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Summary 
 

The field of chiral nanoplasmonics is sprawling and multifaceted, and the theme that connects the 

objectives of the projects comprising this thesis is the colloidal synthesis of chiral plasmonic 

nanomaterials. Using gold as the building block, a synthetic chemist can construct in water a vast 

array of nanoparticle morphologies and sizes that shine intensely in the entire visible spectrum and 

beyond. This easily accessible phenomenon has been harnessed to make advances in optical 

displays, metamaterials, and biosensors; for decades before the recent pandemic burned a red 

control line into the public’s consciousness, plasmonic technology had been familiar to anyone 

who had used a pregnancy test. On the other hand, the building blocks of life are chiral, and the 

typically weak optical signal from chiral substances is greatly intensified in the proximity of 

plasmonic nanomaterials.  Introduction of a chiral molecule into a colloidal synthesis of plasmonic 

nanomaterials grants access to exponentially more complicated twisted particle morphologies and 

correspondingly more interesting optical signatures. However, the mechanisms by which chiral 

growth occurs are not as well established as those for growth into achiral morphologies. The aim 

of this thesis is to explore this less well-trodden aspect of colloidal chemistry by systematically 

testing different synthetic variables that may influence chiral growth, and pushing the 

methodological boundaries for both the investigation and production of new chiral morphologies. 

In Chapter I, we begin with an introduction to plasmonics, the background theory, and the 

progression of “bottom-up” synthetic strategies to produce plasmonic nanomaterials. This is 

followed by a discussion about chirality in the context of light, and how chirality will be quantified 
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in the chapters to come. We can then proceed with earnest to the field of chiral plasmonics in the 

context of “bottom-up” colloidal synthesis; we introduce the prevailing mechanistic theory for 

chiral growth on nanoparticles, which depends heavily on the choice of chiral inducer. 

In Chapter II, we considered established chiral growth inducers, split into two categories based on 

how they influence chiral growth: those directly interacting with the gold surface, usually via a 

thiol-Au bond, and those forming micelles in solution that template the gold surface. We then 

developed and tested a novel chiral inducer, LipoCYS, designed with elements from both 

categories: a polar cysteine-like head and a long aliphatic tail, intended to bridge both growth 

mechanisms. Remarkably, solely depending on the concentration of LipoCYS used in the chiral 

synthesis, the chiroptical signature of products was observed to widely shift and vary in intensity. 

Further characterization by electron tomography revealed that products synthesized with a low 

concentration of LipoCYS appeared smooth and twisted, like those obtained using inducers that 

directly interact with the gold surface; at a high concentration of LipoCYS, products possessed 

distinct surface wrinkles, like those obtained using inducers that form a micellar template on the 

gold surface. A similar chiroptical and structural evolution was observed even when the starting 

material in the synthesis was changed from nanorods of a high aspect ratio to nano- cubes and 

octahedrons. However, at low concentrations of LipoCYS, the chiroptical signature from cubes 

and octahedrons were observed to be inverted with respect to each other, suggesting that starting 

seed geometry was a highly influential variable for the products of chiral syntheses. 

In Chapter III, we delved more deeply into the influence of starting seed geometry by using both 

well-established (chemically-induced or micelle-directed) growth mechanisms and contrasting the 

chiral products from similarly-sized single-crystalline and pentatwinned achiral nanorods, 

respectively. The chiroptical signatures and structural handedness of the products were found to 
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be inverted, though this was more apparent for products from the micelle-directed mechanism, 

owing to the highly regular and defined helical wrinkles that formed regardless of achiral seed 

used. From careful analysis of the wrinkle orientation about the particle surface it was observed 

the symmetry present in the seeds was conserved after the chiral reaction: chiral products from 

single-crystal seeds maintained their four-fold symmetry, and chiral products from pentatwinned 

seeds maintained their five-fold symmetry.  

To better understand how these chiral structures could develop whilst preserving the symmetry of 

the starting seed, we endeavored in Chapter IV to study the structural evolution of these products 

in real time. A method using sodium borohydride was developed to cease chiral reactions in 

progress, enabling the isolation and characterization of products from varying time intervals of 

growth. A time-resolved series prepared and analyzed in this way displayed the evolving 

chiroptical signature much like in situ measurements, but with the added advantage of being able 

to characterize the products under an electron beam and display the evolving structural features as 

well. This was demonstrated using single-crystal and pentatwinned achiral seeds and the micelle-

directed growth mechanism, which was revealed to proceed faster than previously thought, 

especially when pentatwinned achiral seeds were used; their growth far outpacing that on single-

crystal achiral seeds. Furthermore, the growth on the tips of single-crystal and pentatwinned rods 

evolved differently; the former appeared far more rounded than the latter, potentially contributing 

to their inverted chiroptical signatures. 

In Chapter V, using lessons learned from observations made in previous chapters, we attempted to 

produce structures with multi-scale chirality that more closely resembled how chirality is 

expressed in nature. Our approach was two-fold. First, noting that LipoCYS could produce 

wrinkled dumbbell-like structures under certain synthetic conditions, and that gentler synthetic 
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conditions to slow a chemically-induced chiral reaction produces helicoid-like particles, we used 

LipoCYS in the context of a helicoid synthetic methodology and observed the products. While the 

lack of particles evaluated by electron tomography stymied our conclusions, promising corkscrew-

like chiral features that grew to dominate the handedness of certain particles (as the concentration 

of LipoCYS was raised) were observed. In our second approach, we exploited the observation that 

symmetry is conserved during the course of a chiral reaction to prepare particles with multi-scale 

chirality. Using geometrically twisted yet smooth products of a chemically-induced chiral reaction 

as the seeds in a subsequent micelle-directed chiral reaction, geometrically twisted and wrinkled 

products were formed. This was done at a range of gold salts : chiral seeds ratios in order to contrast 

differing extents of growth.  

In Chapter VI and VII, we outline the materials and methods used throughout the projects 

described above, and summarize our conclusions from each chapter, respectively.  
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Chapter Ø  – Scope and Objectives 
 

This thesis was completed under Grant PRE2021-097588, entitled “Design of Chiral Plasmonic 

Nanostructures for Theranostics”, under the supervision of Prof. Luis Liz-Marzan (CIC 

biomaGUNE). Capitalizing off early success that revealed a sufficiently broad set of experimental 

avenues to explore with regards to synthesis, the project was gradually focused into an incisive 

investigation of chiral growth mechanics. The primary aims were to 1) optimize colloidal syntheses 

of nanoparticles with chiral geometry and their associated optical response, and 2) comprehend 

the growth mechanism of chiral inducer-mediated growth on these nanoparticles.  

Both goals were pursued in the context of the emerging field of novel chiral inducers. Working in 

close collaboration with Prof. Jesús Mosquera (Universidade da Coruña), newly synthesized chiral 

molecules (by Sandra Baúlde, Universidade da Coruña), were used in a variety of syntheses of 

chiral products. In all cases, chirality transfer from novel chiral inducers to achiral nanomaterials 

was accomplished through an overgrowth reaction: chiral growth is directed by the rapid reduction 

of gold salts around the achiral seeds, kept stable in solution by the presence of a surfactant. Special 

attention was given to the products’ chiroptical signature and dissymmetry factor, evaluated using 

a circular dichroism (CD) instrument. The chiroptical signature of the products could be tuned 

according to the relative proportion of chemicals used in the synthesis, among other variable 

experimental parameters; the corresponding changes to yielded particle structure were evaluated 

using high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM). 

Production, optical and structural characterization of chiral products was carried out at CIC 

biomaGUNE. 
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Establishing structural-optical relationships of chiral products and how they relate to synthetic 

variables is foundational to the ongoing research projects of the Bionanoplasmonics Group. When 

more detailed structural information is required, the research group supervised by Prof. Sara Bals, 

and their sophisticated electron tomography lab at the University of Antwerp have been an 

invaluable resource. Through this collaboration, 3D reconstructions of particles representative of 

those observed in HAADF-STEM images can be acquired. Subsequent helicity measurements, 

among additional topographical characterization, provided more context to structural observations 

made in this work. This was especially relevant for exploring the concept of multi-scale chirality, 

using chiral products made in-house and by a collaborator (Prof. Bing Ni, University of Michigan) 

as seeds for further chiral overgrowth reactions. Taken as a whole, this approach revealed critical 

information regarding the relationship between products´ structural characteristics and their optical 

properties. 

Further to this are contributions from EM3Works, an offshoot of the University of Vigo and the 

University of Extremadura. Particle models and corresponding simulated optical data provided by 

Manuel Obelleiro-Liz, Fernando Obelleiro, and José Manuel Taboada were utilized to contrast 

against experimental data acquired at CIC biomaGUNE. For hands-on experience with applicable 

software and expertise regarding particle modelling and light simulations, a research stay at the 

University of Michigan under the supervision of Prof. Nicholas Kotov was coordinated.   

The size, shape, and crystallinity of the achiral nanomaterials used as seeds in chiral syntheses are 

known to have a strong influence on the properties of yielded chiral materials. The use of single-

crystal (SC) achiral gold nanorods (AuNRs) in the early stages of this thesis, and the reproducible 

production of monodisperse pentatwinned (PT) achiral AuNRs of similar dimensions by an in-

house collaborator (Francisco Bevilacqua, CIC biomaGUNE) provided an opportunity to isolate 
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the variable of these seeds´ different crystal facets and directly contrast properties of the yielded 

chiral products. Additionally, part of this project was carried out at Seoul National University, with 

an aim during the research stay being the contrast of chiral products yielded when using different 

achiral seeds. Specifically, working alongside a group led by Prof. Ki Tae Nam, octahedral and 

cubic achiral seeds were used in chiral syntheses alongside a common inducer, and the optical and 

structural properties of yielded chiral products were compared. 

As the thesis progressed, the ability to track the structural and optical evolution of chiral products 

in a time-resolved fashion gained greater attention. Being able to show where particle growth was 

occurring during the course of a chiral reaction would provide insights onto how the chiral inducers 

(and other reagents) are interacting with the surface of the particles, and how factors like 

crystallinity of the achiral seeds influences the attained morphology after chiral growth. The 

development of a synthetic protocol for the time-resolved preparation and characterization of 

chiral products was informed by previous literature derived from the Bionanoplasmonic group. A 

previous method for real-time analysis, chiroptical measurements performed in situ, was valuable 

as a comparative approach to the eventual time-resolved protocol. Through the rapid reduction of 

excess gold salts via sodium borohydride, a progressing chiral reaction could be ceased; this was 

a method common to much synthetic literature inside and outside this research group but used for 

a unique purpose.  
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In summary, the thesis can be separated into four distinct objectives: 

1. Testing of novel chiral inducers 

- Seed-mediated synthesis of chiral AuNRs using 2-amino-N-decyl-3-

mercaptopropanamide (LipoCYS) as the chiral inducer and single-crystal high aspect 

ratio AuNRs as the starting achiral seeds 

- Investigate [LipoCYS]-mediated chiroptical and structural evolution of chiral products 

 

2. Facet-directed syntheses 

- Synthesis of chiral AuNRs using cystine and 1,1′-binaphthyl-2,2′-diamine 

(BINAMINE), contrasting the chiral growth mediated by each chiral inducer using 

single-crystal and pentatwinned achiral nanorods as the starting achiral seeds 

- Investigate opposing handedness of chiral products yielded using SC or PT achiral 

seeds, and corresponding chiroptical inversion  

 

3. Time-resolved analysis of chiral growth 

- Demonstrate efficacy of technique using sodium borohydride to cease BINAMINE-

mediated chiral growth on single-crystal high aspect ratio AuNRs 

- Investigate structural and chiroptical properties of chiral products at different time 

points; generate time-resolved reaction series of chiral AuNRs, contrasting progressing 

growth on single-crystalline and pentatwinned achiral nanorods used as seeds 
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4. Production of nanomaterials with multi-scale chirality 

- Use LipoCYS and octahedral or cubic achiral seeds in established protocol designed to 

produce helicoids; evaluate particles for multi-scale chirality 

- Use chiral products of cystine-mediated overgrowth reaction as seeds in a subsequent 

chiral synthesis using BINAMINE; evaluate contrasting “core-shell” helical features 
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Chapter I – Introduction 
 

The field of chiral plasmonics lies at a convergence of scientific disciplines, including physics, 

synthetic chemistry, and biochemistry. As with many young scientific fields, the future of chiral 

plasmonics depends on both the careful application of established theory and the discovery of 

innovative approaches and techniques. For example, the preparation of metal nanomaterials dates 

back to the mid-19th century, but their applications in the context of forming plasmonic chiral 

arrangements remain cutting-edge: advanced optics, molecular sensing, and immunotherapy, to 

name a few. The true promise of chiral plasmonics is tunability enabled at the synthetic level; 

historically, control over the structural and optical properties of nanomaterials has been asserted 

to yield products in a variety of shapes and sizes. Owing to the ease and advancement of seed-

mediated over one-pot nucleation and growth methods, anisotropy may be engineered into particle 

populations with a very high degree of homogeneity. However, the underlying growth 

mechanisms, especially for the synthesis of inherently chiral nanomaterials, remain insufficiently 

understood. Understanding this subject requires a deep background regarding surface plasmon 

resonance, chirality in natural and synthetic contexts, strategies for the production of colloidal 

metal nanomaterials, and how these all intersect and lend themselves to theranostic applications. 

In this chapter, we introduce the concept of plasmonics, provide a general overview of chirality in 

nature and chemistry, and explain how the two connect with regards to circularly polarized light 

and colloidal synthesis of gold nanorods. Then, we contrast putative mechanisms for chiral growth, 

and describe approaches to characterize the products of chiral reactions to help the understanding 

of the underlying mechanisms become more complete. 



34 | P a g e  
 

1.1 Nanotechnology____________________________________________________                               

Nanotechnology encompasses any material in the nano-size range (1 x 10-9 m – 1 x 10-7 m)1 and is 

ubiquitous in modern life. From antimicrobial gym clothing infused with nano-silver, to solar cells 

engineered with carbon nanotubes, to sunscreen containing nanoparticles comprised of tin oxide, 

the applications of nanotechnology are as numerous as its many forms. Nanoparticles in particular 

possess unique physical characteristics, including the ability to be dispersed as a stable colloidal 

suspension, a high surface area to volume ratio, and, in the case of Nobel-prize winning 

semiconductor nanocrystals (quantum dots), size-dependent optoelectronic properties.2,3 The 

surface of nanoparticles is a versatile platform for interesting catalysis and electrochemistry, as 

well as for conjugated ligands or antibodies for active targeting and anti-fouling techniques meant 

to evade the body’s various defense mechanisms.4-6 Varying widely in composition, nanoparticle 

systems have been developed for commercial use. For medicinal purposes, polymeric micelles, 

liposomes, and drug-polymer and protein-polymer conjugates function as nanocarriers, meant to 

protect, direct and control the distribution of DNA or small molecules into a biological system.7,8 

For electronics and diagnostic purposes, inorganic “hard” nanoparticles (i.e. copper, iron oxide, 

lanthanides, etc.) function as semiconductors for sensors and telecommunication, and as contrast 

agents for magnetic resonance imaging.9,10 The size, shape, and interfacial properties of 

nanoparticles are intrinsically linked to the viability of a given nanosystem and its desired 

application; many nanomaterial syntheses including those in this work optimize these parameters 

for success. Taken as a whole, the morphology of nanoparticles making up a nanosystem and their 

surface chemistry can be exploited to enable the production of advanced optics and metamaterials, 

and for biological applications like triggers for specific immune responses and targets for 

photothermal and photoacoustic therapies.11,12  
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1.2 Plasmonics________________________________________________________  

The same phenomenon that facilitates the function of pregnancy test kits and rapid antigen 

detection strips for COVID-19 was also observed for hundreds of years prior to these technologies 

in the form of stained glass.13 Though there is evidence of stained glass made in ancient Egypt, the 

most dramatic early example of plasmonic properties in common culture is found in the Lycurgus 

cup, a stunningly intact piece of dichroic glassware from the 4th century14 (Figure 1.1).  

 

Figure 1.1. The Lycurgus Cup (left) reflects light in one color and transmits light in another due 
to gold and silver nanomaterials embedded in the glass. The indicative lines on lateral flow assays 
such as rapid antigen tests for SARS-CoV-2 (right) arise because of gold nanoparticles carrying 
the complementary antibody in the test strips. Photo credit: britishmuseum.org (left), 
uclahealth.org (right).    
 

In all cases, these colorful applications are enabled by the interaction of light with metal 

nanomaterials; first documented in colloidal gold (and other metals) by Michael Faraday in 1857, 

and described in great detail with regards to spherical nanoparticles by Gustav Mie, fifty years 

later.15,16 Fifty years after that, pioneering thin-film research by R.H. Ritchie laid the foundation 

for the discovery of trapped light waves along metal surfaces called surface plasmon polaritons, 

also known as surface plasmons or surface plasmon resonances.17-19 Under specific conditions, the 
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surface plasmons of thin metallic films can be excited by incident light. The conditions for this 

excitement, known as surface plasmon resonance, are simplified when the metal is much smaller 

than the wavelength of the incident light (i.e. nanomaterials). Furthermore, this effect is confined 

to the nanomaterials resulting in vast near-field electromagnetic enhancements. Plasmon 

resonance-enhanced responses to light from embedded nanomaterials in modern lateral flow 

assays are responsible for the appearance of intense bands from trace sample present in mucus, 

saliva, or urine, making these tests faster and more easily interpreted.20 As demonstrated by the 

multicolored stained glass of antiquity, this response can also change, which depends on the size, 

shape, and composition of the nanomaterial used. Harnessing the tunable potential of the 

plasmonic properties of metals is key to the success of downstream applications, to be discussed. 

 

1.2a Plasmonics Theory: Thin Films___________________________________ 

As with all periodic elements, on the scale of a single atom, the electrons of the alkali and noble 

metals are distributed into discrete orbitals; however, this electron configuration is less defined 

when there are many nuclei involved. The uncertainty about the position of electrons in solids 

resulting from the presence of many nuclei is called delocalization; in metals, the electrons are 

delocalized over the whole of the bulk material. An approximation of these so-called free electrons 

in metallic solids is given by the Drude-Sommerfeld model,21 which posits an encompassing 

idealized (Fermi) gas of electrons that helps to explain the high electrical and thermal conductivity 

observed in metals.22 In an electric field, polarization is induced between the delocalized Fermi 

gas and the positively charged nuclei of the metal; a Coulomb restoring force causes electronic 

(plasma) oscillations to occur, called plasmons. The concept of a material’s plasma frequency was 
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theorized in great detail by Pines and Bohm before the term plasmon was coined, or indeed before 

this was considered in the context of nanomaterials.23 The bulk plasma frequency of a material is 

dictated by the band structure, which is itself determined by the electron configuration into discrete 

orbitals. Further displacement of the Fermi gas from the positively charged nuclei can be induced 

with incident light above the plasma frequency; plasmons excited by light in this way are called 

polaritons. The significance of this intrinsic property of metals is expanded by theory 

conceptualized by Ritchie and supporting subsequent experiments by Powell and Swan.24 It is well 

established that upon interaction of an electron beam with a material, energy is lost to nuclear 

scattering, ionization, and radiative emission, as well as to excitation of the plasmons in the bulk 

material.25-28 However, this expected loss in energy could not account for the total amount of 

energy lost for thin metallic films, which was found by Powell and Swan to be dependent on the 

film material. Furthermore, they theorized this additional loss was occurring at the metal-air 

interface, which was evidenced by evolution of the signal as the film surface was oxidized.17 This 

serves as the foundational evidence for surface plasmon polaritons (SPPs); despite resulting from 

the interaction of light with metals, they are simplified in the nomenclature to surface plasmons. 

The nature of surface plasmons in a thin film can be understood through an optical method to 

excite them, called attenuated total reflection (ATR). Demonstrated in different configurations by 

Otto, Kretschmann and Raether in 1968, decaying evanescent waves are generated by light passing 

through a prism of high refractive index and under the conditions of total internal reflection 

(Figure 1.2).29-31  
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Figure 1.2. When the conditions for total internal reflection are met (Equation 1), a light beam 
passing through a prism of high refractive index (related to dielectric constant, εp) will generate an 
evanescent wave at the interface with a material of low refractive index (εm). When the prism is 
sufficiently close to a metal surface, the phase velocity of this evanescent wave will match that of 
the SPPs (Equation 2), causing coupling and an excited evanescent wave that propagates along the 
dielectric-metal interface. Adapted from ref. 18 (© IOP Publishing Ltd, 2012).   
 
