mL of Fe304s@SiO.-Au@SiO; was added to 4 mL of
the Au growth solution, and stirred for 10 minutes. The Au dimers-on-magnetic nanorods
were collected by centrifugation, and washed with water for 3 times.
(6) Seeded Growth of Au-Ag Dimers
For the growth of Ag, 4 mL of Fe;04@Si02-Au@SiO; was added to 6 mL of
H0, 10 mL of PVP (5 wt%), 50 uL of AgNO; (0.1 M) and 100 puL of AA (0.1 M), and
stirred for 10 minutes. The same procedure was repeated for 6 times. The
nanocomposites were washed with water and ethanol to remove the excess reagents.
4.2.3 Synthesis of Au Dimers-on-Magnetic Nanoplates
(1) Synthesis of Co(OH).@SiO2 Nanoplates
Co(OH)2 nanoplates were synthesized based on a previous report with some
modifications.?> Typically, 0.48 g of CoCl, was dissolved in 0.2 g of PVP (Mw=55,000)
and 72 mL of H»0O, followed by adding 56 g of hexamethylenetetramine and 8 mL of
ethanol. The mixture was heated at 95 € for 2 hrs. The products were collected by
centrifugation, washed with H>O and redispersed in 40 mL of H20. For silica coating, 50
uL TEOS was added to a mixture contains 2 mL of the Co(OH) dispersion, 20 mL of
ethanol and 1 mL of ammonia. The solution was sonicated for 30 min. After silica coating,
the particles were isolated by centrifugation, and redispersed in 20 mL ethanol.

(2) Reduction of Co(OH).@SiO2 Nanoplates
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Co(OH).@SiO2 nanoplates and were heated at 360 € for 2 h in a flow of

forming gas to convert the Co(OH)2 nanoplates to the magnetic phase.
(3) Au Seeds Loading

After forming gas reduction, the Co(OH)>@SiO> nanoplates were dispersed in 20
mL of ethanol. 2 mL of the Co(OH),@SiO> nanoplates were mixed with 1 mL of
APTES, and heated at 80 °C for 3 hrs, isolated by centrifugation, washed with ethanol
and water for three times, and redispersed in 5 mL H>O.

The Au nanoparticles were synthesized by injecting 200 mL of the Au seeds
solution into a growth solution containing 1 mL of PVP (5 wt%), 500 uL of L-ascorbic
acid (0.1 M), 400 uL of KI (0.2 M), 120 uL of HAuCl4 (0.25M), and 2 mL of H>O. After
stirring for 10 min, the Au suspension was mixed with the APTES modified
Co(OH),@S10, nanoplates. The nanocomposites were collected, and redispersed in 5 mL
of H>O.

(4) Silica Coating

For silica coating, 1 mL of Co(OH)>@Si102-Au was added to 10 mL of ethanol
and 0.5 mL of NH3-H>O with sonication. 20 pL of TEOS was added to the above solution
under sonication for 40 minutes to achieve Co(OH)@SiO2-Au@SiO;. The
nanocomposites were washed with Ethanol twice, and redispersed in 2 mL of water.

(5) Seeded Growth of Au Dimers

For the growth of Au, an Au growth solution was prepared by mixing 1.5 mL of

PVP (5 wt%), 375 pL of L-ascorbic acid (0.1 M), 300 pL of KI (0.2 M), 90 pL of

HAuCl4 (0.25M), and 3 mL of H2O. Then, 1 mL of Co(OH)>@SiO2-Au@SiO, was added
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to 120 pL of the Au growth solution, and stirred for 10 minutes. The Au dimers-on-
magnetic nanoplates were collected by centrifugation, and washed with water for 3 times.
4.2.4 Fabrication of Polymer Film for Anti-Counterfeiting Display