 

When this prism is placed near a thin metallic film, these evanescent waves propagate in a direction 

parallel to the film surface;32 the observation that the decay length of these waves is extended along 

metallic films suggests coupling with waves of a similar nature at the surface, originating from 

surface plasmons. Understanding the evanescent nature of surface plasmon oscillations in thin 

films and taking advantage of the conditions to make them resonate with incident light is 

fundamental to the function of modern surface plasmon resonance (SPR) biosensors, which are 

largely unchanged from their originally conceived configuration.33  
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1.2b Plasmonics Theory: Sub-Wavelength Nanoparticles__________________ 

In stark contrast to thin metallic solids, the resonance conditions for surface plasmons of 

nanomaterials are much easier to achieve. As discussed previously, surface plasmon resonance in 

thin films relies on the generation of evanescent waves by a prism, which depends on satisfying 

Maxwell equations that are relevant at this scale.34 For particles considerably smaller than the 

wavelength of visible light, the electrostatic approximation applies: essentially, the 

electromagnetic field that a given particle experiences is uniform.18,35 Owing to the curved surface 

of spheres, the electric polarization modes are simplified to the point of a dipole across the sphere 

called the Frӧhlich mode.36 This mode can resonate with the frequency of incident light; the 

coherent oscillations of conduction electrons are localized to each of the small metal particles, 

giving rise to localized surface plasmon resonance (LSPR).37,38 The LSPR-induced strong electric 

field in the near vicinity of metal nanoparticles strongly enhances the scattering and absorption 

(Figure 1.3).39-41 Furthermore, the formation of inter-particle areas of extreme optical 

enhancement can occur when two or more metal nanoparticles are in close proximity,42-44 giving 

rise to coupled plasmon modes; these “hot-spots” can be exploited for the sensing of molecular 

drugs, biomarkers, or other small molecules in extremely trace quantities.45 
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Figure 1.3. Under Frӧhlich mode resonance and the electrostatic approximation, the polarization 
α (Equation 3) and electric field across a spherical metal nanoparticle are uniform, with a large 
field enhancement localized at the particle surface (A). The optical properties can be quantified 
via the scattering and absorption cross-sections (Equations 4 and 5), where k is the wave vector 
(related to the refractive index, frequency and speed of light in a vacuum). The dipolar plasmonic 
modes of two metal nanoparticles within the coupling limit (5r) will hybridize in a distance-
dependent manner analogous to molecular orbital theory, giving rise to shifting of the resonance 
peak and large enhancements to the electric field in the gap (B). Adapted from ref. 18 (© IOP 
Publishing Ltd, 2012).   
 

This is relevant to the subject of surface-enhanced Raman scattering (SERS) spectroscopy. Raman 

spectroscopy measures the difference in energy between incident photons and those inelastically 

scattered off a target molecule; the difference in energy is characteristic to the target molecule 

because it derives from the vibrational energy transferred by inelastic scattering.35 When the 

molecule is adsorbed onto a plasmonic nanoparticle, an enhancement to the Raman scattering 

cross-section of the molecule takes place because of the electromagnetic near-field enhancement 

described above.46 Fabricated nanosystems for SERS are designed to take advantage of the further 

field enhancement provided by “hot-spots”.47,48  

In practice, colloidal gold nanoparticles analyzed using a spectrophotometer will yield LSPR 

peak(s) on the absorbance spectrum at wavelength(s) where plasmon resonance(s) occur. 

Localized surface plasmon resonance frequencies depend on factors intrinsic to the nanoparticles, 

including size, shape, and polarizability, as well as on extrinsic factors, such as the dielectric 

properties of the surrounding medium.40 For the purposes of the work presented here, the most 
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important takeaway is that the LSPR peaks from colloidal nanomaterials can vary according to the 

morphology of the nanoparticles. For instance, plasmonic nanorods experience LSPR on either the 

transverse or longitudinal axis, depending on their orientation with respect to the electromagnetic 

field, and thus when characterized in a colloidal dispersion possess two LSPR bands at specific 

frequencies depending on the particles’ dimensions49 (Figure 1.4). Effectively tuning the 

wavelength of the LSPR bands by simply changing the particle aspect ratio (length : width) has 

been consistently demonstrated.50-52 This effect has been explored theoretically using the Mie 

theory (an analytical solution to Maxwell’s equations describing electromagnetic scattering from 

particles with spherical symmetry),16,53 Gans theory (a modification of Mie theory applicable to 

ellipsoids),54,55 and numerical methods such as the discrete dipole approximation (which enable 

computational quantification of scattering from particles of arbitrary geometry).56-58 In this way, 

relationships between the LSPR peak position, aspect ratio of the particles, and dielectric constant 

of the medium have been derived, which compare well with experimentally obtained data.  
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Figure 1.4. Metal nanorods in an electromagnetic field (light) experience coherent oscillations of 
their conduction electrons along the longitudinal and transverse axes (left). A colloid of these 
nanorods under spectrophotometric analysis will yield LSPR peaks representative of these, at 
wavelengths dependent on the average dimensions of the nanorods. The positions of these peaks 
can be estimated using relations derived from Gans theory (Equation 6),59 where 𝜆p refers to the 
characteristic plasma frequency of the metal, and L refers to the depolarization factor for each axis 
of the ellipse (Equation 7 and 8),59 which is related to the ellipse aspect ratio (Equation 9).60 
Adapted from ref. 49 (© RSC 2017).   
 

As a result, LSPR enhancement phenomena can be applied to the entire visible spectrum and into 

the near-infrared (near-IR) range. The latter is foundational to surface-enhanced infrared 

absorption spectroscopy (SEIRA), which enables the structural and conformational analysis of 

minute amounts of molecules by observing changes in their plasmon-enhanced IR spectra.61 Since 

extinction and absorption of light by skin tissue is reduced in the near-IR range, high LSPR 

intensities in the near-IR range are also paramount to biological applications.62 All told, 

advancements in plasmonics have led to recent innovations in molecular sensing,63 photovoltaics,64 

photothermal therapy,65 and advanced optics.66 
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1.2c Composition and Synthesis of Plasmonic Nanomaterials______________ 

Tailoring the properties of metal nanomaterials to optimize LSPR-enhanced effects is crucial to 

their application. To this end, noble metals have been embraced by the plasmonics community for 

their chemical stability and biocompatibility, high electrical conductivity, and high near-field 

electromagnetic enhancement. Silver and gold in particular are attractive choices for plasmonic 

nanostructures, owing to their comparatively low damping rates deriving from scattering 

interactions of conduction electrons, as dictated by the Drude-Lorentz model.67 Copper, though 

more reactive, is also widely used for electrochemistry and catalysis applications.68,69 Although 

there are hundreds of syntheses using all three aforementioned materials, gold has enjoyed a very 

long history of use for plasmonic nanostructures thanks to being a nonreactive yet versatile 

material for synthesis, enabling the focus to be on the control of nucleation and growth instead of 

the avoidance of side reactions and the formation of undesired chemical byproducts. Additionally, 

gold is an excellent platform for surface conjugation because of the well-documented strong 

interaction between gold and thiols.70-72 Reproducible protocols using gold to produce 

nanoparticles with a plethora of shapes and variable degrees of anisotropy have been 

developed.73,74 A distinction here should be made between the two main categories of strategies to 

produce nanomaterials. In “top-down” approaches, milling, etching, or laser ablation are employed 

to convert bulk material into nanomaterials.75 “Bottom-up” approaches concern the synthesis of 

nanomaterials from smaller components, derived from nature or commercial sources. In a colloidal 

synthesis of nanomaterials, the modification of chemical variables (reagent concentration,76 choice 

of surfactant77 or reducing agent78) and experimental variables (temperature,79 time80) can lead to 

a wide variety of predictable morphologies with excellent monodispersity. Being synthesized in 

both aqueous and organic media, and in an array of size-mediated colors, colloidal gold 
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nanomaterials are among the most common and instantly recognizable products on a synthetic 

chemist’s workbench.  

 

1.2d Colloidal Synthesis of Plasmonic Nanomaterials: Nucleation and Growth_ 

The fundamentals of gold nanoparticle synthesis have not shifted greatly since the first 

documented report by Michael Faraday.81 Essentially, solvated gold salts (HAuCl4; Au3+) are 

reduced in the presence of surfactants or protecting surface ligands, which promote colloidal 

stability during the course of the reaction. A protocol using sodium citrate as a dual-function 

molecule to reduce and stabilize gold nanospheres was introduced by Turkevich, and later 

experimentation by Frens revealed the average size of these materials could be modified by simply 

changing the concentration of sodium citrate involved in the synthesis.82,83 On the other hand, the 

understanding of the growth mechanics for nanoparticles has evolved significantly, with updates 

continuously suggested over the last twenty years. The classic mechanistic theory was introduced 

by LaMer et. al. in 1950 to explain the formation of uniform sulfur sols (colloidal particulate) by 

dissolving sodium hydrogen thiosulfate in hydrochloric acid. An instantaneous nucleation event 

was proposed to occur to relieve a supersaturated solution of solvated unstable species,84 and 

further growth would proceed according to the rate of diffusion of the precursor to the newly 

formed particle surface. LaMer theory presented nucleation as a kinetically driven process, via 

“stepwise bimolecular additions” as stated in an update to the original manuscript.85 On the other 

hand, it was proposed that particle growth was a thermodynamically driven process; to explain the 

observed monodispersity of the sols, Reiss (working closely with LaMer) submitted 

mathematically the diffusion-mediated faster growth of smaller particles compared to that of larger 
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ones.86  Though LaMer theory features prominently in modern literature describing the syntheses 

of different nanosystems, inconsistencies were observed as early as Turkevich’s work (published 

less than a year after LaMer) with colloidal gold and sodium citrate. The rate of nucleation was 

found to be dependent on temperature (which would complicate a mechanism based on 

supersaturation), and the rate of growth of gold nanoparticles was proposed to proceed 

exponentially, proportional to the diameter. Turkevich hypothesized an alternative “organizer” 

mechanism for nucleation mediated by copolymeric assemblies of gold and reducing agent that 

rearrange into larger particles. Remarkably, with the benefit of advanced electron microscopy 

apparatus and techniques, this was revisited in work more than fifty years later by Pong, et. al.;87 

the nucleation event was observed to be indicated by the formation of a citrate-stabilized network 

of nanowires which then coalesce into larger spherical particles, closely resembling Turkevich’s 

written predictions. Noting the decreased applicability of the LaMer mechanism outside of the 

system where it was first applied, Finke and Watsky in their proposed mechanism sought to correct 

for kinetic incompatibilities by describing the nucleation step as slow and continuous, and 

occurring alongside autocatalyzed growth.88 Though nucleation here (concerning the formation of 

iridium nanoclusters in this work) is still suggested to be kinetically controlled, the rate 

determining step for growth was strongly suggested to derive not from diffusion but from surface 

addition, enthalpically driven by the coordination of metal atoms to the particle surface. A 

commonality between this and the aforementioned mechanisms is agglomerative growth,89 a 

concept universal to colloid science that takes place through nanocluster aggregation or Ostwald 

ripening (the maximization of crystal growth at the expense and dissolution of smaller particles).90 

These universal processes are known to be thermodynamically favored since a molecule in the 

interior volume of a material is more stable than on the surface, and the surface area to volume 
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ratio decreases as the particles increase in size. The work by Murphy, et. al. should be recognized 

here for elucidating the role of surfactant and a stepwise seeded approach on the growth of gold 

nanoparticles,91,92 to be discussed in the next section. While there is still much debate whether 

agglomerative growth is helping or hindering the monodispersity of a given colloidal synthesis of 

nanoparticles, the use of seeds and several growth steps has enabled the production of 

monodisperse products of many geometries. Whereas a deeper examination of these mechanisms 

is beyond the scope of this thesis, the prevailing theory for nanomaterial nucleation and growth 

can be summarized as exactly this: nucleation and growth, as two distinct events.93 The controlled 

separation of nucleation and growth, influenced by the presence of additives, surfactants, and 

breaking up the process into several growth steps, must be considered when engineering particles 

with anisotropy.  

 

1.2e Colloidal Synthesis of Plasmonic Nanomaterials: Gold Nanorods________ 

Introduced and optimized by Murphy et. al., seed-mediated growth has been found to be an 

excellent approach to increase the monodispersity of anisotropic nanomaterials at a variety of 

shapes, sizes, and crystallinities.94 A familiar synthetic approach inside and outside of this research 

group starts with the aqueous production of single-crystalline gold nanoclusters (approximately 1-

2 nm in diameter) based on a method first established by Jana, et. al. in 2001;95 gold salts are 

quickly reduced from Au3+ to Au0 by sodium borohydride in the presence of a high concentration 

of surfactant(s) to restrict the particle size. A modified version of this method involving thermal 

treatment promotes twinning of these gold nanoclusters into a stabilized pentagonal geometry.96 

In a subsequent growth step, the above pre-formed “seeds” are transferred into a fresh solution 



47 | P a g e  
 

with similar surfactant(s) and a weaker reducing agent to reduce additional gold salts from Au3+ to 

Au+, with reduction to Au0 catalyzed at the surface of the seeds.94,97 When 

cetyltrimethylammonium bromide (CTAB) is used as the surfactant for the synthesis of seeds, as 

is the case in this thesis, the redox potential of Au+ is changed by the formation of CTA-Au+ 

complexes and halide ions in solution, further influencing the reduction and addition of gold to the 

seed surface.98,99 Furthermore, CTAB forms micelles in aqueous solution, which can sequester 

excess gold.100 In this way, secondary nucleation is discouraged and the formation of larger 

products is promoted. Using the products of the previous growth step as seeds for the next growth 

step is the basis of the seed-mediated growth method, and further steps may be added to achieve 

anisotropic nanorods of an extreme aspect ratio.101 The geometry and corresponding surface facets 

of nanorods produced in a seed-mediated approach are dependent on the crystallinity of the starting 

seeds,102-104 whether single-crystalline (nanorods characterized by an octagonal cross-section) or 

penta-twinned (nanorods characterized by a pentagonal cross-section). An important concept to 

understand for success here is symmetry breaking; essentially the removal of symmetric elements 

in the early stages of the reaction to promote nanomaterial growth in a specific direction.76,97 

Compared to the geometry present in penta-twinned seeds (see Figure 1.5), single-crystalline 

nanoclusters possess a much more indistinct geometry, and thus necessitates a means for symmetry 

breaking when anisotropy is the objective. Silver fulfills this role by promoting reduction at the 

tips of single-crystal particles, truncating their geometry and encouraging asymmetric growth.97,105 

This same effect will hamper the anisotropic growth of penta-twinned nanorods; for this reason 

many penta-twinned syntheses are silver-free,94,95,101 which will be important when these products 

are used in downstream chiral syntheses, to be discussed below. 
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Figure 1.5. The sharp intersecting crystal facets of penta-twinned starting seeds (bottom left) 
quickly truncate into a more energetically favorable arrangement, breaking symmetry and 
promoting directional elongation of the newly formed low-index facets. Adapted from ref. 96 (© 
ACS 2017).  
 
For anisotropic growth past the early stages of the synthesis, it is believed that a combination of 

surface passivation and facet-selective stabilization are occurring, enabled by interactions of 

surfactant(s) and additives like silver ions (in the case of single-crystal nanorods) with the growing 

gold surface.106 Specifically, high-index facets may be blocked by underpotential deposition of 

silver,107 or they may be blocked by surfactant aggregates, hindering the growth of gold in that 

direction97,108,109 (Figure 1.6).  
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Figure 1.6. High-index facets on a growing single-crystal nanorod (left) may be selectively 
passivated by underpotential deposition of silver (top) or blocked by aggregates of 
cetyltrimethylammonium bromide and n-decanol (bottom), promoting further anisotropic growth 
and the production of high-aspect ratio gold nanorods. Adapted from ref. 76 (© ACS 2019) and 
ref. 108 (© Wiley-VCH 2010). 
 
As stated above, cetyltrimethylammonium halides form micelles in aqueous solution, owing to 

their aliphatic tail and polar head group. However, they may rearrange into a bilayer on the surface 

of gold nanocrystal facets, which can prohibit the addition of gold ions depending on the crystal 

facet and additives that influence the chemistry and rigidity of the bilayer.76,109,110 The organization 

of cetyltrimethylammonium bromide (CTAB) about gold surfaces on the scale of a single particle 

is still under contention, with recent observations suggesting the formation of a dynamic micellar 

shell.111 Notably, n-decanol has been observed to intercalate and stabilize the organization of 
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CTAB on gold nanocrystal facets, increasing the reproducibility of single-crystalline syntheses.76 

Anisotropic growth can also be influenced by reaction kinetics dictated via temperature, or the 

reductive potential of the reducing agent, which itself is dependent on the pH of the reaction 

mixture.79 By virtue of the ease at which these syntheses may be repeated and refined, and with a 

thorough understanding of seed-mediated approaches, symmetry breaking, and methods to 

promote controlled anisotropic growth, nanorods at a given desired aspect ratio may be obtained 

with a very high degree of homogeneity.  

 

1.3 Chirality and Light: Circular Dichroism___________________________________ 

From amino acids to pharmacological eutomers, the shells of snails, to your own hands, 

encompassing the shape of galaxies themselves, chirality is inescapable at nearly every 

conceivable scale. If an object lacks internal symmetry planes and therefore cannot be 

superimposed onto its own mirror image, that object is chiral. First observed in sodium ammonium 

tartrate by Louis Pasteur in 1848,112 molecular chirality embedded itself in the public 

consciousness upon discovery that an enantiomer of thalidomide, commonly used in the late 1950s 

for morning sickness, caused severe birth defects in thousands of children.113 Beyond this example, 

molecules that constitute the building blocks of life, such as amino acids, carbohydrates, and 

nucleic acids, are all chiral. Placing a chiral object in the path of a linearly polarized light field will 

result in the plane of the light being rotated, compared to its original orientation.114 Chiral 

molecules are denoted as D (dextro-rotatory) or L (levo-rotatory) based on their ability to rotate 

the plane of light polarization in a clockwise (to the right side) or counterclockwise (to the left 

side) manner when viewed along the direction facing the in-coming beam, as defined by IUPAC.115 
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The efficiency of a chiral molecule to rotate linearly polarized light is called optical rotatory 

dispersion (ORD); this example is helpful to visualize linearly polarized light as the sum of equal 

measures of left-handed and right-handed circularly polarized light.116 Circularly polarized light is 

produced by shifting the horizontal and vertical components of linearly polarized light ¼ λ out of 

phase with respect to each other; this may be simply achieved by passing linearly polarized light 

through a quarter-phase plate. Circularly polarized light is considered to be chiral as well, and each 

handedness is differently absorbed when passing through a chiral substance. This phenomenon is 

called circular dichroism (CD) and is foundational to the field of nanoscale chiroptics, which is 

concerned with the analysis and characterization of chiral nanostructures, each of which has its 

own particular CD signature.117 It should be noted that circular dichroism in practice, as a 

characterization method, is the function of the ellipticity produced by summing unequally absorbed 

(unequally transmitted) circularly polarized light; this signal is typically measured in mdeg 

(thousandths of degrees away from perfectly circular). Chirality is quantified via the dissymmetry 

factor (g-factor), which for a given sample is given as a percentage of the differential extinction of 

left- or right-handed light, out of the total extinction118 (as defined in Figure 1.5). Hence, the g-

factor is a concentration-independent quantity, and can be easily compared between differently 

prepared samples. A positive CD signal (g-factor) at a given wavelength will mean that the sample 

primarily absorbed left-handed circularly polarized light, while a negative magnitude means that 

the sample primarily absorbed right-handed circularly polarized light. As the position of the 

chiroptical band approaches that of the overall absorbance, the magnitude of the g-factor goes to 

zero and inverts, according to the Cotton effect.119 This is due to the combination of unequal 

absorption (dichroism) and refraction (birefringence) of circularly polarized light at the optically 

active region for a material.  
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Figure 1.7. Passing linearly polarized light through a quarter-phase plate will circularly polarize 
it; technically, linearly polarized light can be considered the sum of equal measures of left- and 
right- circularly polarized light. When circularly polarized light interacts with a chiral material, 
there is a differential absorption of left- versus right- circularly polarized light, depending on the 
handedness of the chiral material analyzed. An elliptical superposition of left- and right- circularly 
polarized light of different magnitudes is measured by the detector of a circular dichroism (CD) 
spectrophotometer. Chirality is quantified using g-factor, a fraction of the CD signal over the total 
extinction of a given sample. Adapted from ref. 116 (publ. Oxford University Press). 
 

It is worth stressing here that different handedness can be perceived from different perspectives, 

even though the absolute handedness is unchanged. This is true for chiral objects as well as for 

circularly polarized light. For the sake of consistency, one must be overly cautious and explicit 

when using handedness conventions. Turning to IUPAC definitions once again, left or right 

circularly polarized light is counter-clockwise or clockwise when viewed against the direction of 

propagation.120 Circular dichroism is built from a fundamental understanding of chirality and how 

it applies to light-matter interactions, and has applications that include macromolecular 

characterization and chiral nanoplasmonics, the latter of which will be the focus of this work.  
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1.4 Chiral Plasmonics___________________________________________________ 

Characterization by circular dichroism (CD) spectroscopy reveals much about a chiral substance’s 

conformation and can enable delineation of the secondary and even tertiary structure of 

biomacromolecules. However, the generally weak optical response of chiral molecules places a 

practical limit on analysis. The true potential of this method is unlocked when combined with 

nanoplasmonics, as the near-field electromagnetic enhancement effects afforded by localized 

surface plasmons will be extended to the circular dichroism of a chiral analyte. The strongest chiral 

optical (chiroptical) signatures will derive from the collective modes of a chiral arrangement of 

plasmonic material. The surface plasmons of an inherently chiral nanoparticle or chiral 

configuration of achiral nanoparticles will also be chiral, and their resonances are capable of 

coupling collectively across the entire assembly. The overlapping and coherence of 

electromagnetic dipole moments originating from the surface plasmons of a chiral structure gives 

rise to the enhanced circular dichroism.121-123 The arrangement of plasmonic material into a chiral 

configuration is a challenge met with a familiar two-pronged scientific approach. In “top-down” 

approaches, advanced lithographic techniques such as direct laser writing and glancing angle 

deposition have been employed to fabricate chiral structures to an extremely precise degree. 

However, “top-down” products like these are difficult to achieve in solution at a large scale.  In 

“bottom-up” approaches, achiral components may be placed in an assembly with a certain 

handedness (configurational chirality) or arranged about a tetrahedron (constitutional chirality).124 

This is most easily accomplished using a chiral template, which can be isolated from natural 

sources (DNA, proteins, amino acids) or synthesized (liquid crystals, silica nanohelices, 

polydimethylsiloxane films).125 In previous work at our research group, achiral Au nanorods were 

demonstrated to assemble about amyloid fibrils into chiral structures; the resultant CD signal 
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(weaker for AuNRs and monomeric α-synuclein or healthy brain samples) could be seen as an 

indicator for Parkinson’s or other degenerative diseases.126 Another example of a “bottom-up” 

approach to chiral plasmonics is the seed-mediated synthesis of inherently chiral nanoparticles, to 

be discussed in the next section. Regardless of how they are produced, the origin of the chiroptical 

signature of these structures can be explained by describing the plasmonic modes extended over 

chiral nanomaterials. As explained previously, a small spherical nanoparticle will have only a 

dipolar plasmon mode. It stands to reason that higher-order plasmon resonance modes (quadrupole, 

octupole, etc.) can be achieved through slight variations in the nanostructure and its surrounding 

environment.127 For the more complicated geometries of chiral nanomaterials, the chiroptical 

signature is a product of the plasmon modes coupling over the entire surface of these structures.128 

The properties of chiral nanomaterials with novel morphologies have been exploited in recent 

innovations to molecular sensing,129 photovoltaics,130 photothermal therapy,131 and advanced 

optics.132 The challenge lies in constructing chiral gold nanostructures and interpreting the 

resulting CD spectra to attempt to understand the structure and underlying growth mechanisms. 

The focus of this body of work is on inherently chiral plasmonic nanostructures, particles with a 

twisted geometry or topology, typically synthesized and stabilized in a colloid dispersion. 

 

1.5 Production and Analysis of Inherently Chiral Plasmonic Nanomaterials__________ 

The engineering of chiral nanomaterials has been recognized in the scientific community as 

extraordinarily challenging and extraordinarily rewarding in equal measure. As “bottom-up” 

synthetic strategies have become more advanced, the production of inherently chiral plasmonic 

nanostructures has become possible.  The challenges to engineer inherently chiral nanomaterials 
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are recognizable as common challenges to “bottom-up” colloidal synthesis: a practical 

understanding of seed-mediated growth, gradual stabilization of selected crystal facets, and 

structural evolution at the atomic level are all relevant here as well.133,134 The majority of 

approaches maintain a focus at the synthetic level to assert control over chiral growth and enhance 

chiroptical activity; common to the approaches discussed here is the presence of a chiral molecule 

which induces chiral growth, and an overgrowth reaction where chiral growth is directed by the 

controlled reduction of gold salts around the achiral starting seeds, kept stable in solution by the 

presence of a surfactant (Figure 1.8). As such, the morphologies of chiral products are sensitive to 

the relative concentrations of reducing agent, surfactant, and chiral inducer in comparison to the 

available surface on the achiral seeds. Beyond reaction kinetics, chiral morphologies are also 

influenced by the chemical nature of the chiral inducer (Chapter II), the crystallinity of the starting 

seeds (Chapter III), and whether the reaction was prematurely terminated (Chapter IV). 

Figure 1.8. Mechanistic overview of chiral overgrowth reactions on gold nanorod starting seeds. 
Depending on the chiral inducer and synthetic conditions, chiral growth can progress very 
differently, resulting in products with intricate morphologies and intense chiroptical signatures. 
Adapted from ref. 163 (publ. Wiley-VCH GmbH 2022) and ref. 173 (publ. Science 2020). 
 

Circularly polarized light has also been effectively used as an external stimulus to promote the 

formation of chiral structures and has great potential when used in conjunction with synthetic 

strategies (see Chapter V). In any case, a deep understanding of the growth mechanisms and 

chemical interactions is vital to the efficient optimization and engineering of viable products. In 

the following discussion, two different approaches to promote enantioselective growth of gold 
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nanomaterials are distinguished based on differing synthetic conditions and the resulting particle 

morphology. Establishing connections between the structure of chiral products from each approach 

and their chiroptical properties is fundamental to revealing the underlying growth mechanisms. 

The following section will briefly discuss the analytical strategies used in this work to this end. 

 

1.5a Electron Tomography and Helicity Analysis_________________________ 

Scanning transmission electron microscopy (STEM) transmits a focused and raster-scanning 

electron beam through a thin specimen; these electrons are diffracted or scattered depending on 

the distribution of electron density present in the specimen. An annular (ring) detector may be used 

to detect only those electrons that are scattered at a high angle (via Rutherford or inelastic 

scattering), which are more numerous when the specimen encountered by the beam is comprised 

of elements of a high atomic number (i.e. gold).135 The background (field), typically comprised of 

amorphous carbon, will therefore appear dark. Thus, high-angle annular dark-field STEM 

(HAADF-STEM) can display the finer structures of chiral gold nanoparticles with atomic 

resolution and great contrast.136,137 However, this technique is limited by the 2D nature of the 

produced images. The basis of electron tomography (ET) is the tilting of a sample with respect to 

the electron beam and the collection of a series of images projected over a wide range of tilt angles; 

these images are then combined using a computerized algorithm into a 3D reconstruction.138,139 

Aided by a three-dimensional perspective, the handedness of structural features on chiral 

nanoparticles is more clearly apparent. Quantifying morphological chirality by its strict definition 

is possible by measuring the degree of coincidence of superimposed mirrored objects using the so-

called Hausdorff chirality measure.140,141 The two objects are arranged in a fashion that minimizes 
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the greatest distance from a given point in one object to the closest point in its mirror (Hausdorff 

distance); the degree of chirality is interpreted as a ratio of the minimum Hausdorff distance over 

the diameter of the object.142 For objects with complex morphologies like those observed in chiral 

nanoparticles, the amount of points to consider for this calculation makes it prohibitively 

demanding to compute. Therefore, in this work morphological chirality is indirectly quantified by 

a measure of the helicity. Relating the structures of chiral nanoparticles to a helix is advantageous 

because geometrical properties of the latter can be simply applied to the former. By aligning a 

particle (such as a 3D reconstruction obtained from ET) along the central axis of a helix, the 

helicity of chiral features can be quantified and plotted as a function of the radius ρ and inclination 

angle α (see Figure 1.9).143,144  

 

Figure 1.9. Method for quantifying the helicity of chiral particles, designed by Heyvaert, et. al. 
The longitudinal symmetry axis of an ET reconstruction becomes the z axis of a cylindrical 
coordinate system (A,B), where the helicity of chiral features are evaluated voxel by voxel as a 
function of ρ and α. For a chiral particle (even with complex surface geometry (C; scale bar = 50 
nm), a helicity plot is generated for all combinations of ρ and α (D). Total helicity (inset, D) for an 
analyzed nanoparticle is given by integrating the helicity function (Equation 8).143 Adapted from 
ref. 143 (© ACS 2022). 
 

Unlike other approaches for quantifying morphological chirality, quantifying helicity reports the 

directionality of morphological features: positive helicity values correspond to right-handedness 

and negative helicity values correspond to left-handedness.143-147 Furthermore, this helicity 
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function can be easily applied to computer models of chiral nanoparticles and compared to 

simulated electromagnetic spectra for the efficient investigation of structural-chiroptical 

relationships. 

 

1.5b Computerized Modelling and Electromagnetic Simulations____________ 

Describing the intricacies of the many tools to simulate molecular dynamics and interactions of an 

electromagnetic field with small particles is beyond the scope of this thesis. However, these 

methods represent an important approach for understanding how chiral inducers influence the 

surface of achiral seeds and establishing relationships between structural features on chiral 

nanoparticles and the resulting optical signature (especially when compared to experimental data). 

In particular, the iterative nature of particle modelling and electromagnetic simulation enables 

morphology-driven investigation at a speed and resolution impossible for synthetic approaches. 

For example, changing a set of crystal facets on a nanoparticle as one would change a variable in 

an experiment (while keeping everything else constant) might take dozens of syntheses to perfect; 

this process is dramatically simplified using 3D modelling software on a computer.  Generally, 

simulations relevant to the context of this work fall into one of two categories.148,149 Volumetric 

approaches (e.g. discrete-dipole approximation, finite difference time-domain)56 use simplified 

electromagnetic solutions applied to representative points across the whole structure; the 

computational time scales with the simulated volume, thus becoming increasingly impractical to 

run for larger structures. Boundary approaches like SIE-MoM (surface integral equations method 

of moments)145,150,151 only solve for 2D interfaces of the simulated object, and thus computational 

time is not wasted on simulating the space inside or surrounding the object; these methods are 
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more efficient than volumetric approaches. In any case, the careful design of 3D models (or 

directly imported data from electron tomography reconstructions) and electromagnetic simulations 

provide an additional tool for further understanding chiral growth mechanisms. 

 

1.5c Chemically-Induced Chiral Growth________________________________ 

The first chiral growth strategy relies on the use of thiolated chiral molecules during seeded growth 

on gold nanomaterials with selected morphologies. Chiral molecules such as glutathione, cysteine–

phenylalanine, and adenine oligomers have shown great promise in inducing chiral growth;152-154 

the following is a discussion of the chemisorption strategy in the context of cysteine, which is the 

most widely used inducer for this purpose.155-158 Cysteine is unique among amino acids in a pair 

of important aspects. The only amino acid possessing a thiol group, cysteine is favored to 

coordinate gold surfaces during a synthetic step and influence the growth of nanomaterials. 

Secondly, the thiolated side chain of cysteine is prioritized over the carboxylic acid on the 

backbone according to the Cahn-Ingold-Prelog (CIP) rules.159 This has an important and 

nonintuitive ramification for the associated nomenclature: whereas natural amino acids are all L-

type and are thus expected to align with the S-type CIP notation, natural cysteine does not. In other 

words, this means that natural (L-) cysteine is of the right-handed (R-) configuration, as opposed 

to synthetic (D-) cysteine, which is of the left-handed (S-) configuration. When introduced during 

a synthetic step, cysteine can guide the growth of gold nanomaterials into an array of different 

shapes and surface geometries. This process is typically conducted at a relatively low concentration 

of chiral inducer (compared to that of the surfactant and available Au surface), suggesting that 

weakly-binding functional groups that would be less relevant at high concentration are important 
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for optimal chiral growth.160-162 The extent of chiral growth can be controlled by modifying the 

concentrations of gold precursor and reducing agent, as well as the temperature or time of reaction. 

The variety of chiral nanostructures achieved using cysteine as the chiral inducer suggests a 

complex and incompletely understood growth mechanism.163-165 Chiral growth on gold 

nanomaterials mediated by cysteine has been proposed to evolve through the gradual removal of 

mirror planes present in the initial seeds, yielding dissymmetric final products. At a very early 

stage in a typical chiral reaction, the formation of high-Miller-index facets at the nanoscale 

corresponds to the arrangement of chiral facets at the atomic scale.166 Specifically, chiral facets 

can be seen as the resulting clockwise (R) or counterclockwise (S) arrangement of small low-index 

terraces, from the most densely to the least densely packed terraces, i.e., from (111) to (100) and 

(110). The enantioselective adsorption of cysteine to these chiral facets, or “kink sites”, causes the 

gradual removal of mirror planes from nanomaterials as they grow, resulting in products with a 

twisted geometry.162,163 A pair of publications by Nam and co-workers demonstrate the reliance of 

this mechanism on the symmetry of the starting materials.160,161 Nanocuboids with a strong 

chiroptical signature were synthesized using the same enantiomer of cysteine, and differing 

starting seeds: cubes became stellated octahedrons (termed Helicoid I) and cuboctahedrons became 

rhombic dodecahedrons (termed Helicoid IV). An unstated observation in these publications was 

that the chiroptical signatures for Helicoid I and Helicoid IV are inverted with respect to one 

another, despite using the same enantiomer of cysteine in both syntheses (Figure 1.10). Though 

the conclusions of these publications emphasized the importance of the timing of introducing 

cysteine into each reaction mixture, the unstated influence of the starting seed crystallinity on the 

final product geometry and corresponding chiroptical signature should not be ignored. Helicoidal 

products like these are also observed to possess chiral features of opposing directionality 
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depending on the viewing direction: for example, the faces of Helicoid I when oriented along the 

[100] axis show a right-handed twist, whilst corners with a left-handed twist can be observed when 

orienting along the [111] axis (Figure 1.10B, inset). This contrast is even more apparent in the 

features on the faces and corners of Helicoid IV (Figure 1.10E, inset). Exploring and optimizing 

the multi-scale chiral features appearing on the same particle will be the focus of a later chapter.   

  

Figure 1.10. Circular dichroism spectra and SEM images of chiral particles synthesized with L-
cysteine or D-cysteine, respectively for Helicoids I (A-C) and IV (D-F). Note the opposing 
chiroptical signatures of Helicoid I and Helicoid IV, prepared identically except the starting achiral 
seeds: the Helicoid I synthesis used cubes, whereas the Helicoid IV synthesis used cuboctahedrons. 
Adapted from ref. 160 (publ. Nature 2018) and ref. 161 (publ. Nature Comm. 2020). 
 



62 | P a g e  
 

It has been proposed that the structural evolution occurring at either protruding facets or particle 

tips is disproportionally important to the chiroptical signature and final geometry of yielded 

particles.167 The influence of tip morphology on the chiroptical signature has been modelled by 

Liu, et al., who showed through simulations that chiroptical spectra for nanocube models with 

high-Miller-index chiral facets were dramatically shifted—and inverted—compared to those from 

nanorod models possessing similar chiral facets (Figure 1.11).168 It should be noted, however, that 

no conclusive experimental evidence was provided to support this hypothesis. 

Figure 1.11. Schematics indicating putative chiral facets on (A) nanocubes and (B) nanorods, and 
computed CD (C, E for nanocubes, nanorods, respectively) and computed extinction spectra (D, F 
for nanocubes, nanorods, respectively). Note that the computed CD magnitudes of nanocubes and 
nanorods are opposite of each other, regardless of particle handedness (red spectrum = S, blue 
spectrum = R). Adapted from ref. 168 (© ACS 2023). 
 

Additional factors, including concentration and conformation of the chiral inducer at the particle 

surface, how gold salts are introduced, and the influence of additives, should be considered when 

further investigating this mechanism.169-171 Our research team reported a cysteine-mediated 

multistep growth method, enabling the synthesis of fourfold-twisted gold nanorods with a clearly 

apparent geometrical handedness and enhanced g-factor.163 Gradual enantioselective growth 
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thanks to the stepwise addition of gold salts as the reaction progressed resulted in nanoparticles 

with a more defined twist and enhanced g-factor compared to other chiral products using this 

growth mechanism. In contrast, X. Wu et al. achieved the fabrication of helical plasmonic nanorods 

through the synergistic combination of cysteine and the achiral molecule 4-aminothiophenol, in 

the presence of a significant amount of Ag+ ions, yielding a g-factor of 0.04.172 However, the 

specific role of additives like silver ions is yet to be determined. Precise characterization of chiral 

products via electron tomography,138,139 ideally during time-resolved experiments to track chiral 

growth during the course of each reaction, are critical to expanding our understanding of the 

underlying mechanism. 

 

1.5d Micelle-Directed Chiral Growth__________________________________ 

As discussed previously, cetyltrimethylammonium micelles are important to the formation of 

anisotropic nanoparticles. The observation that these micelles, and the subsequent crystal growth, 

could be influenced by changing the chemistry of these micelles using additives is foundational to 

the discovery of this chiral growth mechanism. This culminated in the use of cosurfactants such as 

1,1′-bi(2-naphthol) (BINOL) and 1,1′-binaphthyl-2,2′-diamine (BINAMINE) to influence chiral 

growth.173,174 Unlike cysteine, these molecules do not possess point chirality, and are theorized to 

coordinate to Au nanostructures through the formation of large worm-like micelles comprised of 

the co-surfactant and CTAC.175 As experimentation with this mechanism progressed, BINAMINE 

was favored, as its amine groups were proposed to adsorb more strongly to the Au surface during 

growth, thereby reinforcing a potential templating effect. The axial chirality present in BINAMINE 

denotes directionality to these micelles, depending on the handedness of the BINAMINE 
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enantiomer. As with the chemisorption mechanism, the chiral reaction is triggered on achiral seeds 

(Au0) by an overgrowth step, which entails the fast reduction of gold salts (Au3+) by ascorbic acid; 

as a result, protruding wrinkles form on seeds as the gold crystal grows between the spaces of the 

adsorbed micelles. Because of this, this mechanism is often referred to as chiral micelle templating 

or micelle-directed chiral growth. It has been shown that the incubation of achiral seeds with 

BINAMINE and CTAC, as well as the fast reduction of gold salts via quick addition of ascorbic 

acid, are vital factors to reaction success. Products obtained using BINAMINE and high-aspect 

gold nanorods as seeds have been observed to possess intense chiroptical magnitudes (up to 0.20 

or even higher in the NIR), hypothesized to originate from the high degree of local directionality 

and definition of these wrinkles. In collaboration with the group of Prof. Sara Bals (EMAT, 

University of Antwerp), a method was devised to quantitatively evaluate the helicity of wrinkles 

produced on nanorods synthesized with BINAMINE, based on image reconstructions from particle 

characterization by electron tomography.143 It was observed that the helicity and corresponding 

chiroptical signature of these particles are correlated with the thickness of the wrinkled features in 

the ¨chiral shell¨ surrounding the nanorod seed. Interestingly, both directionalities of this wrinkled 

morphology were identified in subregions of particles synthesized with either enantiomer of 

BINAMINE (Figure 1.12). The dominating handedness of the wrinkles present matched the 

handedness of BINAMINE used, which corresponded to the overriding magnitude of the total 

helicity.  
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Figure 1.12. Molecular dynamics simulations of chiral micelles adsorbed onto a gold nanorod 
model (A, B). During a chiral reaction, growth occurs in the gaps in the micellar coverage, which 
results in well-defined wrinkles with a directionality dependent on the handedness of the chiral 
inducer used. However, wrinkles of both directionalities are present in products of micelle-directed 
chiral reactions, regardless of enantiomer used (C; red indicates right-handed wrinkles; blue 
indicates left-handed wrinkles, scale bar = 50 nm). Adapted from ref. 173 (publ. Science 2020) 
and ref. 143 (© ACS 2022). 
 

Though limited by the small amount of particles assessed in this study, this work is invaluable 

towards investigating the products of micelle-directed chiral growth and the relationship between 

structure and chiroptical response. To further delve into the underlying mechanisms of micelle-

directed chiral growth, it is important to track products as they grow from achiral seeds to chiral 

particles. Zhuo, et. al. presented a pair of approaches to monitor the products of micelle-directed 

chiral growth induced by BINAMINE.151 The first approach involved preparing a synthesis and 

tracking its chiroptical signature in real-time inside a CD instrument. From this work came the 

observation of a critical transition that occurs within the first minute of the reaction, and an 

abnormal increase in absorption with respect to scattering as chiral wrinkles form. The 

corresponding appearance of three distinct CD bands occurring within the first minute of the 

growth reaction, which progressively red-shift and typically reach their maximum magnitude 

within less than ten minutes, was also observed (Figure 1.13A,B). However, this approach was 

limited by the maximum scan speed and spectral resolution of the instrument; the fact that 
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increasing one of these factors decreases the other puts a practical limit on how fine the intervals 

in a real-time spectroscopic analysis can be. Additionally, the products of a specific time interval 

in an in situ preparation cannot be characterized in isolation because the chiral reaction continues 

to completion. There are methods to circumvent this, such as quenching the growing products in 

an excess of water or another non-reacting solvent to effectively stop chiral growth, but it is 

uncertain whether quenching occurs sufficiently fast, and whether these methods can reproducibly 

isolate small products from a large volume of liquid. Therefore, a second approach established a 

series of chiral growth reactions with increasing gold salt-to-seed ratio, to study the gradual 

formation of chiral features on the Au NR seed surface (Figure 1.13C-F).  
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Figure 1.13. Comparison of methods to analyze products of micelle-directed chiral growth in 
progress. Chiroptical (A) and extinction (B) spectra of reactions prepared in situ indicate that the 
maximum chiroptical signature is quickly achieved, but these products are impossible to isolate 
since the reaction continues to completion. Thus, products were prepared with different amounts 
of gold salts available for the overgrowth reaction (HAADF-STEM images and electron 
tomography reconstructions, C-F), allowing study of intermediates since the reaction would 
terminate after the gold salts were exhausted. This revealed the formation of an elongated 
octahedra geometry, which promoted the growth of deep directional wrinkles as the reaction 
progresses. Adapted from ref. 151 (© ACS 2022). 
 

This approach showed interesting information about intermediate morphologies that are important 

for chiral growth; specifically, an elongated octahedral intermediate was observed to be critical as 

a platform for the formation of distinct directional wrinkles. It should be noted that such a series 

is not a representation of an optimized reaction in progress, which was reproducibly achieved using 

a large excess of gold salts to achiral seeds. All told, there is a mandate for the time-resolved optical 
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and structural characterization of chiral nanomaterials, with a focus on finer time points, which 

especially concerns chiral syntheses like these that complete more quickly. 

 

1.6 Summary_________________________________________________________      

In “bottom-up” colloidal syntheses, nanoparticles can be engineered with directional, tunable 

morphologies dependent on the chemical parameters of the reaction. These reactions involve the 

transfer of chirality across different size scales and materials, from molecular to the nanoscale. 