Polyacrylamide precursor was prepared by mixing 0.5 g of acrylamide, 0.007 g of
N,N’-methylenebis(acrylamide) and 2 mL of ethylene glycol. Then, one batch of
nanorods-Au dimers was dispersed in 1 mL mixture of the hydrogel precursor, followed
by sonication for 5 min. The dispersion was sandwiched between two clean glass slides
to form a liquid film. The liquid film was solidified under UV irradiation (365 nm) for 1

min.
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4.3 Results and Discussion
4.3.1 Magnetic Tuning of Plasmonic Excitation of Au-Au Nanoparticle Dimers

Plasmonic excitation of nanoparticle dimers is angular dependent. Study of two
Au nanodisks in contact reveals that when the optical field is polarized perpendicular to
the interparticle axis, only a transverse mode of dipole resonance is excited, resulting in
one absorption peak at a shorter wavelength. In contrast, an optical field polarized along
the interparticle axis can excite a longitudinal mode of dipole and quadrupole resonance
of the nanoparticle dimers, showing two absorption peaks at both shorter and longer
wavelength.

The stepwise template-assisted seed-mediated growth method we discussed in
Chapter 3 brings plasmonic nanostructure with two unique features: 1) the rod-like
nanostructure has two distinct extinction bands at both lower and higher wavelength; 2)
the rod-like nanostructures are perpendicularly assembled to the surface of the substrate.
These two features give an opportunity for the study and dynamic tuning of the
plasmonic excitation of the rod-like plasmonic nanostructures. Study of the angular
dependent plasmonic excitation is realized by changing the substrate to anisotropic
magnetic nanoparticles, for example, magnetic nanorods and nanoplates. It is known that
anisotropic magnetic nanoparticle will orient parallel to the external magnetic field to
minimize the magnetic potential energy and dipole-dipole interaction. When the
polarization direction of the incident light is fixed, the angular-dependent plasmonic
excitation of the rod-like nanostructures can be studied by tuning the direction of the

magnetic field.
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In the following section, we will use Au dimers-on-magnetic nanorods as an
example to show the dynamic tuning of plasmonic excitation of the rod-like plasmonic
structures. FEOOH nanorods were chosen as the substrates, because they are anisotropic
nanoparticles, and can be reduced to their magnetic counterparts. The FeOOH nanorods
were coated with silica, reduced in forming gas, and modified with APTES for the
attachment of Au nanoparticles. After loading Au nanoparticles, the nanocomposites
were coated with another layer of silica to expose only the tips of the Au nanoparticles.
Finally, a seeded growth process was performed to achieve Au dimers-on-magnetic
nanorod. We show the XRD patterns for the phase change of FEOOH nanorods after
reduction by forming gas in Figure 4.3. It is clear that the nanorods were reduced from -

FeOOH (JCPDS No. 34-1266) to Fe3O4 (JCPDS No. 19-0629).%
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Figure 4.3 XRD patterns of FeOOH@SIiO- and Fe304@SiOs.
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Figure 4.4 UV-vis spectrum of Au dimers-on-magnetic nanorods.
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The structure of the Au dimers-on-magnetic nanorod is shown in Figure 4.5a. The
nanocomposite is composed of Fe3O4 nanorod with ~2 um in length and ~100 nm in
width. The Au dimers are very densely distributed on the surface of the Fe3O4 nanorod
with their long sides perpendicularly to the long side of the nanorod. The extinction
spectrum of Au dimers-on-magnetic nanorod under ordinary light shows two distinct
peaks at 568 and 660 nm (Figure 4.4). The angular-dependent plasmonic excitation can
be studied by tuning the direction of the magnetic field. As shown in Figure 4.5b, when
the direction of the magnetic field changes (black arrow), the magnetic nanorod will
orient parallel to the direction of the magnetic field to minimize the magnetic potential
energy and dipole-dipole interaction. Because the long sides of the Au dimers orient
perpendicularly to the long sides of the magnetic nanorods, the long sides of the Au
dimers will always be perpendicular to the direction of the magnetic field. Therefore,
dynamic tuning of the plasmonic excitation of Au dimers can be achieved by tuning the
direction of the magnetic field. To be more specific, we herein employed z-polarized
light incident along y-axis as the light source for the dynamic tuning of the plasmonic
excitation of Au dimers. When the magnetic field is along x and y-axis, both the
longitudinal mode and the transverse mode of the Au dimers can be excited, showing
two-bands extinction spectra. In contrast, when the magnetic field is along z-axis, only
the transverse mode of the Au dimers will be excited, resulting in only one extinction
band. Figure 4.5¢ shows the change of the extinction spectra of Au dimers under
magnetic field along x, y and z-axis. When the magnetic nanorods are aligned in x-axis,