Because stereochemistry has different forms at different scales, different handedness conventions 

have been historically used, and therefore care must be taken when using them. Currently, we can 

distinguish two main synthesis strategies toward synthesis of inherently chiral nanoparticles. In 

both cases, the underlying mechanism involves elimination of mirror planes present in the 

morphology of the employed seed particles. In the first strategy, thiolated chiral molecules such as 

amino acids or peptides are used as chiral inducers that affect nanomaterial surface energies, which 

in turn gradually translate into chiral and twisted facets in the resulting nanoparticle. As it happens 

for most nanomaterial growth methods, the obtained chiral shapes strongly depend on the 

concentrations of precursors and chiral inducers, as well as on the starting symmetry of the seeds. 

This is true also for the second main synthesis strategy discovered and discussed here: micelle-

directed chiral growth. Here, BINAMINE, possessing axial chirality, is used as a co-surfactant 

with CTAC, forming large chiral micelles that adsorb to gold nanorods and act as a template for 

chiral growth. In addition to these strategies, external factors such as circularly polarized light can 

effectively modulate directional growth, resulting in materials with optical activities enhanced 

over that realized with chiral inducers alone. This approach will be discussed in greater detail in 
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the outlook. Chirality quantification has already demonstrated an immense potential in establishing 

structure-optical relationships and has been accomplished through approaches guided by 

information from electron tomography, such as mapping helicity on the surface of nanomaterials 

at the nanometer scale. Although the synthetic toolboxes are quite rich, large outstanding questions 

remain, i.e. how chiral inducers modulate growth on the atomic level, the contribution of seed 

crystallinity and protruding facets like particle tips to the chiroptical signature, and how chiral 

growth progresses in real-time. For the preparation of other kinds of inherently chiral plasmonic 

nanomaterials, a major bottleneck is in the discovery of novel and effective chiral inducers. As 

discussed in the forthcoming chapter, the judicious design and selection of a host of chiral inducers 

can bring about unprecedented structures and intense chiroptical activities. Furthermore, this 

approach is important towards expanding our understanding of the underlying growth mechanisms 

and optimizing future syntheses of chiral plasmonic nanomaterials. 
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Chapter II  – Tuning the Growth of Chiral Gold 
Nanoparticles Through Rational Design of a 

Chiral Molecular Inducer 
 

As mentioned in the previous chapter, the “bottom-up” preparation of inherently chiral colloidal 

nanomaterials holds great potential for the advancement of biosensing and nano-optics, which has 

been reproducibly demonstrated using cosurfactants or chiral molecules such as thiolated amino 

acids. Lending to the adaptable nature of plasmonic nanoparticle synthesis methods and the wide 

range of chiral inducers, several types of plasmonic nanoparticles have been reported and a wider 

variety is expected. Further expansion of downstream applications largely depends on our ability 

to tailor the chiral intricacy of the nanomaterial and to understand its influence on the resulting 

optical activity and spectral range. Thus, tunable control over particle growth, as well as the 

prominence of absorption or scattering on the optical response, are highly relevant. However, the 

underlying growth mechanisms for these nanomaterials remain insufficiently understood. We 

introduce herein a purpose-devised small molecule, a cysteine modified with a hydrophobic chain, 

as a versatile chiral inducer. The amphiphilic and chiral features of this molecule provide control 

over the chiral morphology and the chiroptical signature of the obtained nanoparticles by simply 

varying the concentration of chiral inducer. These results are supported by circular dichroism 

measurements and electromagnetic modeling, as well as electron tomography to analyze structural 

evolution at the facet scale. Our observations suggest expanded roles for the factors involved in 

chiral synthesis: the chemical nature of the chiral inducers and the influence of cosurfactants. 
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2.1 Introduction_______________________________________________________ 

As discussed in Chapter I, the relevant “bottom-up” synthetic techniques of plasmonic 

nanomaterials thus far developed are sufficiently common to be readily reproduced, but also 

possess a depth that allows for a high level of flexibility and variability in the syntheses.1-3 A 

challenging obstacle has been the engineering of chiral morphology at the single-particle level, 

and applying it to colloidal nanomaterials while maintaining a high degree of monodispersity.4-6 

This has typically been achieved via a seeded overgrowth reaction mediated by a chiral inducer, 

which allows for the chiral arrangement of gold atoms about achiral starting gold nanoparticles 

(seeds) via the rapid reduction of gold ions. Regardless of the chiral inducer used, the outcome of 

the overgrowth process is significantly influenced by the experimental conditions employed. 

Variables such as temperature and the concentration of applicable reagents can be optimized to 

maximize the dissymmetry factor (g-factor) of the products.7-9 The geometry and crystallinity of 

the achiral seeds also play an important role in determining the final morphology of the chiral 

products, which is a topic that will be discussed at length in the following chapter.8,10-12 The 

variable of focus for this chapter is the chemical nature of the chiral inducer; depending on this 

factor, chiral seeded growth on gold nanomaterials can be achieved through several alternative 

pathways. One reported synthetic pathway results in the formation of plasmonic nanorods with 

twisted geometry (Figure 2.1a).13 This method was initially applied to other achiral seed 

morphologies, using thiolated molecules (such as cysteine or glutathione) or short polypeptides 

comprised of the same amino acid as the chiral inducers.10,11,14,15 Asymmetric growth on the 

plasmonic seeds has been claimed to be induced by the enantioselective adsorption of chiral 

inducers on high-index facets with atomic-scale chirality.16-18 This preferential interaction 

promotes the kinetic growth of crystallographic facets with a handedness corresponding to the 
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enantiomer of the chiral inducer used, ultimately resulting in the formation of twisted shapes. The 

same strategy has been applied to prepare several types of twisted gold nanorods (Au NRs), using 

achiral Au NRs as seeds.13,19 A second generic synthetic protocol is known as micelle-directed 

chiral growth, in which large helical micelles formed in solution wrap around achiral Au NR seeds; 

such helical micelles act as templates during seeded growth, resulting in a dense array of quasi-

helical wrinkles around a central nanorod  (Figure 2.1b).20,21 Despite the wide variety of chiral co-

surfactants that could potentially act under this mechanism, only one example has been reported 

so far, using 1,1′-bi(2-naphthylamine) (BINAMINE) as the chiral inducer, alongside a primary 

surfactant (cetyltrimethylammonium chloride, CTAC), to induce chiral seeded growth. 

BINAMINE is a molecule with axial chirality, containing an aromatic hydrophobic region that can 

be inserted into CTAC micelles, and two amino groups that assist binding onto the Au surface.22,23 

On this basis, it has been postulated that BINAMINE plays a dual role, inducing both the formation 

of chiral worm-like micelles and a stronger interaction between the elongated micelle and the seed 

surface through amine groups. This interaction between the elongated micelles and the seed is 

required for the formation of a micellar template that can promote the growth of steep wrinkles 

and the stabilization of such morphological features.  
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Figure 2.1. Schematic view of the mechanisms for seeded growth of chiral nanorods. (a) Cysteine 
as a chirality inducer, resulting in twisted nanorods. (b) Chiral growth directed by micelles 
containing BINAMINE as cosurfactant, resulting in a wrinkled particle structure. The use of 
LipoCYS (c) is proposed to bridge both growth mechanisms. 
 

In this chapter, we describe the use of a purposely synthesized molecule possessing elements from 

chiral inducers used in the aforementioned chiral mechanisms (i.e. a thiolated functional group and 

a hydrophobic aliphatic tail), in seeded chiral overgrowth reactions (Figure 2.1c).  Because achiral 

seeds of a high aspect ratio were found in previous work to be more efficient in terms of chiral 

growth and optical activity,20,21,24 the investigation of the growth mechanism mediated by this new 

chiral molecule was carried out using single-crystal gold NRs as seeds, and later expanded to 

octahedral and cubic seeds, to investigate whether similar structural and chiroptical trends would 

be observed. The development and testing of new chiral molecules to induce directional growth 

on gold nanomaterials is a subject that has great potential for the fine-tuning of the resulting 

particle morphologies and eventually the creation of novel ones, as well as the better understanding 

of the aforementioned chiral growth mechanisms. 
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2.2 Bridging Established Chiral Mechanisms with LipoCYS______________________ 

Emboldened by the success of chiral synthesis using amino acids, and inspired by the putative 

micellar template growth mechanism, we explored the role of a purposely devised chiral molecule 

consisting of a modified cysteine: 2-amino-N-decyl-3-mercaptopropanamide (synthesized by 

Sandra Baúlde and Jesús Mosquera at Universidade da Coruña (CICA), see Chapter VI for 

details), which we term LipoCYS, as the chiral inducer for the seeded growth of gold nanorods.25 

The presence of a cysteine-like head group and a longer hydrophobic tail was foreseen to provide 

a dual function, allowing high affinity for both the gold surface and the micellar system. Chiral 

products were prepared using a method developed by González-Rubio et. al.20:  achiral seeds are 

dispersed in a solution containing surfactant, gold salts, and the chiral inducer, and the overgrowth 

reaction is triggered by the rapid addition of excess ascorbic acid, immediately followed by 

vigorous shaking to rapidly combine the mixture (see Chapter VI for more details). The choice 

of gold nanorods as achiral seeds provides a larger surface area per particle for adsorption of the 

cysteine moiety on LipoCYS, while capitalizing on the potential for micelle formation, 

maximizing their elongation and promoting the growth of distinct chiral features. To evaluate the 

performance of LipoCYS as a chiral inducer, we implemented experimentally the overgrowth 

about pre-manufactured gold nanorods using CTAC as the surfactant, and ascorbic acid (AA) as 

the reducing agent. As a means to monitor the quality of the produced chiral NRs, circular 

dichroism (CD) spectroscopy was used to quantify the chiroptical response, i.e. the unequal 

extinction of left- and right-handed circularly polarized light.26 Additionally, to characterize 

surface wrinkles and other geometrical features, high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) was applied. Subsequently, acquisition of 

tomographic reconstructions by collaborators at the University of Antwerp (NANOLab Center of 
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Excellence; EMAT) permitted analysis of the morphology and structural features in 3D, which can 

hardly be discerned in conventional 2D HAADF-STEM images. Through the modification of 

experimental parameters, we aimed at maximizing the g-factor of chiral products (see Chapter I 

for definition), while monitoring the resulting structural evolution. To begin our investigation, the 

concentration of LipoCYS was kept constant while the concentration of other chemical factors was 

changed, one variable at a time in iterative syntheses. In this way, the impact of each variable on 

the chiroptical and structural properties of chiral products could be observed (see Figure 2.2). 

Increasing the concentration of ascorbic acid ([AA]) used in the synthesis led to significant 

enhancements in the peak g-factor of the products, which shifted little in wavelength; this 

corresponded to discreet changes in the surface wrinkles of the products, becoming incrementally 

more distinct. Changing the concentration of CTAC led to an even more noticeable shift: at very 

low CTAC concentration, an inversion of the chiroptical response was observed—the usually 

negative g-factor became positive. This could be attributed to the slightly bowed structure of these 

particles, perhaps possessing a microscale chirality that overwhelms the nanoscale chirality present 

in the wrinkles. Another example of surfactant-directed chiroptical inversion will be discussed in 

Chapter V, in the context of multi-scale chirality. Finally, changing the concentration of AuNR 

seeds (Au0) involved in the chiral reaction resulted in a red-shift of the chiroptical signature, 

proportional to the ratio of gold salts to gold seeds ([Au3+] : [Au0]).  
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Figure 2.2. Circular dichroism (A) and HAADF-STEM (B) characterization of chiral gold 
nanomaterials prepared with novel chiral inducer (R)-LipoCYS. Image outlines are color-coded to 
match the legend of the plots. Scale bars = 100 nm. Highlighted columns in table (C) show sample 
sets where one chemical variable was modified, while all others were kept constant. 
 

Taken as a whole, these results inform an optimal set of parameters for chiral syntheses with 

LipoCYS, yielding products with strong chiroptical signals and products with well-defined 

structural features. Carrying these optimized parameters forward in syntheses where [LipoCYS] is 

the variable will help us to further clarify the chiroptical and structural changes for the products of 

these reactions. With these observations in mind, we performed LipoCYS-mediated chiral growth 

reactions with a [Au3+] : [Au0] typical to the literature,13,20 a high excess of ascorbic acid (700 

mM), and a moderate amount of surfactant (44 mM CTAC) to keep the colloid stable during the 
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reaction (see Chapter VI for more synthetic details). The rapid progression of these reactions 

(owing to the high concentration of ascorbic acid and elevated reaction temperature) is indicated 

by the appearance of a purple-pink color in the first few minutes after the addition of ascorbic acid 

to initiate the reaction. With the intent of yielding an evolving series of chiral products with a 

maximized chiroptical signature, we screened a wide range of LipoCYS concentrations under the 

aforementioned synthetic conditions. A gradual increase of the LipoCYS concentration (keeping 

all other variables constant) resulted in a spectral redshift of the chiroptical signature, and a 

corresponding change in particle morphology (Figure 2.3).  

 

Figure 2.3. Circular dichroism (g-factor) spectra (A) and absorbance spectra (B) for chiral Au NR 
colloids prepared using different [LipoCYS], as labeled. Solid and dashed lines correspond to 
results from particles synthesized with the R and S enantiomers of LipoCYS, respectively. 
HAADF-STEM images of chiral particles synthesized with (R)-LipoCYS (C); image outlines are 
color-coded to match the legend of the plots. Scale bars: 200 nm.  
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Regarding the g-factors, the maximum value for NPs obtained at 20 µM of LipoCYS is observed 

at around 620 nm, with magnitudes of –0.025 for (R)-LipoCYS and 0.009 for (S)-LipoCYS. Larger 

g-factors were consistently achieved with the (R) enantiomer, which may be related to inherent 

challenges associated with thiolated molecules and their potential oxidation by atmospheric 

oxygen. The obtained chiroptical signature of greatest intensity was observed for wrinkled 

particles synthesized with 90 μM LipoCYS (equivalent to a ratio of 1:486 LipoCYS to CTAC 

molecules), with maximum g-factors (at 720 nm) of 0.066 for (R)-LipoCYS and 0.043 for (S)-

LipoCYS. Three-dimensional reconstructions of the chiral products (obtained via electron 

tomography data acquired by Mikhail Mychinko and Wouter Heyvaert, EMAT) highlight the 

evolution from relatively smooth surfaces at a low LipoCYS concentration to densely wrinkled 

shapes at a high LipoCYS concentration (Figure 2.4 and Figure 2.5). To elucidate the underlying 

mechanism governing chiral growth at high LipoCYS concentrations, it is crucial to emphasize 

that LipoCYS was synthesized with a specific design, aimed at facilitating interaction with both 

the CTAC micelles – through the incorporation of the aliphatic chain – and the gold surface – via 

the thiol group. On this basis, we hypothesize that a critical threshold exists, at which the local 

concentration of LipoCYS on the Au surface becomes sufficient to trigger the formation of worm-

like micelles over the NP surface. In this scenario, the aliphatic tails of LipoCYS act as anchoring 

points for the micelles, directing crystal growth into wrinkles. Evaluated by HAADF-STEM (also 

performed at EMAT), the average length of wrinkles on particles synthesized with 90 μM was 

around 22 nm, with a distance between them of ∼2 nm and a thickness of ∼4 nm. Importantly, 

HAADF-STEM analysis of the intermediate samples, i.e. those synthesized with 45 and 75 μM 

LipoCYS, showed a lower density of wrinkles, because their thickness increases until ~7 nm 

(Figure 2.5). This result can also be elucidated through the earlier hypothesis, given that 



94 | P a g e  
 

hydrophobic forces drive LipoCYS toward clustering, thereby initiating the formation of elongated 

micelles. A lower amount of LipoCYS would thus yield a reduced number of wormlike micelles, 

leading to a correspondingly lower count of grooves and resulting in the formation of larger 

wrinkles. 
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Figure 2.4. Morphological characterization of Au NPs obtained by increasing the concentration of 
(R)-LipoCYS (A, 20 μM; B, 45 μM; C, 75 μM; D, 90 μM) during chiral overgrowth. The 
morphological characterization for each sample includes (i) HAADF-STEM image of several 
representative nanoparticles, (ii, iii) Visualizations of the 3D reconstructions, presented along 
different viewing angles (oriented 45° relative to each other), and (iv, v) selected orthoslices 
extracted from the 3D reconstructions, perpendicular to the longitudinal and transverse axes, at the 
center of the NRs. White dashed lines represent the relative positions of slices shown in (iv) and 
(v). All scale bars are 25 nm. 
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Figure 2.5. Selected orthoslices extracted from the 3D reconstructions, perpendicular to the 
longitudinal and transverse axes, at the center of chiral Au NRs prepared with different 
concentrations of (R)-LipoCYS (A,D: 45 μM, B,E: 75 μM, C,F: 90 μM). All values are given in 
nm. 
 

In summary, we show that LipoCYS is a versatile inducer that can produce both twisted and 

wrinkled chiral plasmonic nanoparticles, solely depending on its concentration. At relatively low 

concentrations, LipoCYS behaves similarly to cysteine and generates twisted gold nanorods. In 

contrast, high concentrations of LipoCYS lead to the formation of NPs with well-defined helical 

wrinkles, typically obtained through micelle-directed growth. The observed morphological 
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changes are also reflected in distinct optical features with varying intensity and spectral position. 

In the following sections, an equally discerning eye will be given to structural-optical relationships 

of the chiral products, and morphological changes induced by LipoCYS on a facet-specific level. 

 

2.3 Modelling and Electromagnetic Simulations______________________________ 

For additional evidence behind the correlation between the obtained morphologies and the 

plasmonic optical activity, our collaborators at EM3Works (Manuel Obelleiro-Liz) carried out 

electromagnetic simulations based on the surface-integral equations (SIEs) discretized by the 

method of moments (MoM) (see Chapter I and Chapter VI for details).27 We used 3D models, 

based on the electron tomography reconstructions in Figure 2.4, that resembled chiral NRs 

obtained with three different LipoCYS concentrations. The simulated CD spectra (Figure 2.6) 

were found to agree with the experimental trend, in terms of both wavelength and relative intensity 

of the plasmonic CD bands. The broadened and redshifted g-factor bands observed for increasing 

LipoCYS concentrations are related to the formation of well-defined wrinkles, in agreement with 

detailed computational analysis reported elsewhere.28 A deviation in the agreement is seen for the 

intensity of the near-IR band in the simulated spectrum of the 90 μM LipoCYS model, which is 

less intense and more broadened in the experimental spectrum. This is likely due to the idealized 

nature of our particle models, in contrast with the complex wrinkled geometry in the particles. The 

effect of disorder in the wrinkled structure (for the highest LipoCYS concentrations) was also 

accounted for by simulating 3D models with randomized surface texture, indeed revealing loss of 

CD signal when the surface features are disordered (Figure 2.7). 
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Figure 2.6. Simulated circular dichroism (A) and extinction (B) spectra for three 3D models made 
to resemble the observed morphology of selected experimental samples from Figure 2.4 (black: 
20 μM, purple: 45 μM, green: 90 μM). Simulations were based on SIE-MoM (see text and Chapter 
VI for details). 
 

 

Figure 2.7. Electromagnetic simulations for 3D models of Au NRs with disordered surface 
features, resulting in strongly decreased g-factor. CD and extinction cross-section spectra are 
shown for randomly oriented distributions of nanorods, under illumination with left- and right-
handed circularly polarized light (extinction cross-section spectra are shown as an average for left- 
and right- circular polarizations). 
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Further considerations should be made when contrasting simulated and experimental data: 

ultimately what is represented in simulations is a simplified perspective of the geometry of a single 

particle, in comparison with the variety of morphological details present in a colloid dispersion. 

Both examples from this work speak to the compromise and limitations innate to computerized 

modeling and light simulations: specifically, that a given simulation will only be as good as the 

model being simulated, and a nanoparticle model will never be a perfect representation of the 

myriad colloidal particles synthesized in a chiral reaction. The observation that the optical spectra 

obtained from real samples are remarkably similar to those derived from simulated models despite 

their inherent limitations is a testament to the validity of the results presented here. Advancements 

in modelling that directly incorporate the output from electron tomography characterization are 

helpful towards moving what is simulated ever closer to reality. The potential for computerized 

techniques is clear: the facet-directed investigation of structural-optical relationships of chiral 

nanoparticles often requires a brute-force approach that is much more time efficient with 

simulations than with syntheses.29,30 

 

2.4 High-Resolution Facet Analysis of Chiral Nanorods_________________________ 

To further investigate the chiral growth mechanism for low LipoCYS concentration, high 

resolution HAADF-STEM images were acquired by our collaborators at EMAT, which indicate 

that the tips are enclosed by {110} facets (Figure 2.8).  
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Figure 2.8. (A,D) HAADF-STEM images and (B,C,E) high resolution HAADF-STEM images of 
a chiral AuNR prepared with (R)-LipoCYS (similar to that in Figure 3A), taken along <110> and 
<100> zone axes. The insets in (B), (C) and (E) show fast Fourier transform (FFT) patterns along 
[110] and [100] directions for the fcc lattice of Au, which indicate that the tips are enclosed by 
{110} facets. 
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Figure 2.9. (A) 3D reconstruction and selected orthoslices of a twisted Au NR, obtained using 20 
μM (R)-LipoCYS during chiral overgrowth. Solid white lines indicate the expected 
crystallographic orientations of [520] facets. White arrows indicate positions where chiral 
overgrowth occurs. (B) Combined HAADF-STEM tomography (real space) and electron 
diffraction tomography (reciprocal space) reconstructions of the same particle oriented along 
[100], [520], [110], [250], and [−250], with rotation angles as indicated. (C) Idealized chiral model 
of the same nanoparticle, oriented along the same directions as the corresponding panels in (B). 
All scale bars correspond to 25 nm. 
 

For nanoparticles as complex as those investigated here, 2D HAADF-STEM images do not enable 

a straightforward identification of the crystallographic nature of the overall surface structure, 

particularly the concave surfaces. Therefore, simultaneous HAADF-STEM and electron 

diffraction (ED) tomography was performed (at EMAT) on a selected NP obtained using 20 µM 

(R)-LipoCYS (Figure 2.9). Orthoslices orthogonal to the [001] direction (Figure 2.9A) of the 

HAADF-STEM reconstruction indicate that the particle has a square-like cross-section, albeit with 
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concave faces. Combination of tomography reconstructions in real and reciprocal space enables a 

detailed analysis of the various facets in the NP, by orienting it along a given zone axis and 

inspecting the corresponding part of the NP surface perpendicular to that direction (Figure 2.9B). 

Through the former analysis, we conclude that the observed concave faces mainly consist of two 

facets belonging to the {520} family. Further inspection of the orthoslices near the NP tips (Figure 

2.9Ai,iii) indicates selective overgrowth at the corners of the two-sided faces (indicated by white 

arrows), resulting in a seemingly twisted structure. In the case of (R)-LipoCYS, this selective 

overgrowth occurs on the top left and bottom right corners of each concave face, as also illustrated 

in the idealized model (Figure 2.9C). The concavity of the NR morphology in these regions can 

be expected to lead to local {521} facets at the top left and bottom right corners of the lateral facets 

and {52-1} facets at the top right and bottom left corners. Since these are chiral facets, the 

mechanism resulting in the final morphology would, therefore, be similar to that described in refs. 

5 and 21. Finally, an inspection of the <111> and <011> corners indicates that they are twisted in 

a similar manner as the helicoids reported by Lee et al., likely intertwined with the presence of 

chiral facets.11 The resulting morphology is thus similar to the four-fold twisted gold nanorods 

described in previous work by Ni, et. al.13 Whereas cysteine was used there at a concentration of 

75 nM, micromolar concentration (20 μM) is required for LipoCYS to induce chirality. We ascribe 

this difference to the absence of a carboxylate group in LipoCYS, reducing the affinity for the gold 

surface. This is in agreement with Chen, et. al., where g-factor was significantly reduced when 

cysteine was replaced by an analogue containing a methylated carboxylate group.31 Based on the 

former morphological studies, it is obvious that at low concentration, LipoCYS follows an 

equivalent mechanism as that described for standard cysteine, inducing chiral growth upon 

symmetry breaking of chiral high-Miller-index facets. Additional wrinkling on particles at higher 
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LipoCYS concentration resulted in weaker chiroptical activity, which might be related to a lower 

degree of order in surface topography at higher concentrations, or a complex directional geometry 

developing at the particle tips. This hypothesis is supported by the results of a quantitative helicity 

analysis performed at EMAT (see Chapters I and VI for details) and based on HAADF-STEM 

tomography (Figure 2.10), which confirms the direct correlation between the handedness of the 

studied NPs and the type of enantiomer used during the synthesis. For the NRs prepared with the 

highest LipoCYS concentration (Figure 2.10D), a less defined helicity plot was obtained.  

 

Figure 2.10. Isosurface visualizations of the 3D reconstructions (i, ii) for Au NRs obtained using 
different concentrations of (R)-LipoCYS (A: 20 μM; B: 45 μM; C: 90 μM; D: 200 μM). Presented 
images are made along different viewing angles (oriented 45° relatively to each other) for each 
particle. Plots of the corresponding helicity function (iii; red: right-handed; blue: left-handed) are 
provided for each 3D reconstruction. Technical details on how to compute these helicity functions 
are provided in Chapter VI. The AuNRs obtained by (R)-LipoCYS are found to yield a right-
handed helicity (red). All scale bars are 25 nm. 
 

A subsequent study using LipoCYS with different achiral seeds also supported the hypotheses 

described above. Using both cubic and octahedral achiral gold nanoparticles as seeds for chiral 

reactions at a similar range of LipoCYS concentrations, similar concentration-dependent 

chiroptical and structural evolutions of the chiral products were observed (Figure 2.11). Although 
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the chiroptical signal was found to decrease compared to similar syntheses using nanorods as 

seeds, the overall trend was replicated: a spectral redshift was observed as the concentration of 

LipoCYS was increased. These optical effects were confirmed to correspond to a morphological 

evolution from smooth to wrinkled particles, as described above. However, it should be noted that 

at low LipoCYS concentrations, the magnitude of the g-factor for chiral products synthesized from 

the two different seeds was inverted with respect to one another.  

 

Figure 2.11. Chiroptical (g-factor) spectra and SEM images for chiral products obtained using 
octahedral (A) and cubic (B) achiral Au NPs as seeds, with different concentrations of (R)-
LipoCYS. Image outlines are color-coded to match the legend of the plots; all scale bars are 200 
nm. Note the redshifted chiroptical trend and structural evolution of products from smooth to 
wrinkled, as the LipoCYS concentration is increased. 
 

It must be stressed that the achiral octahedral and cubic seeds used here were of comparable 

dimensions to each other, and subjected to identical conditions for the chiral growth reactions; the 

variable of concern here was in the differing geometries of the starting achiral seeds. A more 

dramatic example of this phenomenon will be explored in Chapter III. Efficient approaches for a 

systematic investigation of the influence of crystallinity in the initial achiral seeds,32 the 
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development of chiral facets,33 as well as high-throughput characterization of helicity in chiral 

products,34,35 are critical to a deeper understanding of the underlying growth mechanisms. 

 

2.5 Conclusions_______________________________________________________ 

We have contended in this work that chiral growth on gold nanorods can be modulated through 

rational control over the underlying growth mechanisms, which may provide valuable information 

toward the predictable synthesis of chiral plasmonic nanomaterials. We have demonstrated 

reproducible control over the obtained nanoparticle structure at different scales: both fine-detailed 

wrinkles and the larger overall particle geometry can be tailored through the synthesis conditions. 

Such a variation can be achieved by modifying a single parameter (the concentration of the chiral 

molecule, LipoCYS) on a given chiral synthesis. These results are supported by observations that 

the deposition of gold on the nanorod (seed) surface, and even the preference of facet growth, is 

heavily influenced by the presence of co-surfactants. It should be noted that, above a certain 

concentration of LipoCYS, the observed chiroptical response decreases significantly, as a result of 

the observed lower degree of order in the wrinkled structure. The relative contribution to the 

overall chiroptical signature of micelle-directed formation of wrinkles and stabilized facet-directed 

twisting of particle geometry warrants further investigation. An additional relevant finding of this 

study is related to the micellar template growth: to date, this synthetic protocol has been based on 

applying a very particular type of molecules with axial chirality as inducers of dissymmetry. Here-

in, we found that molecules with central chirality are also capable of giving rise to the same type 

of chiral morphology. Comparison of the chemical structure of LipoCYS and the previously used 

inducers suggest that micellar template growth requires chiral inducers with two different regions, 
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a polar head with high affinity for the gold surface and a hydrophobic part that endows affinity for 

the micelles. Taken together, these results suggest an expanded role for co-surfactants that can be 

applied for the preparation of nanomaterials with chiral morphology. The availability of a diverse 

range of gold seeds in various shapes and sizes further emphasizes the significance of these 

findings. 
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Chapter III  – Single Crystal and Pentatwinned 
Gold Nanorods Result in Chiral Nanocrystals 

with Reverse Handedness 
 

As discussed in the previous chapter, the chemical makeup of the chiral inducer can have profound 

effects on the structure and chiroptical signature of the inherently chiral products of “bottom-up” 

chiral reactions. A more basic example of this is common to chiral synthetic literature, where the 

handedness of the products is changed by selecting an enantiomer of the chiral inducer used in the 

reaction. It is typical to use both enantiomers of a given chiral inducer and report the yielded pair 

of chiral products with inverse chiroptical magnitudes and geometrical handedness. This 

information is important towards revealing the intricacies of chirality transfer at different scales, 

i.e. from a molecule to a crystal facet to a nanoparticle. We report that, even when using the same 

chiral inducer enantiomer, the handedness of chiral gold nanocrystals can be reversed by using 

achiral AuNR seeds with either single-crystalline or pentatwinned structure. This effect holds for 

chiral growth, both chemically induced by amino acid derivatives (e.g. cystine) and directed by 

chiral micelles (comprising BINAMINE and CTAC). Although the particles obtained from the 

former growth mechanism display irregular shapes that made the morphological handedness 

challenging to discern, in both cases the products formed using either single crystalline or 

pentatwinned achiral seeds showed circular dichroism bands of opposite sign. For the micelle-

directed growth mechanism, the chiral products had more consistent geometries, nearly mirrored 

chiroptical signatures, along with quasi-helical wrinkles of inverted handedness. These results 
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expand the toolbox for chiral synthesis with an effect that might be exploited to yield a host of 

interesting morphologies with tunable optical properties. 

 

3.1 Introduction_______________________________________________________ 

Chirality can be transferred from organic to inorganic substances, via assembly of achiral building 

blocks into a chiral arrangement, or by the preparation of nanostructures with chiral morphology.1 

This has been historically accomplished by directing amino acids or peptides to systems such as 

CaCO3,2,3 Au,4-7 Ag,8 HgS,9 or Te,10 with more recent studies applying DNA or even circularly-

polarized light to these systems, yielding a host of novel structures with interesting optical 

properties.11 These processes, which enable new approaches to control the structure of 

nanomaterials,12-15 crucially depend on the inherent properties of the inorganic crystals, such as 

the crystal lattice,9 stabilization of certain chiral kinks,2 or the presence of crystalline defects such 

as screw dislocations.10 As discussed in Chapter I and Chapter II, a few synthetic strategies for 

chirality transfer to Au nanoparticles have been successfully applied, typically by removing mirror 

planes from the geometry of achiral nanoparticle seeds during growth. This is mediated either by 

the presence of small chiral molecules such as amino acids (chemically-induced),4 or by using 

chiral micelles to wrap around nanocrystal seeds and template further growth (micelle-directed).16 

In all cases, the crystal properties of the achiral seeds have been reported to influence the 

morphology and handedness of the final chiral products. As discussed in Chapter I, the formation 

and use of single-crystalline (SC) or penta-twinned (PT) Au nanoclusters determines the growth 

of either single-crystal AuNRs (grown from SC seeds in the presence of Ag+ ions) with an 

octagonal cross section, or elongated pentagonal prisms (from PT seeds and Ag-free).17 
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Consequently, the crystallographic surface facets for both AuNR types are different, with SC-

AuNRs displaying {520} lateral facets capped by {110} and {100} tips18,19 and PT-AuNRs 

yielding {100} sides and {111} tip facets.20 

A striking example of the impact of the initial crystallinity on the properties of chiral products was 

demonstrated by Nam and colleagues,4,21 in a synthesis of helicoid particles from cubic or 

octahedral achiral seeds, which has been discussed in Chapter I. Briefly, helicoids were 

synthesized in the presence of the same amino acid enantiomer but using different achiral seeds; 

comparison of the corresponding CD spectra revealed an inverted chiroptical response between 

the different chiral products.22 Although the mechanisms related to such geometrical and optical 

differences remain largely unknown, it is clear that morphological or crystalline details in the seeds 

play a crucial role during crystal growth. From the reported observations, it remains unclear 

whether it is the seed morphology or other structural aspects, like the crystalline index of surface 

facets, the presence of twin boundaries, or other crystalline defects that determine the resulting 

chiral morphology. Therefore, achiral SC- and PT-AuNR seeds with similar sizes (the latter 

prepared by lab partner Francisco Bevilacqua; see Chapter VI for synthesis details) were 

subjected to syntheses operating under the aforementioned chiral growth mechanisms: chemically-

induced (using cystine as the chiral inducer) and micelle-directed (using BINAMINE as the chiral 

co-surfactant). Given the radically different morphological features (twisted vs. wrinkled) that 

contribute to the chiroptical activity of products from each of these mechanisms, the effects of 

varying the crystal habit from SC to PT were also expected to be significantly different. As 

mentioned in Chapter I and Chapter II, the complex morphological details of chiral AuNRs 

require high resolution characterization in three dimensions (3D) that can only be achieved by 

means of state-of-the-art electron tomography methods; this characterization also allows for 
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quantification of the chiral structure at the nano-scale.23 Correlation between morphological and 

optical features is not straightforward, but the handedness of chiral structures are expected to 

correlate with the sign of CD bands in the corresponding spectra.24 

 

3.2 Rationalizing the use of cystine vs. cysteine_______________________________ 

An important digression will be made here to rationalize the use of cystine in this work, as opposed 

to cysteine, which is far more commonly used as an inducer for the chemically-induced chiral 

growth mechanism. When exposed to oxygen, cysteine forms disulfide bonds with itself, forming 

a dimer called cystine. It was suggested by our collaborators at the University of A Coruña that 

cysteine oxidizes more rapidly than previously thought, and that proportions of cystine present in 

chiral syntheses with cysteine are disproportionally significant towards the chiroptical signature 

from yielded particles. To test this, two series of chiral particles were synthesized using achiral 

SC- AuNRs at increasing [L-cystine] and [L-cysteine], respectively, keeping all other variables 

constant (Figure 3.1).  
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Figure 3.1. Circular dichroism spectra (A,D), absorbance spectra (B,E), and HAADF-STEM 
images (C,F) for chiral AuNRs synthesized with increasing [L-cystine] (left) and increasing [L-
cysteine] (right); all other variables for chiral synthesis were held constant. Scale bars = 200 nm. 
Note the increased intensity of chiroptical signal and marked structural evolution for chiral 
products synthesized with cystine as opposed to cysteine.   
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The concentration-dependent structural evolution of the obtained particles is far more interesting 

when using L-cystine, as compared to an equivalent series of particles prepared with L-cysteine 

(taking care to use degassed reagents and minimizing exposure to oxygen). As [L-cystine] 

increases, the particles develop sharp protrusions, especially at the particle tips. This corresponds 

with an increase in g-factor up to 75 nM L-cystine, but above this concentration the absorbance 

spectra red-shift and the chiroptical signal starts to decrease. As [L-cysteine] increases, there is no 

observable evolution in particle geometry, and the chiroptical signature is lower in magnitude 

overall. Therefore, to increase the reproducibility of high g-factor chiral particles synthesized 

through the chemically-induced growth mechanism, we used cystine as the chiral inducer (referred 

to throughout as L-2cys). 

 

3.3 Chemically-Induced Mechanism: Single-Step vs. Stepwise Growth_____________ 

For initial investigation regarding the effect of different achiral seeds on chemically-induced chiral 

growth, a simplified protocol was implemented involving a single-step overgrowth reaction (see 

Chapter VI for synthetic details). Specifically, all gold salts to be involved in the chiral reaction 

were added at once and reduced together in the presence of the achiral seeds (PT- AuNRs: 122 ± 

30.4 nm x 31.3 ± 6.5 nm; SC- AuNRs: 101 ± 17.3 nm x 29.0 ± 5.3 nm; [Au3+] : [Au0] = 8.9). 

Cystine (L-2cys) was used as the chiral inducer in these syntheses; a detailed rationale for usage 

of cystine over cysteine is provided in Chapter VI. Single-step growth in the presence of L-2cys 

resulted in remarkably different morphologies for PT- or SC-AuNRs. Whereas SC-AuNRs evolved 

into helical cuboid-like structures with obvious tip protrusions, PT-AuNRs evolved into complex 

structures (Figure 3.2).  
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Figure 3.2. Chiroptical spectra (A) and absorbance spectra (B) for particles synthesized by a 
single-step growth protocol, using L-2cys and PT- or SC-AuNR seeds, as labeled. HAADF-STEM 
characterization of chiral products (C), image outlines are color-coded to match legend of plot; 
scale bars = 200 nm. 
 

The linear optical response for both SC and PT products included a (transverse) extinction peak 

around 580-600 nm whereas the second (longitudinal) LSPR band was significantly redshifted for 

chiral PT-AuNRs, compared to chiral SC-AuNRs, in agreement with a larger measured aspect ratio 

for the former (PT- products: 198.9 ± 5.4 x 76.4 ± 3.7 nm (AR = 2.6); SC- products: 117.1 ± 5.2 x 

57.4 ± 3.4 nm (AR = 2.0)). More remarkable differences were observed in the corresponding 

circular dichroism (CD) spectra (normalized to the g-factor), where the bands for SC- and PT-

AuNRs seem to be inverted (opposite sign) and shifted: a negative peak at 595 nm and a positive 

plateau at the NIR region for chiral SC-AuNRs, whereas twisted PT-AuNRs featured a positive 
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peak at 563 nm and a negative plateau at the NIR region. A notable observation here is that, even 

though seeded growth was carried out in the presence of the same chiral inducer enantiomer, the 

sign of CD bands was inverted for NRs evolving from SC- and PT-AuNRs. However, the 

chiroptical magnitudes from products of single-step reactions are comparatively low, which 

corresponds to the yielded geometries lacking an apparent handedness. From our previous work,25 

we learned that multi-step seeded growth leads to better-defined twisted morphologies than those 

obtained in a single step. Therefore, our collaborator Dr. Bing Ni (University of Konstanz) 

followed a stepwise protocol to produce chiral products, including nine chiral growth steps, using 

both SC- and PT-Au NR seeds (PT-AuNRs: 90.9 ± 4.2 nm x 19.3 ± 1.3 nm; SC-AuNRs: 75.4 ± 

6.3 nm x 15.6 ± 1.6 nm; [Au3+] : [Au0] = 28.1). This means that the gold salts to be involved in the 

chiral reaction were introduced fractionally (in nine portions) and reduced completely preceding 

each subsequent growth step, resulting in the gradual formation of a twisted morphology. 

Following the same chiroptical trend established in the single-step products, an intense negative 

peak at 590 nm (maximum g-factor of -0.036) and a positive plateau at longer wavelengths was 

observed for SC-AuNRs, but a weak negative peak at 535 nm and a more intense positive band 

centered at 660 nm (peak g-factor value of 0.020) for the product from growth on PT-AuNRs 

(Figure 3.3A). The linear optical spectra of the respective final products (Figure 3.3B) reveal 

significant differences. Two well-defined extinction bands of similar intensity, centered at 591 nm 

and 754 nm, were recorded for the particles obtained from SC-AuNRs, whereas growth on PT-

AuNRs led to a weakly defined double band at shorter wavelengths (ranging from 550-750 nm) 

and an intense band around 1050 nm. Marked differences in the chiral products were also observed 

through electron microscopy. As previously reported, chiral particles grown in stepwise fashion 
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from SC-AuNRs in the presence of L-2cys showed a right-handed 4-fold twisted structure (Figure 

3.3C), in agreement with the removal of mirror planes by L-2cys.25 

 

Figure 3.3. Chiroptical spectra (A) and extinction spectra (B) for particles synthesized by a multi-
step growth protocol, using L-2cys and PT- or SC-AuNR seeds, as labeled. HAADF-STEM 
characterization of chiral products (C), image outlines are color-coded to match legend of plot; 
scale bars = 200 nm. 
 

However, when growing PT-AuNRs under similar conditions, much more intricate structures were 

obtained, often containing cavities within highly twisted surfaces, somewhat resembling the shape 

of a conch shell.26,27 Along with differences in size, these major morphological irregularities are 

likely responsible for the observed discrepancies in the extinction spectra (PT-AuNRs: 179.5 ± 
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20.1 nm (accurate values for particle width not provided, given their ill-defined lateral 

morphologies); SC-AuNRs: 154.6 ± 11.5 nm x 77.9 ± 7.8 nm; AR = 1.98). These images also 

demonstrate strong inter-particle variability within the same batch compared to the products 

attained in a single growth step, which hinders interpretation of products attained via stepwise 

growth. Given the unexpected morphology obtained from chiral growth using PT-AuNRs, we 

tracked the morphological evolution upon various additions of growth solution (Figure 3.4). After 

9 dissymmetric growth steps, the surface exhibited even more pronounced irregularities. These 

observations are significantly different compared to growth starting from SC-AuNR seeds, where 

smooth surfaces can be identified at early stages and well-defined handedness is observed in the 

final stage.25  

 

Figure 3.4. Representative HAADF-STEM images of the products obtained after different number 
of HAuCl4 additions (as labeled) on PT-AuNRs in the presence of L-2cys. The scale bar applies to 
all images. 
 

The above results suggest that chiral growth using PT-AuNR seeds yields chiral nanostructures 

with opposite optical handedness to that for chiral NRs grown from SC-AuNR seeds. We 

demonstrated this using the chemically-induced chiral mechanism and comparing a single-step 

and multi-step growth approach. Despite the simplified single-step growth approach yielding 
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products with low polydispersity, the intensity of the chiroptical signature was low as well, and the 

handedness of the structural features on these particles was not very apparent. Attempts to obtain 

better-defined twisted morphologies of chiral products and enhance the corresponding chiroptical 

signal via multi-step growth were successful; however, the wide variety of morphologies obtained 

using PT-AuNR seeds largely complicates the analysis and discussion of structural-optical 

relationships here. 