both the longitudinal mode and the transverse mode of the Au dimers are excited,
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showing two-bands extinction at 544 and 660 nm, exhibiting a dark bluish-purple color.
In contrast, when the rods are aligned along z-axis, only the transverse mode is excited,
showing a single extinction peak at 559 nm, showing red color. When the rods are
aligned along y-axis, the extinction at shorter wavelength maintained, and redshift to 560
nm, together with the emerging of a broad absorption band centered at 727 nm,
displaying a blue color. Dynamic tuning of Au dimers with more orientations of the
magnetic field is shown in Figure 4.6. When the direction of the magnetic field was tuned
from 0-90° in the X-Y plane, the spectra show a gradual decrease in the extinction
intensity at a shorter wavelength and an increase at a longer wavelength. Both extinction
peaks at short and long wavelength redshift. Tuning the direction of magnetic field in the
X-Z plane resulted in an increase in the extinction intensity at lower wavelength. The
evolution of extinction peak at 727 nm for PzBy could be attributed to the polarization
dependent absorption of the nanorods. As shown in Figure 4.7, when the nanorods are
aligned along y-axis, which is parallel to the direction of the incident light, a broad
extinction peak appears due to the change in absorption cross-section of the nanorods in
the light field. In addition, we demonstrated the synthesis of Au-Ag dimers-on-magnetic
nanorods and characterized their optical property under magnetic field and polarized
light. The structure of the nanocomposite is shown in Figure 4.8. Under ordinary light
without a magnetic field, the Au-Ag dimers show three well-resolved peaks at 435, 535
and 637 nm (Figure 4.8b). Same as the optical property of Au dimers-on-magnetic
nanorods, only the transverse plasmonic resonance of Au-Ag dimers could be excited

when the nanorods are aligned with the long sides in the same direction as the light

163



polarization direction (Figure 4.9). Shifting the Au-Ag dimers to x or y-direction caused a
decrease in the intensity of the transverse plasmonic resonance. Arranging Au-Ag dimers
in the direction of the incident light generated a broad peak around 710 nm. The broad
extinction agrees with the case of Au dimer when being aligned along the y axis, which

should be attributed to the absorption of Fe3Oa.
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Figure 4.5 TEM images of Au dimers on the (a) magnetic nanorod and (d) nanoplate;
scheme showing the orientation of (b) magnetic nanorod and (e) nanoplate under
magnetic field; UV-vis spectra of Au dimers on the (c) magnetic nanorod and (f)
nanoplate under a magnetic field with its direction varying along x, y and z axis. A z-
polarized light incident along y direction is used as the light source for characterization.
The inset digital images in (c) and (f) show the color of solution with a magnetic field

along x, y and z directions.
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Figure 4.6 Spectra of a dispersion of the Au dimers-on-magnetic nanorod under

magnetic fields with different directions in (a) Xy plane and (b) xz plane. The degree inset

indicate the angle relative to x axis.
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Figure 4.7 Spectra of a dispersion of the magnetic nanorod under magnetic field with