 

3.4 Micelle-Directed Chiral Growth ________________________________________ 

While the products of chiral reactions under the chemically-induced growth mechanism are of 

disparate morphologies (even when produced using the same synthetic protocol, as shown above) 

the morphologies of micelle-directed chiral growth products are comparatively regular. We 

hypothesized that the micelle-directed chiral growth on PT- and SC-AuNR achiral seeds under 

identical conditions might also lead to an inversion in optical activity. Furthermore, we could 

obtain a clearer picture of the structural causes for this optical phenomenon by focusing on the 

predominant handedness of the wrinkles. The chiral growth reactions in this case involved 

BINAMINE and CTAC mixtures in a one-step overgrowth reaction, which had the added benefit 

of reducing the inter-particle morphological variability within each batch, as demonstrated in the 

previous section. As with the previous section, the enantiomer of the chiral inducer used was kept 

constant; the only variable in the reactions was the type of achiral AuNR used in the synthesis (PT-

AuNRs: 122 ± 30.4 nm x 31.3 ± 6.5 nm; SC-AuNRs: 101 ± 17.3 nm x 29.0 ± 5.3 nm; [Au3+] : 

[Au0] = 7.9). Characterization of the obtained chiral products revealed similar absorbance spectra 

and wrinkled morphologies regardless of the crystallinity of the achiral AuNR seed employed in 
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the synthesis. The chiroptical signature of products grown from PT-AuNR seeds compared to that 

of products grown from SC-AuNR seeds were found to be nearly perfectly inverted (Figure 3.5A). 

Linear optical spectra for both chiral products feature a band peaking at 570 nm, which tails off 

into the NIR region (Figure 3.5B). As predicted, a similar wrinkled morphology formed on 

products according to the micelle-directed chiral growth mechanism, regardless of starting seed 

used (Figure 3.5C). As with the chiral growth products using PT-AuNRs as seeds mentioned 

above, these particles grew larger than their SC- counterparts under identical synthetic conditions 

(PT-products: 182.9 ± 11.2 nm x 76.2 ± 2.9 nm (AR = 2.4); SC-products: 134.4 ± 8.3 nm x 65.1 

nm ± 5.6 nm (AR = 2.1)). 

 
 
Figure 3.5. Chiroptical spectra (A) and absorbance spectra (B) for particles synthesized using R-
BINAMINE and PT- or SC-AuNR seeds, as labeled. HAADF-STEM characterization of chiral 
products (C), image outlines are color-coded to match legend of plot; scale bars = 200 nm. 
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These observations hint at the handedness of the wrinkles to explain the CD sign reversal in the 

micelle-directed synthetic pathway, but, as with the L-2cys induced synthesis, other effects may 

co-exist. These effects include differences in growth kinetics, different intermediate structures, 

preferential interaction of the BINAMINE chiral molecules with the surface facets of these 

intermediates, subtle differences in tip protrusions and anisotropy, etc. The influence of tip 

morphology on the chiroptical signature has been explored by Liu, et al., who showed through 

simulations that chiroptical spectra for nanocube models with high-Miller-index chiral facets were 

dramatically shifted – and inverted – compared to those from nanorod models possessing similar 

chiral facets.28 In summary, numerous factors may influence the morphology of AuNRs and in turn 

their chiroptical response. Disentangling these effects will require additional characterization and 

new descriptors for complex chiral structures, as well as chemical strategies to probe the growth 

pathway. 

 

3.5 Electron Tomography and Helicity Analysis _______________________________ 

To more thoroughly investigate the chiroptical inversion observed from chiral products of both 

growth mechanisms when using PT-AuNRs, we sought to better clarify and characterize structural 

features on these products via electron tomography, carried out by Dr. Robin Girod and Dr. Mikhail 

Mychinko, under the supervision of Prof. Sara Bals at the University of Antwerp (EMAT). 

Furthermore, to explore the relationship between the morphology of chiral particles and their 

chiroptical properties, our collaborators also conducted helicity analysis through a method 

specifically designed to quantify the handedness of surface features in electron tomography 

reconstructions.23 This method is discussed in greater detail in Chapter I. Briefly, a 3D 
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reconstruction obtained from electron tomography is aligned along the central axis of an imaginary 

helix; the helicity of chiral features are plotted as a function of the radius ρ and inclination angle 

α, for all combinations of ρ and α in a cylindrical coordinate system. The resulting helicity plots 

show a histogram of right-handed (positive helicity values) or left-handed (negative helicity 

values) surface elements. Total helicity (Htot) is calculated by integrating the entire surface of the 

reconstructions; this metric quantifies how close to a perfect helix a given geometry is, with the 

ideal case having a helicity of ± 1, depending on handedness. As shown in Figure 3.6, using PT- 

AuNRs as the achiral seeds in a stepwise chemically-induced growth method yielded products 

with a mixture of right- and left-handed oriented surface features, reflecting their complex and 

varied structures. This was further confirmed by small total helicity values for PT- derived 

products, typically in a range of ±0.03. The inverted CD signal from these samples may arise from 

a predominance of optically active left-handed features that helicity cannot account for, i.e. a 

weakly helical yet chiral morphology.29 In contrast, twisted chiral products yielded using SC- 

AuNR achiral seeds under identical synthetic conditions had mostly right-handed features and 

strongly positive helicity values, as previously reported.25 
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Figure 3.6. Characterization of chiral twisted AuNRs synthesized using PT- or SC- achiral seeds 
in the presence of L-2cys. Electron tomography reconstructions for typical chiral PT-AuNRs (A) 
and SC-AuNRs (B). Scale bar is valid for all images. Helicity plots for the chiral PT-AuNR shown 
in a-ii (C) and the chiral SC-AuNR shown in B-i (D). Insets in (D) show the definition of the 
orientation α and of the radius ρ (distance from central rotation axis) for a simple helix. Red dots 
indicate dominantly right-handed features, blue dots indicate dominantly left-handed features, the 
intensity scales with the number of similarly oriented surface elements. Total helicity (Htot) was 
calculated for each particle by integrating the helicity plots. 
 

It is difficult, due to the limited sample size and variability of the surface features, to attribute a 

dominant morphological handedness to the PT-derived products and to explain the inverted sign 

of the CD spectra based on this analysis. Interestingly, this also suggests that the origin of chirality 

in products derived from SC- and PT-AuNRs is fundamentally different, with the latter products 

possessing poorly defined structural helicity and nonobvious morphological handedness, despite 
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their clear chiroptical properties. A similar analysis was carried out on the helices of micelle-

directed chiral products. As shown by electron tomography featured in Figure 3.7, it was apparent 

that the wrinkles on products yielded from SC-AuNRs preferentially tilted to the right, whereas 

wrinkles grown on PT-AuNRs preferentially tilted to the left. It is important to note that this was 

observed despite the same chiral inducer enantiomer being used in both cases. Quantification 

provided by helicity plots confirmed this observation, yielding a total helicity of −0.09 for PT-

derived products, i.e., an overall left-handed helical structure, whereas a total helicity of +0.10 was 

determined for wrinkled SC-derived products, as expected for a right-handed structure. 

 

Figure 3.7. Characterization of chiral wrinkled AuNRs synthesized using pentatwinned or single-
crystal achiral seeds, in the presence of S-BINAMINE/CTAC mixtures. Electron tomography 
reconstructions of a representative PT-AuNR (A) and a SC-AuNR (B). Scale bar is valid for both 
images. Helicity characterization of the particles in A (C) and B (D), respectively. 
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Detailed analysis of selected reconstructions revealed additional differences in the morphologies 

of wrinkled AuNRs obtained from SC- and PT-achiral seeds (Figure 3.8). Whereas the latter chiral 

products typically featured blunt tips, SC-AuNRs typically contained well-defined wrinkles, 

suggesting an influence of either the tip morphology or the type of crystal surface facets at the tips, 

on micelle adsorption and further growth. Notable differences were also found between wrinkles 

growing on the side facets of PT- or SC-AuNR seeds.  
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Figure 3.8. Overview of wrinkled chiral particles obtained from micelle-directed synthesis with 
S-BINANIME and PT- or SC-AuNRs as labeled on top. Surface views from (A) the top, (B) the 
side, (C) the bottom of the particles demonstrating the difference in wrinkle orientation and tip 
morphology. Note the typically wrinkled tips on SC particles. The scale bar is valid for all views 
and particles.  
 

A firmer understanding of the relationship between the chiroptical signatures of products yielded 

using different achiral seeds and their corresponding particle morphologies can direct investigation 

into specific morphological features that may be disproportionately important to desired optical 

properties. The influence of protruding facets and particle tips was briefly discussed in Chapter I; 

further investigation into these features will likely have to proceed from a (similarly) computerized 
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approach, as the more prominent geometrical differences between particles synthesized for this 

work were of the surface wrinkles. Our focus for characterization in the next section is therefore 

directed at these more apparent chiral features. 

 

3.6 Symmetry Characterization ___________________________________________ 

Even though the quantitative evidence supplied by helicity analysis supports our hypotheses about 

the influence of the initial crystallinity of seeds on chiral products, a structural comparison of the 

achiral seeds and chiral products at the crystal facet level was implemented by our collaborators 

at EMAT to address how and why this phenomenon occurs. This approach was first applied to PT-

derived products of chemically-induced stepwise chiral growth. We conducted atomic resolution 

tomography on a PT-AuNR isolated after the first addition of gold (Figure 3.9). Although the 

obtained reconstruction allowed us to identify crystallographic orientations, indexing the surface 

proved difficult because of its continuously varying curvature. This observation shows that PT-

derived products under this chiral growth mechanism have less well-defined surface facets; in stark 

contrast to products of SC-AuNR seeds under the same mechanism, in which {521} chiral facets 

are formed in the presence of chirality-inducing molecules of matching handedness. Close 

inspection of the images also revealed that the five-fold twinning of the PT-AuNR seed was 

preserved in the overgrown particle. 
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Figure 3.9. Detail of a PT-AuNR after one growth step. (A) HAADF image of the particle and its 
electron tomography (ET) results. The red square marks the area for atomic resolution ET 
measurement. (B) atomic-resolution ET reconstruction of the particle viewed from the bottom. The 
white arrows indicate the twin boundaries. (C) Orthoslice through the 3D reconstruction viewed 
along the [1-11] direction. Note that the crystallographic orientations are indicated for one side of 
the twin boundary (dashed line). 
 

To expand on this observation, we then applied this approach to the products of micelle-directed 

chiral reactions. For clarity, we first establish two definitions to describe the geometry of wrinkles 

on rods, as shown in Figure 3.10 and Figure 3.11: a wrinkle direction angle describes the angle 

of that wrinkle when visualized sideways or in cross-section (Figure 3.10B), and a wrinkle 

orientation angle describes the angle of that wrinkle when visualized in a front view through 

isosurface rending (Figure 3.10C).  
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Figure 3.10. Method for tracking the dominant orientation of the wrinkles. The 3D reconstruction 
(A) is sliced through the wrinkle corona, 20-30 nm away from the center, for 360 rotation angles 
θ. The orange and blue dashed lines demonstrate two examples at (B) θ1 = 305° and (C) θ2 = 345°. 
The dominant orientation is then computed in central areas (white rectangles in (B) and (C)) to 
prevent bias from the edges of the particle and ensure the metric is specific to a given rotation 
angle. Assembling the results for all 360 rotational slices yields the polar plots in (D). 
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Figure 3.11. Morphology of wrinkles on chiral particles grown from PT- and SC-AuNRs using the 
micelle-templated synthesis with S-BINAMINE. Central orthoslice (A) showing the direction of 
growth (white arrows) and isosurface visualization of the 3D reconstruction (B) of a wrinkled PT-
AuNR, with close-up views of the surface (c,d) demonstrating two main orientations of the 
wrinkles. Central orthoslice (E) and surface visualization (F) of a wrinkled SC-AuNR with close-
up surface views (g,h). Polar plots of the dominant wrinkle orientation in the particles shown in B 
(I) and F (J) respectively, as a function of the rotation of each particle around its major axis. 
 

On products obtained from PT-AuNR seeds, numerous wrinkles were seen to have a ±25-30° 

direction angle with respect to the normal direction of the surface. In contrast, most of the wrinkles 

on products obtained from SC-AuNR seeds were almost perpendicular to the lateral facets, 

occasionally with small but random direction angles. Apart from the growth direction, wrinkles 

were also observed to have different orientations. Specifically, two types of areas could be 

distinguished on the surfaces of wrinkled particles, in which wrinkles were either mostly flat 

(Figure 3.11c,g), or mostly tilted (Figure 3.11d,h). To understand the distribution of these areas 
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at the chiral NR surface, we tracked them by measuring the dominant wrinkle orientation when 

the NR was rotated along its major axis. As shown in Figure 3.11I, when rotating particles grown 

from PT-seeds, five areas were observed to contain mainly flat wrinkles (dominant orientation 

close to 0°), whereas five areas had wrinkles tilting to the left (negative orientation angle). 

Remarkably, these areas alternated, in agreement with the 5-fold symmetry of the achiral PT seeds 

being preserved. Particles grown from SC seeds also contained distinct areas of flat or tilted 

wrinkles (albeit with positive orientation angles, i.e., to the right), but in this case with a 4-fold 

rotational symmetry around the major axis of the NRs (Figure 3.11J). This symmetry is directly 

reminiscent of the intermediate morphologies that were reported to occur during achiral-to-chiral 

transitions, comprising a square cross-section with {110} facets.25 Given the different geometries 

(number of faces and corners or angles at corners) and surface facets between PT seeds and SC 

intermediates, our observations at the tips and sides of the wrinkled AuNRs strongly suggest that 

such geometrical and crystallographic considerations influence the growth of wrinkles and/or 

micelle adsorption. 

 

3.7 Conclusions________________________________________________________ 

We have identified a major influence of the crystallinity of achiral seeds on the handedness of 

AuNRs obtained using two different chiral growth methods on both SC- and PT-AuNRs, and 

always using the same enantiomer of the corresponding chiral inducer. When cystine was used as 

the chiral inducer, SC-AuNR seeds evolved into chiral NRs with a 4-fold twisted structure, 

whereas growth on PT-AuNR seeds led to more complex shapes. The overall optical handedness 

– as measured by CD spectroscopy – was inverted for these structures. However, although the 
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chiral products of SC-AuNRs showed a twisted right-handed morphology, particles grown from 

PT-AuNRs did not display an obvious left-handed twist, which suggests that the origin of their 

chiroptical properties may lie in a different type of geometrical chirality. Regarding chiral micelle-

templated growth, similar rod-like structures surrounded by helical wrinkles were obtained, 

regardless of seed morphology (and thus facet crystallinity). In this case, inversion of the 

handedness for the wrinkled chiral products of SC- and PT-AuNRs was more evident, both in the 

optical (CD band inversion) and morphological (tilt angle inversion) characterization. Electron 

tomography analysis also allowed us to determine the 4-fold and 5-fold symmetries in SC- and 

PT-AuNRs respectively were still present in the corresponding chiral products using each type of 

achiral seed. These results reinforce the notion that wrinkle growth is not random but influenced 

by geometrical and/or crystallographic factors, thereby highlighting a previously neglected aspect 

of chiral syntheses that might be exploited to yield a host of interesting morphologies with tunable 

optical properties, depending on the starting symmetry of the achiral seed. In all cases, our 

conclusions here are limited by the small sample size of particles evaluated by electron 

tomography and helicity analysis. This is due in no small part to the exorbitant amount of time it 

takes to fully characterize chiral particles in this way using standard techniques. The tilt series and 

image reconstruction involved in electron tomography are particularly time-demanding (see 

Chapter I for details). A new technique developed by Evgenii Vlasov at EMAT exploits secondary 

electron-based electron beam-induced current (SEEBIC), which generates images of the surface 

topography of a specimen thanks to the “edge effect”: enhanced secondary electron intensities 

when they are emitted from protruding features on the particles.30,31 Using SEEBIC at low 

magnification, quantifying the helicity of a population of hundreds of particles can be 

accomplished in hours, instead of months via acquisition and processing of tilt series. As this 
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technique is optimized and more broadly applied, conclusions from similar work to that discussed 

in this chapter will be better supported.  The development of yet another methodology to expand 

understanding of the aforementioned chiral growth mechanisms via the preparation, isolation, and 

characterization of intermediate morphologies will be detailed in the following chapter. 
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Chapter IV – Time-resolved optical and 
structural characterization of chiral growth 

on gold nanorods 
 

As the library of particle morphologies produced from chiral growth reactions expands, the ability 

to track the associated structural evolution in a time-resolved fashion gains greater attention. Being 

able to show where particle growth occurs over time would provide insights into how the chiral 

inducers (and other reagents) are interacting with the surface of the particles, and how this 

influences the final morphology. Though this has been demonstrated with chemically-induced 

chiral reactions that can progress over a scale of hours, micelle-directed chiral growth is typically 

completed in a matter of minutes, and thus requires in situ characterization or tuning the supply of 

gold salts contributing to growth to estimate progression of the reaction. With both of these 

strategies proving unable to monitor the optical and structural evolution in a sufficiently time-

resolved manner, an efficient method was devised to cease nanocrystal growth by addition of 

sodium borohydride. We hypothesize that NaBH4 instantly reduces all of the excess gold salt 

present in a chiral growth mixture, leading to aggregation of the reduced gold, effectively ceasing 

gold nanoparticle overgrowth and preventing any further size or shape evolution. These 

intermediate (chiral) products could then be separated from the precipitate via centrifugation, 

permitting spectroscopic and morphological characterization of a so-called “kinetic series”, 

comprising the products of identically prepared chiral growth reactions ceased at different 

timepoints.  In this chapter, we report on the preparation, analysis, and comparison of kinetic series 



140 | P a g e  
 

using achiral SC- and PT-AuNRs, and a range of chiral inducers, aiming to further elucidate the 

underlying growth mechanisms. 

 

4.1 Introduction_______________________________________________________ 

A basic approach for the time-resolved analysis of chemically-induced chiral reaction products has 

been demonstrated in the literature from K.T. Nam´s research group, where the synthesis of chiral 

helicoids, a process that typically takes hours to complete, is studied at regular time intervals.1-4 

By pulling aliquots from a single reaction every few minutes and rapidly centrifuging and 

quenching in an excess of water, a broad overview of the evolving structure was presented. An 

alternative method devised by Ahn, et al., takes advantage of the various functional groups on 

cysteine to adsorb onto and quench the growth of metal nanomaterials.5 Through this approach, 

the intermediate structures of Au nanoplates, Pd nanosheets, and Ag nanoprisms could be 

characterized with a time resolution of seconds. Relevant to the work presented in this chapter are 

the products of micelle-directed chiral growth, which are directed by BINAMINE, or the more 

recent chiral inducer 2-amino-N-decyl-3-mercaptopropanamide (LipoCYS),6 working in 

conjunction with cetyltrimethylammonium chloride (CTAC). As covered in Chapter II and 

Chapter III, these co-surfactants are hypothesized to form large chiral micelles in solution, which 

effectively form a nanoscale template on achiral AuNRs that guides a subsequent overgrowth 

reaction, resulting in well-defined surface wrinkles with a quantifiable helicity and intense 

chiroptical signature.6,7 It has been observed that the structural evolution mediated by these co-

surfactants occurs within a matter of minutes, and documenting particle growth as it progresses 

remains a difficult challenge. A pair of approaches8 to monitor the products of micelle-directed 
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chiral growth (induced by BINAMINE) were introduced in Chapter I. The first approach involved 

preparing and monitoring a chiral synthesis in situ using a CD instrument to track the chiroptical 

signature of a progressing reaction in real time. This approach is limited by the maximum scan 

speed and spectral resolution of the instrument; the fact that increasing one of these factors 

decreases the other puts a practical limit on how fine the intervals in a real-time spectroscopic 

analysis can be. Additionally, the products of a specific time interval in an in situ preparation 

cannot be characterized in isolation because the chiral reaction continues to completion. There are 

methods to circumvent this,9 such as quenching the growing products in an excess of water or 

another non-reacting solvent to effectively stop chiral growth, but it is uncertain whether 

quenching occurs sufficiently fast, and whether these methods can reproducibly isolate small 

products from a large volume of liquid. Thus, a second approach was used, in which a progression 

of chiral features was shown via the preparation of a series of growth reactions with a varying 

concentration of gold salt. Although this approach showed interesting information about the 

intermediate morphologies obtained by this category of chiral reaction, it should be noted that 

these results were not representative of optimized products (featured in the foundational 

manuscript10), obtained when using a large excess of gold salts to achiral seeds. In this chapter, we 

present a reproducible method that allows us to isolate chiral gold nanoparticles at different stages 

of the micelle-directed growth reaction by effectively terminating the reaction using sodium 

borohydride, which allows for product characterization at reaction time intervals resolved in a 

scale of tens of seconds. Sodium borohydride is a strong reducing agent, known to promote the 

fast reduction of metal salts including gold, silver, or platinum, and is typically used alongside 

surfactant in the preparation of small metal nanoclusters (approximately 1-2 nm in diameter), 

according to a method first established by Brust and Schiffrin in 1994.11  We hypothesized that 
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addition of NaBH4 solution to the reaction medium during chiral overgrowth should exhaust all 

remaining gold precursor, forming Au aggregates that could be readily separated from the 

intermediate chiral products by centrifugation, and permitting straightforward characterization of 

the isolated and stable particles. By ceasing chiral growth reactions at different time points and 

analyzing the products in a series, the chiroptical and structural evolution of a progressing reaction 

could be assessed. To demonstrate the overall reliability of this method, the chiroptical spectra of 

products from reactions ceased by NaBH4 were compared to identical reactions prepared and 

measured in situ in a CD instrument. This was done for three reasons: i) to ensure that the optical 

signature of chiral products is not affected by treatment with NaBH4; ii) to ensure that chiral growth 

is brought to a sudden stop upon NaBH4 addition; and iii) to ensure that the time points from ceased 

reactions are representative of a reaction in progress.  