different directions.
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Figure 4.8 TEM image and extinction spectra of Au-Ag dimers-on-magnetic nanorods.
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Figure 4.9 Dynamic tuning of Au-Ag dimers-on-magnetic nanorods.
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Besides magnetic nanorods, we demonstrate dynamic tuning of the plasmonic
excitation by employing magnetic nanoplates as substrates for the assembly of Au
dimers. The synthesis of Au dimers-on-magnetic nanoplates was quite similar with the
synthesis of Au dimers-on-magnetic nanorods, except switching the starting material
from FeOOH nanorods to Co(OH), nanoplates. As shown in Figure 4.10 and 4.11,
reduction in a flow of forming gas could successfully covert a-Co(OH)z to CoOx. The
three predominant diffraction peaks in Figure 4.11 can be attributed to the (111), (200)
and (220) planes of CoO (JCPDS No. 43-1004), which is known to be magnetic.?’” The
structure of Au dimers-on-magnetic nanoplate is shown in Figure 4.5d, with most of the
Au dimers assembled on the plane of the nanoplate. Under a magnetic field, the nanoplate
will arrange with its plane parallel to the magnetic field (Figure 4.5e), shifting the
alignment of the Au dimers. Seeded-growth of Au dimers leads to emerging of the two-
bands plasmonic extinction bands at 553 and 638 nm (Figure 4.12). Dynamic tuning of
the plasmonic excitation of Au dimers is shown in Figure 4.5f. Similar with the magnetic
tuning behavior of Au dimers-on-magnetic nanorods, we observe a single plasmonic
extinction peak at a shorter wavelength (555 nm) when the direction of the magnetic field
is parallel to the light polarization direction. In addition, when the direction of the
magnetic field is the same as the light incident direction, the peak at both shorter and
longer wavelength redshift. The color of the Au dimers-on-magnetic nanoplate
suspension under a magnetic field of different direction was shown in the inset of Figure
4.5f. When the magnetic field was tuned from x to y and z-axis, the color of the

suspension changes from purple to greyish blue and red.
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Figure 4.10 XRD pattern of Co(OH).@SiO5.

171



Intensity, a.u.

Co0 @Si0,

20 30 40 50 60
20, degrees

Figure 4.11 XRD pattern of CoOx@SiO:x.
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Figure 4.12 UV-vis spectrum of Au dimers on magnetic nanoplates.
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4.3.2 Polarization dependent color display and anti-counterfeiting pattern

Due to the magnetic tunable plasmonic excitation of the Au dimer-magnetic
nanoparticle nanocomplex, we developed a polarization dependent color display by
fixing the nanocomplex in a thin film. Here, we use the nanocomplex, which has Au
dimers on magnetic nanorods, as an example to demonstrate the fabrication of the
polarization dependent thin film. Thin films patterned with different optical polarizations
can be conveniently produced by combining the nanocomplex with lithography
processes. Polyacrylamide hydrogel was chosen as the medium of the film because the
nanocomposites can be dispersed very well in the hydrogel precursor. In addition, the
polymerization of acrylamide can be initiated by UV light within a few minutes.

The fabrication steps are shown in Figure 4.13. The nanocomplex was first mixed
with the hydrogel precursor to produce a homogeneous solution. Then, the mixture was
sandwiched between two glass slides to form a liquid film. A photomask, which was
printed by an ink-jet printer, was placed on top of the glass slide. The lower right corner
of the photomask was black, which could prevent the covered area from being irradiated
by the UV light. A magnetic field along x-axis was applied to the sample, while the
exposed area was cured by UV light (365 nm). Then, the photomask was removed, and
the sample was again exposed to UV light in the presence of a magnetic field along y-
direction. After all these steps, the alignment of the magnetic nanorods could be
separated into two areas. In area I and II, the orientation of magnetic nanorods are along
x- and y-axis, respectively. These two regions display different colors in response to

polarized light. Under polarized light, the region with the magnetic nanorods aligned in
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the same direction as the polarized light will show a red color, which corresponds with
the transverse plasmonic excitation. Meanwhile, the region with the magnetic nanorods
aligned perpendicular to the polarized light will show a bluish-purple color, which
corresponds with the overall plasmonic excitation of the Au dimers. Figure 4.13b and ¢
show the optical microscopy images of the polarized patterns for Au dimers. Under the x-
polarized light, the color of the region I and II are red and bluish-purple, respectively. An
inverse color of the region I and II can be observed when the polarized light is rotated to
the y-axis. A similar observation was found for magnetic plasmonic nanocomplex with
Au-Ag dimers. As shown in Figure 4.13d and e, the color of the region I and II are red

and green under the x-polarized light and inversed under the y-polarized light.
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Figure 4.13 (a) Scheme showing the lithography process for the fabrication of thin films
with patterns of different polarizations; optical microscopy images of patterns with (b and
c) SiO2-Au dimers and (d and e) SiO>-Au-Ag dimers under light with different

polarization directions. The scale bar in (b-e) is 500 pm.
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This polarization-dependent color display can be further applied for the anti-
counterfeiting pattern. Here, we fabricate a 0.7 cmx0.7 cm film by using a transparent
photomask with a black clover pattern (Figure 4.14a). The orientation of the magnetic
nanorods is fixed along x-axis and y-axis in the black and transparent area. Fig. 4.14b to
g shows digital images of patterns having Au dimers and Au-Ag dimers under ordinary
light, x-polarized light, and y-polarized light. Under the ordinary light, the pattern is
invisible, because both transverse and longitudinal modes of the plasma resonance are
excited. However, when a polarized light was applied, the area which has nanorods being
oriented parallel to the oscillation of light wave shows a red-pink color, because the
transverse mode is split from the plasmonic excitation of the dimers. In this way, the
latent information of the graphic sequence was decoded and can be used for

authentication purposes.
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Figure 4.14 (a) Scheme showing the pattern of clover with magnetic plasmonic
nanocomplex oriented along different directions; digital images of patterns with SiO2-Au
dimers and SiO2-Au-Ag dimers under (b and e) ordinary light; (c and f) x-polarized light

and (d and g) y-polarized light. The scale bar in (b-g) is 1.5 mm.
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4.4 Conclusion

In summary, we reported dynamic tuning of the plasmonic excitation of Au and Au-
Ag dimers by controlling their orientation relative to the incident lights for the first time.
Such tuning is enabled by switching the substrate to anisotropic magnetic nanoparticles,
whose orientation can be magnetically controlled. By tuning the direction of magnetic
field, we are then able to control the excitation of plasmonic modes of Au dimers and Au-
Ag dimers under the incidence of polarized light. The optical switching of Au and Au-Ag
dimers shows colors with high contrast, which can be fixed in a hydrogel as polarization

dependent color display.
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Chapter 5 Conclusion and Outlook

5.1 Conclusion of this Dissertation

Unconventional seed-mediated growth aims to create plasmonic nanostructures
with tunable geometry and LSPR frequency. Although some excellent work has been
done to control the growth pathway of plasmonic nanostructures, it still remains a
challenge to create a second nanostructure on Au and Ag nanoparticles, due to the tight
lattice match in between the seed and the growing material. In addition, previous work,
which focuses on tuning the growth modes of nanostructures to VW mode, is lack of
structural tunability. Either multiple islands or just a single island on the seed could be
obtained. Moreover, dynamic LSPR tuning of anisotropic nanoparticles, for example, Au
dimers, can lead to the development of new smart optical devices. It is important to
design a method to not only prepare anisotropic nanoparticles with high purity, but also
give orientation control to the nanostructures. This Dissertation has discussed our efforts
in the development of unconventional seed-mediated growth strategies to nanostructures
with tunable geometry and optical properties. In addition, dynamic tuning of the
polarization dependent optical property of anisotropic plasmonic nanostructures has been
studied and applied as the key component for data encryption. We are trying to shed
some light on the development of nanotechnology.

By analyzing the growing pathways of Au nanocrystals on different metal surface,
we developed a seed-mediated growth for creating secondary structures of Au on
spherical Au seeds by modifying the seeds with Pt to create a mismatched surface for

metal deposition. We also show that it is possible to tune the structure of the islands by
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adjusting the reaction parameters. We show the influence of three key parameters to the
geometry of the nanostructures: ligand-assisted oxidative ripening, interfacial strain
energy, and surface diffusion of the metal precursors. By integrating all the important
parameters, Au core-satellites, dimers, trimers and tetramers with tunable LSPR
frequencies were obtained.