 

4.2 Method Development: Chiral Product Stability in NaBH4________________________________ 

First, it is important to check that chiral products are unaffected by the presence of NaBH4. As it 

is a reducing agent capable of rapidly reducing gold salts to small gold NCs, the use of NaBH4 

here was limited to the amount required to accomplish this, which was established as 1.6x molar 

excess NaBH4 to gold salts, following previous literature.12 Identical reactions with BINAMINE 

were prepared in parallel and allowed to proceed for 30 minutes, a sufficient amount of time for 

the reaction to be completed.8,10 After treatment of one of the reactions with NaBH4, the products 

were isolated from the reaction mixture via centrifugation and resuspended in water for 

characterization. The chiroptical responses from both products were found to be similar to each 

other (Figure 4.1), with a slight blue-shift and increase in intensity, consistent with surface 
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charging mediated by NaBH4, as previously described in the literature for achiral Au NPs.13,14   

 

 
Figure 4.1. Dissymmetry factor (A) and extinction (B) spectra comparing the results of chiral 
growth in the presence of S-BINAMINE and achiral single-crystal AuNR seeds, untreated (blue 
lines) and treated (orange lines) with NaBH4 after completion (reaction time: 30 minutes) The solid 
lines correspond to chiral reactions prepared with (R-) BINAMINE, and the dashed lines 
correspond to chiral reactions prepared with (S-) BINAMINE.  
 

With this explained discrepancy between the optical spectra of NaBH4-treated and untreated chiral 

products, and assuming that etching or reshaping of the chiral products would result in a more 

significant shift or reduction in intensity of the chiroptical signature,15 this indicates that chiral 

products are structurally unaffected by the NaBH4 used in these experiments. 

 

4.3 Method Development: Ceasing Chiral Reactions with NaBH4___________________________ 

Second, we investigated whether chiral growth would stop immediately after addition of NaBH4, 

at the desired time point. To demonstrate this, chiral reactions with BINAMINE were prepared in 

situ and continually scanned inside a CD instrument. As stated above, time zero of the reaction is 

represented by when ascorbic acid is added to initiate the overgrowth reaction, however there is 

an unavoidable delay between this event and the first scan of the CD instrument, which explains 

the observed chiroptical peak at time zero. Immediately following the first scan, and while the CD 
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instrument was preparing for a second scan, the reaction was quickly treated with NaBH4, shaken 

and returned to the instrument before the second CD spectrum was measured. The instrument was 

then left to continually scan for 15 scans in total, approximately 6.5 minutes. The chiroptical 

spectrum was observed not to evolve past that measured by the second scan, immediately 

following NaBH4 addition (see Figure 4.2A). This experiment was performed thrice, at different 

stages of the reaction; in each case, after the CD scan following NaBH4 addition, the chiroptical 

spectrum was observed not to evolve past that point (see Figure 4.2B,C). A rapid color change to 

dark brown after the addition of NaBH4 indicated the fast reduction of gold salts to nanoclusters. 

This color change would be a good indicator for which stage the reaction was in as it progressed, 

to be discussed later.  

 

 
 

Figure 4.2. Chiroptical response from (R-) BINAMINE chiral reactions using achiral single-
crystal AuNR seeds: prepared and measured in situ and treated with NaBH4 after 1 scan (A; 1st 
scan in blue), 2 scans (B; 2nd scan in orange), and 3 scans (C; 3rd scan in green). The CD instrument 
scanned continuously, for 15 scans in total; note that the chiroptical signature does not evolve past 
the scan where NaBH4 treatment occurs. 
 

4.4 Comparison to in situ analysis__________________________________________ 

An important assessment of the method proposed here is that the chiroptical signatures from in 

situ measurements match those from NaBH4-ceased reactions at equivalent time points into the 

reaction. In this way, we could check that this protocol for ceasing chiral growth reactions works 
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as intended: that the reaction in progress is stopped completely and the products are unaffected by 

the presence of NaBH4 or reduced gold at each desired time point. A series of identically prepared 

reactions, with BINAMINE as the chiral inducer, were ceased using NaBH4 after 30, 60, 300, and 

1800 seconds. The shade of brown these reactions would turn after NaBH4 addition steadily 

decreased in intensity proportional to reaction time, indicating the gradual consumption of gold 

salt and their deposition onto the growing nanoparticles, forming chiral features as the reaction 

progresses. The products from each time point were then isolated via centrifugation and 

resuspended in pure water before spectral characterization. The chiroptical signatures of these 

products were compared to those obtained in real time from an identical reaction prepared in situ 

in a CD instrument. The signatures obtained at each time point for both strategies are remarkably 

similar (see Figure 4.3), which was true regardless of the enantiomer of chiral inducer used.  

Figure 4.3. Comparison of chiroptical response from isolated chiral products upon ceasing the 
growth reaction by NaBH4 (solid lines) vs. reactions progressing in situ (dashed lines). Reactions 
were prepared with single-crystal achiral seeds and R-BINAMINE (A) or S-BINAMINE (B). 

 
As mentioned previously, a serious limitation of time-resolved measurements in situ is the scan 

speed of the CD instrument. Furthermore, the time zero of the reaction (when ascorbic acid is 

introduced to initiate seeded growth) will often not equal the time zero of in situ characterization 
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(when the instrument initializes the scanning process). The small differences in time between the 

spectra acquired from chiral reactions progressing in real time and those acquired from the 

products of reactions ceased by NaBH4 at specific time points may account for the small 

discrepancies observed between the two strategies. An advantage of the latter strategy is the ability 

to cease and therefore monitor the products of a chiral reaction at time points inaccessible to the 

CD instrument. For example, the first time point acquired in situ (for a wavelength range of 400-

1200 nm) was taken after 28 seconds, whereas the introduction of NaBH4 may in principle cease 

chiral growth at any time. Whereas the former reaction will continue to completion, the latter will 

be suspended in place, permitting detailed characterization of chiral products at this time point, 

and enabling a broader analysis of a range of reaction time points. From these results, for a chiral 

reaction prepared with BINAMINE and allowed to progress for a given time interval, the products 

isolated after treatment with NaBH4 have chiroptical signatures representative of identically 

prepared, untreated products.  

 

4.5 Time-resolved evolution of BINAMINE chiral products (SC-AuNRs)_________ 

From the results in the previous section, it is notable that the chiroptical signature reaches its 

maximum magnitude between the first two to five minutes of the reaction. To investigate the 

structural factors responsible for this quickly achieved increase and subsequent decline in CD, it 

is desirable to probe the chiral features of colloidal products at each time point via electron 

microscopy techniques. However, in situ electron microscopy is limited by the complicated 

apparatus required for liquid phase characterization and low signal to noise ratios caused by the 

presence of the solvent and other electron-dense materials present in the reaction solution, 
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especially metal salts.16,17 Another advantage of ceasing chiral reactions using NaBH4 is that 

products in a range of time points can be prepared, isolated from electron-dense reagents, and 

characterized under vacuum using HAADF-STEM. Samples prepared in this way were found to 

be remarkably stable under an electron beam. We present in Figure 4.4 images of products 

synthesized with single-crystal achiral seeds in the presence of (S-) BINAMINE; alongside the 

corresponding chiroptical spectra, this shows a clear picture of optical and structural evolution as 

the reaction progressed. A red-shift and increase in intensity of the CD band as chiral features 

develope on the particles is consistent with observations made in previous literature.8 Noticeable 

surface texture and a detectable chiroptical signature are evident in products from a reaction ceased 

as early as the first 15 seconds into the reaction, with a more significant chiroptical intensity 

corresponding to the formation of distinct wrinkles (around 30 seconds past time zero). As the g-

factor approaches its maximum after the two-minute time point, these wrinkles become more 

pronounced and present over the entire particle surface. Considering the sharp decrease in the CD 

band intensity after the typical 30 minute duration of this reaction, we can infer that the features 

contributing most to the chiral signature form early and subsequently get obscured by additional 

growth. These conclusions are supported by electron tomography reconstructions and helicity 

measurements acquired at critical time points (performed by Dr. Robin Girod at the University of 

Antwerp (EMAT), see Figure 4.5A). Wrinkling with a clear directionality can be observed at the 

30s time point, and these wrinkles become more distinct on particles isolated 120s after time zero. 

Past this point, the chiral wrinkles become disordered by continued overgrowth, as can be seen at 

the 300s time point. Following a helicity analysis of the reconstructions (performed in a similar 

manner to that described in Chapter II and Chapter III), a clear connection between the 

maximum g-factor and total helicity at each time point was observed (Figure 4.5B). 
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Figure 4.4. Dissymmetry factor (A,B) and extinction spectra (C) of isolated (S-) BINAMINE-
induced chiral products, prepared using single-crystal achiral seeds and ceased by NaBH4 at 
different time intervals after the reaction has been initiated. For dissymmetry factor plots, early 
time intervals (5s – 25s) are shown in (A), while the full range is shown in (B). HAADF-STEM 
images (D) correspond to spectra of NaBH4-ceased chiral reactions; scale bars = 100 nm. 
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Figure 4.5. (A) Electron tomography reconstructions and associated helicity plots of a time-
resolved series using NaBH4 to cease chiral reactions induced by S-BINAMINE and using single-
crystal achiral seeds. Electron tomography reconstructions are representative of samples at each 
time point. (B) Total helicity of particles from each time point in the series, and corresponding 
maximum dissymmetry factor of the respective colloidal samples. 
 

4.6 Time-resolved evolution of BINAMINE chiral products (PT-AuNRs)____________ 

Upon testing this time-resolved analysis protocol on a well-documented chiral mechanism, the 

scope was expanded to investigate the less well understood BINAMINE-induced chiral growth on 

achiral pentatwinned AuNR seeds. We have previously described (see Chapter III) that the 

chiroptical response (and helicity) of chiral nanoparticles synthesized using BINAMINE and 

achiral pentatwinned seeds are inverted, compared to similar reactions prepared with single-crystal 

achiral seeds18. The mechanism for this phenomenon is unknown, but the aforementioned 

approach with NaBH4 provides a useful tool with which to further investigate this phenomenon. A 
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similar time-resolved series as demonstrated with single-crystal achiral seeds was prepared with 

pentatwinned achiral seeds (Figure 4.6), keeping the proportions of all chemical reagents constant, 

including the NaBH4 used to cease the reactions. An important detail regarding the chiroptical 

spectra and associated HAADF-STEM images here is the more rapid evolution of the chiroptical 

intensity and wrinkled surfaces on particle bodies, as compared to the series using single-crystal 

seeds. A much swifter chiroptical maximum is reached, from particles isolated at 30 seconds after 

time zero. The corresponding image at this time point shows particles with more developed 

wrinkling than products obtained using single-crystal seeds isolated at a similar time point. 

Alongside the previous observations, electron tomography reconstructions and helicity analysis 

provide supporting evidence for a more rapid micelle-directed evolution occurring on 

pentatwinned achiral seeds compared to that occurring on single-crystal achiral seeds. Deep, 

directional wrinkles in samples assessed at these early time points are also observed; at later time 

points, the wrinkles appear to lose definition and organization, in agreement with the decreased 

dissymmetry factor in these samples (Figure 4.7A). The maximum helicity (in this case, of 

opposite sign to the chiral products using single-crystal achiral seeds) is achieved from time points 

20-60s into the reaction; this coincides well with the time at which the maximum chiroptical 

signature is observed (Figure 4.7B). Interestingly, although the total helicity of these wrinkles at 

its maximum is similar to that of chiral products synthesized with single-crystal achiral seeds 

(around +/- 0.08 in both cases; achieved for PT products at 20s and for SC products at 120s), the 

maximum dissymmetry factor for chiral products synthesized with different seeds is less 

comparable (0.03 for PT products at 30s, 0.12 for SC products at 120s). The most dramatic 

structural difference between products yielded from single-crystal and pentatwinned seeds was 

found at the particle tips: working from ET reconstruction data, the tips of SC products are almost 
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completely rounded off during a progressing chiral reaction with BINAMINE, whereas the 

protruding tips of PT products persist for several minutes into a similar reaction. The influence of 

tip shape on the magnitude of the total helicity and dissymmetry factor of chiral products remains 

to be investigated in further detail. 

 

Figure 4.6. Dissymmetry factor spectra (A,B) and absorbance spectra (C) of isolated (S-) 
BINAMINE chiral products prepared with pentatwinned achiral seeds and ceased by NaBH4 at 
different time intervals after the reaction was initiated. For dissymmetry factor plots, early time 
intervals (5s – 25s) are shown in (A), whereas the full range is shown in (B). HAADF-STEM 
images (bottom-right) correspond to spectra of NaBH4-ceased chiral products; scale bars: 100 nm. 
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Figure 4.7. (A) Electron tomography reconstructions and associated helicity plots of a time-
resolved series using NaBH4 to cease chiral growth induced by S-BINAMINE on pentatwinned 
achiral seeds. Electron tomography reconstructions are shown for one particle representative of 
samples at each time point (as labeled). (B) Average total helicity of two particles from each time 
point in the series, and corresponding maximum dissymmetry factor of the respective colloidal 
samples. 
 

 

4.7 Conclusions________________________________________________________ 

The ability to fully characterize products at a series of time points during the course of chiral 

growth reactions is valuable to better understand the variety of complex mechanisms for chiral 

growth on nanoparticles. In this work, we verify and apply a method to cease chiral reactions in 

progress using NaBH4. This method was tested against in situ results from a chiral reaction 

prepared inside a CD instrument, to confirm the protocol works as intended and that the products 

obtained from each time point are comparable to those observed in real time. Treatment with 

NaBH4 was found to suspend a chiral growth reaction in progress, quickly reducing the remaining 
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gold salts contributing to overgrowth, without affecting the larger chiral products. These products 

could then be isolated via centrifugation and characterized to provide a ¨snapshot¨ of the 

developing chiroptical signature. Products isolated from reactions ceased at different time points 

were found to have equivalent dissymmetry factors to those of reactions characterized in situ. 

Furthermore, products from NaBH4-ceased reactions could be characterized by electron 

microscopy, an at-present insurmountable challenge in situ. As demonstrated with an established 

chiral inducer, ceasing chiral reactions with NaBH4 may enable the comparison of the optical and 

structural characterization of products evolving during the course of a reaction, define property-

structure relationships and better understand the underlying mechanisms for the development of 

particles during an overgrowth reaction. The availability of a large library of nanomaterial shapes 

and sizes, as well as the continued design of novel chiral inducers, increases the potential scope of 

this method. 
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Chapter V  – Outlook: Engineering            
Hierarchical, Multi-Scale Chirality 

 

As the field of biomimetic chiral nanoplasmonics has progressed, the library of synthesized chiral 

morphologies has greatly expanded. If we are to use nature as a guide, we should endeavor to 

emulate in synthetic structures how chirality manifests in the natural world (e.g. DNA, 

polysaccharides, and proteins), as chiral complex biomolecules comprised of chiral constituents. 

Although strategies abound for the assembly of such hierarchically ordered structures, most are 

outside the scope of this thesis, which is focused on the “bottom-up” production of inherently 

chiral nanomaterials. Using the research approaches developed in previous chapters, we delve here 

into the potential engineering of hierarchical, multi-scale chirality on colloidal nanoparticles. 

Ongoing projects include the use of the novel chiral inducer LipoCYS to mediate the controlled 

growth of helicoid-like particles, which was observed to be drastically affected by the presence of 

different surfactants. The production of colloidal products possessing “double-chirality” was 

additionally explored, by using chiral products of the chemically-induced chiral growth 

mechanism as seeds for a subsequent growth reaction under the micelle-directed growth 

mechanism. Electron tomography and helicity characterization as performed in the previous 

chapters were ideal tools for examination of the contrasting core-shell helical features of these 

products.  
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5.1 Introduction_______________________________________________________ 

The focus of the preceding chapters has been on the synthetic expression of chirality at the scale 

of nanoparticles: optimizing dissymmetric growth by reduction of gold salts onto achiral seeds, to 

produce particle geometries with an overriding directionality. However, chirality as it appears in 

the natural world is often of a hierarchical makeup, expressed across multiple size scales.1 For 

example, β-D-glucose is the monomer of cellulose, which is a component of all plants; the cellular 

structure of climbing plants like okra or cucumber is an assembly of cellulose into helical 

microbundles, which further assemble into coiling tendrils2 (see Figure 5.1).  

 

 

Figure 5.1. Chirality at a range of size scales presented by the compositional makeup of Luffa 
acutangular (Chinese okra). Adapted from ref. 2. 
 
Furthermore, the spiral shells of pteropods are helical arrangements of fibers comprised of 

aragonite, which itself has a chiral crystalline structure.3 Across the building blocks of life, 
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hierarchical, multi-scale chirality appears: in the double helix of DNA, the polysaccharide chains 

of complex sugars, and the primary and secondary structures of proteins. A biomimetic rationale 

has thus motivated the production of synthetic structures with hierarchical chirality by the 

scientific community. A prominent example in the literature is the folding of DNA to impart 

secondary and tertiary structure, referred to colloquially as DNA origami.4-6 The predictability of 

nucleotide base-pairing combined with the emergence of advanced design algorithms7 enables the 

synthesis of DNA structures with extraordinary complexity, and the straightforward and precise 

incorporation of plasmonic nanomaterials. Owing to this latter point, these systems are ideal for 

the optimization of plasmonic “hot-spots” and are used primarily as SERS sensors8-10 (see Chapter 

I), but also have tremendous potential for the construction of plasmonic nanosystems with multi-

scale chirality. An approach more similar to the context of the work presented in this thesis is the 

arrangement of smaller chiral components into hierarchically ordered particles11 (Figure 5.2) As 

demonstrated by the helical micelles directing chiral growth in Chapter III and Chapter IV, the 

components of an arrangement with hierarchical chirality need not be entirely chiral; the achiral 

CTAC molecules follow the handedness of BINAMINE in a so-called “sergeants and soldiers” 

manner.12-14 The self-assembly of chiral structures from anisotropic constituents has been covered 

extensively by literature deriving from our group,15,16 and the factors mediating the controlled 

agglomeration of chiral components are similar: the presence of surfactant, chiral molecules,17 or 

the application of circularly polarized light,18 to be discussed in a later section.  
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Figure 5.2. (A) DNA origami helical superstructure comprised of H-shaped components locked 
into a V configuration by interconnecting DNA linkers (schematic in i, TEM image in ii). 
Incorporated AuNRs followed the left-handed directionality of the helix (schematic in iii, TEM 
image in iv). In the absence of interconnecting DNA linkers, the H-shaped components assumed a 
relaxed achiral superstructure (schematic in v, TEM image in vi) which could be manipulated into 
a helical superstructure of either handedness by reintroducing different interconnecting DNA 
linkers (vii). Scale bars = 50 nm. (B) SEM images and schematic illustrations of hierarchically 
ordered particles comprised of Au nanoplatelets in the presence of L-cys (i) and D-cys (ii). 
Note that the handedness of the superstructures are inverted compared to the individual 
components. Adapted from ref. 4 and 11. 
 
Considering that the precedent for synthesizing inherently chiral nanoparticles with hierarchical 

chirality is limited, a roadmap for the investigation of novel chiral morphologies and the associated 

growth mechanisms is laid out by the content of this thesis. In this chapter, we first consider an 

example of products formed with multi-scale chirality during initial investigations with LipoCYS 

in Chapter II; we then apply this chiral inducer to a protocol known to yield helicoids with multi-

scale chirality (typically using cysteine or glutathione). This combinatorial approach was aimed to 

generating interesting nanoparticle morphologies with hierarchical chirality.  
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Next, following observations made in Chapter III, we again investigated the symmetry of the 

starting seeds as a variable, this time by using chemically-induced chiral products as seeds in a 

subsequent micelle-directed chiral reaction. Assuming that the geometrical handedness of the 

chiral seeds would be conserved following overgrowth, this approach presented the opportunity to 

form and study “double-chirality” products possessing both twisted and wrinkled chiral features. 

 

5.2 Hierarchical chiral growth mediated by LipoCYS___________________________ 

The [LipoCYS]-mediated structural evolution from geometrically twisted chiral products into 

those possessing a wrinkled helical surface (see Chapter II) suggests an intermediate where both 

chiral features are present on the same particle. An example of this was apparent during initial 

experimentation using LipoCYS and achiral nanorods as the starting seeds. It was observed that 

the chiroptical signature was inverted for chiral products prepared in the presence of a low 

concentration of CTAC, compared to those synthesized when the concentration of CTAC was 

raised (Figure 5.3A). Further characterization via HAADF-STEM and electron tomography (the 

latter performed by Mikhail Mychinko at EMAT) revealed these products had (along with surface 

wrinkles) a bowed, dumbbell-like morphology from disproportionate growth occurring at the 

particle tips (Figure 5.3B,C, bottom). As discussed in the previous chapters, there may be a strong 

influence of protruding facet morphology on the resulting chiroptical signature; it was 

hypothesized that this was responsible for the inverted chiroptical signature observed in this 

sample. The observation of a geometrical bowing that may contribute to the chiroptical signature 

alongside (or in opposition to) the surface wrinkles of products formed using LipoCYS gives 

rationale to its use to engineer products with multi-scale chirality under certain conditions.   
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Figure 5.3. Chiroptical spectra (A) of chiral products synthesized with (R)-LipoCYS in the 
presence of a range of CTAC concentrations, as labeled (all other synthetic variables held 
constant). Images acquired using HAADF-STEM (B) and tomography reconstructions (C) of 
products with contrasting particle geometries (synthesized with 50 mM and 2.5 mM CTAC, 
respectively); image outlines are color-coded to match the legend of the plot. Scale bars: 200 nm. 
Chiral products were synthesized with 138 μM (R)-LipoCYS and 700 mM ascorbic acid; [Au3+] : 
[Au0] was kept constant at 8.9 (185 μM and 20.8 μM, respectively). 
 