Analysis of the LSPR of Au dimers with different geometries by simulation show
that the LSPR frequency is not only related to the overlapping distance of the two
spherical nanoparticles, but also the curvature at the connection part. To better control the
geometry of the nanostructures, we have developed a stepwise template-assisted seed-
mediated growth method for the synthesis of rod-like plasmonic nanostructures. The
synthesis requires using colloidal nanoparticle as substrates for the assembly of metal
seeds, and precise control of the coverage of the metal seeds. Anisotropic growth of metal
nanostructure is induced by partial passivizing the exposed area of the metal seeds. We
show the successful synthesis of Au dimers and linear trimers with high purity and
uniformity.

Based on the successful synthesis of Au dimers by using the stepwise template-
assisted seed-mediated growth method, we developed dynamic tuning of the plasmonic
excitation of Au and Au-Ag dimers by combining the plasmonic nanostructures with
anisotropic magnetic nanoparticles. The orientation of the nanostructures relative to the
incident lights could be controlled by applying a magnetic field. By tuning the direction
of magnetic field, we are able to control the excitation of plasmonic modes of Au dimers

and Au-Ag dimers under the incidence of polarized light. The optical switching of Au-Au
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and Au-Ag dimers shows different colors with high contrast, which can be fixed in a
hydrogel for information encryption.
5.2 Outlook and Future Work

There are still room for the development of unconventional seed-mediated growth
to plasmonic nanostructures. In this section, we proposed the future research directions in
several aspects.

First, as shown in Chapter 2, surface modification of the Au seed with Pt results
in a shift of the growth mode of Au from the FM mode to the VW mode. This method
should be applied to Au seeds with other geometries, for example, Au nanorods and Au
nanoplates. By adjusting the reaction parameters, for example, the ligand-assisted
oxidative ripening, Au islands with different structures should be expected to grow on the
Au nanorod/nanoplate. It will be very interesting to study the location of Au islands on
the Au nanorod/nanoplate. And the LSPR corresponding to different geometries is also
worth to be studied. We can even change the material of the seed from Au to Ag, which
has stronger LSPR to see if this method is applicable. In addition, as we presented in the
discussion, the reason why Pt is an effective material to induce island growth is due to the
lattice mismatch between Pt and Au. It will be very interesting to see if other materials of
high lattice mismatch with Au, for example, Pd and Cu, have the same effect in seed-
mediated growth. Moreover, from the application aspect, the nanoparticles may have
potential applications in catalysis and sensing, due to the broad absorption and enhanced

electric filed in the concave structure.
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In Chapter 3, we discussed the successful synthesis of rod-like Au nanostructures
by using SiO2-Au@SiO> nanostructures as templates. The template is versatile for the
synthesis of Ag, Pd, CuxO and polymers. There are more opportunities based on this
template. Taking advantages of the difference in intrinsic chemical nature of SiO2 and Au,
selective deposition of other materials should be studied. In addition, this method results
in precise control of the exposure of Au nanoparticles. This property can open up new
research areas, which will focus on the influence of the exposed area of Au to the
property of the nanocomposites. For example, by coating the SiO-Au@SiO:
nanostructures with a layer of TiO2, Au@TiO2 can be obtained as a photocatalyst after
removal of the SiO.. The contact area of Au and TiO: can be controlled by adjusting the
thickness of the SiO; layer to get a series of photocatalysts. These nanoparticles can be
used to study the influence of contact area between Au and TiO: to the catalytic
performance of the nanocomposites. Moreover, the amount of Au and the sizes of Au
could also be adjusted to achieve better catalytic performance.

In a word, there’s still plenty of room at the bottom. We look forward to exploring

the beauty of nano-world, and contributing more to the development of nanotechnology.
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