From the literature by Prof. Nam’s group at Seoul National University, we learn that helicoids 

synthesized in the presence of cysteine or glutathione possess chiral features with opposite 

handedness at the faces compared to the corners (see Chapter I).19-21 This is most readily apparent 

in Helicoid III, and is likely the cause of the enhanced intensity of its chiroptical signature 

compared to the other helicoids synthesized by the same group (Figure 5.4).20,22  
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Figure 5.4. Chiroptical spectra (A) of Helicoid III synthesized with glutathione and octahedral 
achiral seeds at a range of Au3+ concentrations. An image acquired by SEM (B) and a schematic 
at two different viewing angles (as labeled; C) show the deep fan-like grooves in Helicoid III, 
which are complemented by fan-like protrusions at the corners with an opposing directionality (see 
arrows). Adapted from ref. 20 (© 2018 Springer Nature) and ref. 22 (© 2020 American Chemical 
Society). 
 

The synthesis of helicoids using amino acids as chiral inducers has been reported to proceed more 

slowly22 than the chiral growth reactions discussed previously in this thesis. The reason may stem 

from decreased reaction temperature, a much smaller excess of ascorbic acid relative to the gold 

salts present in solution, and the use of CTAB as the surfactant, which has a greater affinity for 

gold surfaces compared to CTAC.23 With the intent of exploring multi-scale chirality in the context 

of LipoCYS and helicoid-like chiral products, we used similar synthetic conditions to Helicoid III 

(see Chapter VI for details), achiral octahedral seeds, and a range of LipoCYS concentrations. 

Chiral products were initially evaluated using CD spectroscopy and scanning electron microscopy 

(SEM performed by In Han Ha at SNU). Similar to the chiral NR products resulting from 

LipoCYS-mediated reactions discussed in Chapter II, a LipoCYS concentration-dependent red-

shift and intensification of the maximum chiroptical peak was observed, with a corresponding 

sharpening of the chiral features on the helicoid-like products (see Figure 5.5).  
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Figure 5.5. Circular dichroism (g-factor) spectra (A) and corresponding SEM images (B) for 
helicoid-like chiral products prepared in the presence of CTAB and different (R)-LipoCYS 
concentration, as labeled. Image outlines are color-coded to match the legend of the plots. Scale 
bars: 200 nm.  
 
However, the effective concentration of LipoCYS for these experiments was in the nanomolar 

range (max g = 0.047 at 597 nm, from products synthesized with 800 nM LipoCYS); this opposed 

the range prescribed for AuNRs in Chapter II, which was firmly in the micromolar range (max g 

= 0.066 at 720 nm, from products synthesized with 90 μM LipoCYS). Furthermore, a steep 

decrease in the intensity of the maximum chiroptical peak was observed for products synthesized 

in the presence of 1000 nM (1 µM) LipoCYS; these particles possessed a roughened surface 

topography compared to the others imaged. To more closely investigate the surface features of 

these products, electron tomography was performed by Dr. Robin Girod and Dr. Mikhail Mychinko 

at the University of Antwerp (EMAT). This characterization revealed the formation of smaller 

features of a clear helical character that became better defined at higher concentrations of LipoCYS 

(see Figure 5.6). As the concentration of LipoCYS is increased further, these protruding features 
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begin to dominate the overall handedness of the particle structure, perhaps explaining their intense 

chiroptical signature. 

 

Figure 5.6. Electron tomography reconstructions of helicoid-like chiral products prepared in the 
presence of CTAB and different [(R)-LipoCYS]: 200 nM (A), 400 nM (B), and 800 nM. Note the 
increasingly apparent directionality of protruding facets as [LipoCYS] is raised, which envelops 
the directionality of the particles as a whole at higher [LipoCYS]. 
 

To study the effect of the surfactant on the products of this synthesis, a similar series of reactions 

were prepared with CTAC replacing CTAB (Figure 5.7). Though lower in intensity, the chiroptical 

signatures of helicoid-like products synthesized at comparable (nanomolar) concentrations of 

LipoCYS and in the presence of CTAC were inverted in sign (max g = -0.006 at 548 nm, from 

products synthesized with 1000 nM LipoCYS). Although a steep decrease in the intensity of the 

maximum chiroptical peak was also observed when the concentration of LipoCYS was increased, 

using a micromolar concentration of LipoCYS in the synthesis yielded rounded, roughened 

particles with a significant and red-shifted chiroptical signature.  
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Figure 5.7. Circular dichroism (g-factor) spectra (A) and corresponding SEM images (B) for 
helicoid-like chiral products prepared in the presence of CTAC and different [(R)-LipoCYS], as 
labeled. Note the higher polydispersity at high [LipoCYS]. Image outlines are color-coded to 
match the legend of the plots. Scale bars: 200 nm. 
 

Even though it is difficult to confirm from the associated SEM image, we propose that this chiral 

response derives from either the complex surface texture on these particles or the polydispersity 

present in the sample. Electron tomography characterization of a sample synthesized using CTAC 

and 400 nM LipoCYS showed particles with weakly helical features and revealed the presence of 

different particle morphologies in the same sample, indicating that the choice of surfactant may 

affect the monodispersity of these products as well (see Figure 5.8). 
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Figure 5.8. Electron tomography reconstructions of helicoid-like chiral products prepared in the 
presence of CTAC and 400 nM (R)-LipoCYS. Note the differing morphologies of particles from 
the same sample. 
 
In this work, we sought to harness the potential for engineering multi-scale chirality from LipoCYS 

and apply it to a well-established protocol for the synthesis of helicoids with multi-scale chirality. 

Though products appeared helicoid-like and were found to present smaller helical features that 

became more prominent and encompassing as the chiroptical signature intensified, more detailed 

analysis of the symmetry and chirality at different scales of these products is necessary.  The effects 

of surfactant in the context of the development of different chiral features remains to be fully 

understood. More investigation is warranted into chiral reaction kinetics and growth mediated by 

the presence of different factors, including the choice of surfactant, other chemical additives, and 

temperature. 
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5.3 “Double-chirality”: chiral growth using chiral nanoparticles as seeds____________ 

With the geometry of the starting seeds being highly influential towards the chiroptical signature 

of products of chiral reactions,24,25 and the observation that the symmetry of the starting seeds is 

conserved in chiral products26 (see Chapter II), we considered the use of chiral products as seeds 

in a subsequent chiral growth reaction to generate particles with hierarchical chirality. To this end, 

different seeds and reactions were proposed, e.g. the use of geometrically twisted nanorods 

(produced using the chemically-induced mechanism) as seeds in micelle-directed chiral reactions, 

to give rise to products possessing core-shell chiral features (Figure 5.9). 

 
 
Figure 5.9. Schematic of general approach to form “double-chirality” products. Starting achiral 
gold nanorods are first subjected to the chemically-induced chiral growth mechanism, using 
cystine to produce chiral products with a smooth twisted morphology. These products are then 
isolated and subjected to a subsequent micelle-directed chiral reaction mediated by BINAMINE, 
forming helical wrinkles in a “shell” that surround the smooth chiral “core”.   
 
The synthetic details are outlined in the following: first, twisted chiral particles were produced (by 

Prof. Bing Ni, working at the University of Konstanz) using the stepwise chemically-mediated 

method detailed in Chapter III and Chapter VI. Next, these products were isolated by 

centrifugation and used as seeds for micelle-directed chiral reactions with both enantiomers of 

BINAMINE, according to the method detailed in Chapter III and Chapter VI. The concentration 
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of gold salts (Au3+) for these reactions was kept constant at 100 µM, and different amounts of 

chiral seeds (Au0) were used to test a selected range of [Au3+] : [Au0] ratios; “double-chirality” 

products were initially evaluated by CD spectroscopy and HAADF-STEM (Figure 5.10). A 

general observation from the spectral data is that the magnitude of the peak chiroptical signature 

follows the directionality of the chiral seeds used (irrespective of the handedness of chiral inducer 

used in these reactions): positive for left-handed seeds (synthesized with D-cys) and negative for 

right-handed seeds (synthesized with L-cys). Also, there is a red-shift of the chiroptical signature 

as the [Au3+] : [Au0] is increased (irrespective of the handedness of chiral seed used in these 

reactions), which is consistent with previous results using achiral seeds (Chapter II). 
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Figure 5.10. Circular dichroism (g-factor) spectra of “double-chirality” products prepared using 
BINAMINE, at varying [Au3+] : [Au0] ratio, and left-handed (A) or right-handed (B) chiral seeds 
(synthesized using D-cys and L-cys, respectively). Solid and dashed lines refer to particles 
synthesized with S-BINAMINE and R-BINAMINE, respectively. Spectra from chiral seeds alone 
is indicated in black. Absorbance spectra (C) and corresponding HAADF-STEM images (D) for 
“double-chirality” products synthesized with left-handed chiral seeds, varying [Au3+] : [Au0] ratio,  
and R-BINAMINE. Image outlines are color-coded to match the legend of the plots. Scale bars: 
200 nm.  
 
Characterization via HAADF-STEM of a series of these chiral products helps to confirm an 

intuitive conclusion from the established literature:27 as the [Au3+] : [Au0] ratio increases and more 

gold salts are available to contribute to overgrowth, the aspect ratio of the chiral products 

decreases, the longitudinal and transverse LSPR peaks in the absorbance spectra begin to coalesce, 

and as a result the chiroptical signature deriving from the wrinkled features is red-shifted (and 

decreased in intensity, owing to excessive growth; see Chapter IV). From the results using left-

handed particles (synthesized using D-cystine) as seeds, a further red-shift of the chiroptical 
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signature is observed when S-BINAMINE is used at high [Au3+] : [Au0] ratios than when R-

BINAMINE is used at the same [Au3+] : [Au0] ratio. Likewise, when right-handed particles 

(synthesized using L-cystine) are used as seeds, there is more red-shift of the chiroptical signature 

when R-BINAMINE is used at high [Au3+] : [Au0] ratios than when S-BINAMINE is used, at the 

same [Au3+] : [Au0] ratio. We can infer from these general observations that such discrepancies in 

peak position derive from different particle growth. We hypothesize that differences in particle 

growth occur because the chiral micellar template formed by BINAMINE and CTAC adsorbs more 

readily onto the surface of seeds of a similar handedness, promoting more organized growth during 

the chiral reaction. To investigate this hypothesis and explore whether the core dissymmetry of the 

chiral seeds is conserved after “double-chirality” reactions, we again turn to electron tomography 

and helicity analysis performed by Dr. Robin Girod and Dr. Mikhail Mychinko at EMAT 

(University of Antwerp). From 3D electron tomography reconstructions, the twist of left-handed 

chiral seeds (synthesized with D-cys) is still partially visible even after overgrowth (mediated by 

R-BINAMINE) at high [Au3+] : [Au0] ratio (Figure 5.11A). The conservation of the chiral core 

geometry is even more apparent from selected orthoslices (Figure 5.11B).   
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Figure 5.11. Electron tomography reconstructions (A) and selected orthoslices (B) of a left-handed 
chiral seed synthesized with D-cys (left), a left-handed chiral seed treated with R-BINAMINE at 
a [Au3+] : [Au0] = 1 (middle), and a left-handed chiral seed treated with R-BINAMINE at a [Au3+] 
: [Au0] = 3 (right). 
 

The handedness of the core-shell geometry of “double-chirality” products was evaluated by a 

helicity analysis method similar to that discussed in Chapter I. A contrast in core-shell helicity is 

evident in the particles synthesized at a high [Au3+] : [Au0] ratio; mostly negative helicity was 

observed at low radius ρ (indicating a left-handed core), whereas the handedness of the helicity at 
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high ρ (the shell; the helical wrinkles) is influenced by the enantiomer of BINAMINE used in the 

synthesis (Figure 5.12). As observed in previous work (see Chapter III), the handedness of 

formed helical wrinkles is opposite to that of the enantiomer of BINAMINE used; in the case of 

S-BINAMINE, right-handed wrinkles with positive helicity values are formed in the shell (at high 

ρ). However, the total helicity values of both particles here were found to be negative (left-handed), 

indicating that the handedness of the core has a greater influence than the shell on the overall 

helical directionality of the “double-chirality” products.  This was also found to be true of “double-

chirality” products synthesized at a low [Au3+] : [Au0] ratio (Figure 5.13); the handedness of the 

total helicity of each product followed that of the chiral seed used. Furthermore, the helicity of the 

shell was observed to greatly increase when the handedness of the chiral inducer and the core 

match; this evidence supports the templating hypothesis mentioned above. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.12. Electron tomography reconstructions (top) and corresponding helicity analysis 
(bottom) of a left-handed chiral seed (synthesized with D-cys) reacted at [Au3+] : [Au0] = 3, in the 
presence of R-BINAMINE (left) or S-BINAMINE (right).  
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Figure 5.13. Electron tomography reconstructions (top) and corresponding helicity analysis 
(bottom) of left-handed (A) or right-handed (B) chiral seeds (synthesized with D-cys or L-cys, 
respectively) reacted at [Au3+] : [Au0] = 1 in the presence of R-BINAMINE. 
 
The small number of particles analyzed here and the counterintuitive total helicity values prevent 

our conclusions from becoming definitive. Further investigation is required, using electron 

tomography and helicity analysis to reveal relationships between the core particle and the evolving 

surface tomography in “double-chirality” reactions. A focus on the intermediate structures formed, 

potentially enabled by the time-resolved protocol discussed in Chapter IV, would yield useful 

information in this regard.  
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5.4 Conclusions_______________________________________________________ 

In applying an abridged form of the experimental approaches featured in this thesis to the outlook, 

we highlight the rationale for this work in the present and future tense. Through creative use of the 

novel chiral inducer (LipoCYS) introduced in Chapter II, we synthesized helicoid-like particles 

with hierarchical chiral features and observed an evolving interplay between these features of 

different scales when different concentrations of LipoCYS were used. We also demonstrated a 

surfactant-dependent effect on the magnitude of the chiroptical signature of these products, which 

adds further depth to the synthetic toolbox used to tune the properties of chiral nanoparticles. 

Secondly, we carried forward a major lesson from Chapter III: expecting the core symmetry of a 

chiral seed to be conserved in a subsequent chiral reaction, we were able to reproducibly obtain 

core-shell particles expressing contrasting “double chirality”. Our investigation of these particles 

revealed important information about the relative contribution of different chiral features on 

particles to the overall chiroptical signature, but much more analysis is needed to make any 

representative conclusions. Though growth of the “shell” on these products was controlled by 

varying the gold salts : chiral seeds ratio, the progression of chiral growth on “double-chirality” 

products might be better monitored by implementing the time-resolved protocol introduced in 

Chapter IV. Future approaches to understand and optimize the production of particles expressing 

multi-scale chirality may permit us to progress ever so incrementally towards the synthesis of 

structures that more closely align with what nature so effortlessly provides.  
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Chapter VI  – Experimental Section 
 

In this chapter, we provide detailed information on the materials and methodologies used in the 

preceding chapters. This includes synthetic strategies for both achiral and chiral gold 

nanomaterials, as well as synthetic information and characterization of the novel chiral inducer 

LipoCYS (synthesized by a collaborator, see Chapter II and following section). We also provide 

important background for the electron tomography characterization and helicity analysis 

performed by collaborators and featured throughout this thesis. Synthetic details for the multi-

scale chiral products described in Chapter V can also be found here. To enhance clarity, we have 

categorized the methods by scientific field rather than adhering strictly to the sequence of chapters 

in which they are applied. 

 

Synthesis of achiral nanomaterials_____________________________________________ 

Chemicals______________________________________________________ 

HAuCl4∙3H2O (99.99% (metals basis)) was purchased from Alfa Aesar. AgNO3 (>99.9%) was 

purchased from Roth. Cetyltrimethylammonium bromide (CTAB; 99%), cetyltrimetryammonium 

chloride (CTAC, s, >98.0%) and CTAC solution (25 wt% in H2O), silver nitrate (AgNO3; ≥ 

99.0%), n-decanol (for synthesis; ≥ 99.0%), potassium iodide (KI, 99.5%), sodium borohydride 

(NaBH4; 99%), citric acid monohydrate, (ACS, ≥ 99.0%) and ascorbic acid (AA; ≥ 99%) were all 

purchased from Sigma-Aldrich. Hydrochloric acid (HCl; ACS, ISO grade, 3% w/v) was sourced 
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from Scharlau. All reagents were used as received without further purification. MilliQ water was 

used to prepare solutions. 

Methods________________________________________________________ 

Synthesis of single-crystal gold nanorods (SC-AuNRs) 

Single crystalline achiral AuNRs were synthesized according to a stepwise protocol adapted from 

the literature.1,2 

Preparation of gold nanoclusters (AuNCs)  

To a glass vial, 5 mL of stock solution #1 (50 mM CTAB, 13.5 mM n-decanol) was transferred 

before addition of 50 μL HAuCl4 solution (aq., 50 mM) under constant magnetic stirring. After 

thorough sonication, 25 μL AA solution (aq., 100 mM) was added under constant magnetic stirring 

until the solution became colorless. A 200 μL aliquot of NaBH4 solution (aq., 20 mM) was quickly 

added by rapidly depressing the plunger of the micropipettor; the solution turned a deep brown 

color. This last step is critical, as fast and homogenous reduction of Au(I) to Au(0) is connected to 

seed quality and reproducibility. Gold seeds were prepared in triplicate, and UV-vis spectra were 

analyzed for reproducibility and target peaks (350 and 480 nm) indicate the formation of Au seeds 

of around 1.5 nm, as described in the literature. AuNCs were kept at room temperature for at least 

one hour to ensure complete oxidation of NaBH4, and used within four hours of synthesis. 

 

Preparation of gold mini-rods for use as seeds in AuNR synthesis 

In a glass vial, 80 mL of stock solution #1, 640 μL of AgNO3 solution (aq., 10 mM), and 4.4 mL 
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of HCl solution (aq., 1 M) were mixed before 800 μL HAuCl4 solution (aq., 50 mM) was added 

under constant magnetic stirring. After thorough sonication, 1040 μL AA solution (aq., 100 mM) 

was added under constant magnetic stirring until the solution became colorless. 4.8 mL of the above 

nanocluster dispersion was added; after an overnight incubation at 25 °C, the solution turned a 

brownish color. UV-vis spectra were recorded for a target LSPR peak of 734 nm, which 

corresponds to particle dimensions of approximately 21 nm x 7.5 nm. Initial centrifugation at 

10000 g for 30 minutes was used to remove larger particles; the supernatant was then subjected to 

three additional rounds of centrifugation at 14500 g for 60 minutes. After each round, the 

supernatant was discarded and the particles resuspended in 10 mM aqueous CTAB solution. 

Preparation of high aspect ratio gold nanorods (SC-AuNRs) for chiral synthesis 

In a glass vial, 80 mL of stock solution #2 (50 mM CTAB, 11 mM n-decanol), 9.6 mL HCl solution 

(aq., 1 M), and 1.2 mL AgNO3 solution (aq., 50 mM) were mixed before 800 μL HAuCl4 solution 

(aq., 50 mM) was added under constant magnetic stirring. After thorough sonication, 640 μL 

ascorbic acid solution (aq., 100 mM) was added under constant magnetic stirring until the solution 

became colorless. 7 μL of cleaned gold mini-rod seeds ([Au0] = 29.8 mM) was added; after an 

overnight incubation at 16 °C in a temperature-controlled water bath, the solution turned a reddish-

brown color. Synthesized nanorods were purified by three rounds of centrifugation (4250 g, 30 

min); after each round, the supernatant was discarded, and the particles redispersed in 1 mM 

CTAC. To assist removal of CTAB and Ag+ ions, nanorod dispersions were heated at 60 °C for 

30 min before each round of centrifugation. 
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Synthesis of pentatwinned gold nanorods (PT-AuNRs) 

Achiral pentatwinned AuNRs were synthesized by labmate Francisco Bevilacqua, according to a 

stepwise protocol adapted from the literature.3,4  

Preparation of pentatwinned gold seeds 

To prepare pentatwinned Au seeds, a 0.05 M HAuCl4 solution (50 μL) was added to 10 mL of 50 

mM CTAC and 5 mM citric acid. After 30 minutes, a solution of a 25 mM NaBH4 solution (250 

μL) was rapidly added to the mixture, for reasons similar to those detailed in the synthesis of 

single-crystal nanoclusters. After a further 2 minutes, the seeds are aged for 90 min at 80 ºC with 

stirring to induce twinning. Formation of pentatwinned seeds is indicated by the appearance of a 

strong LSPR peak in the linear optical spectrum around 550 nm, according to established literature.  

Preparation of high aspect ratio gold nanorods (PT-AuNRs) for chiral preparations 

For nanorod growth, a 0.05 M HAuCl4 solution (125 μL) was mixed with 50 mL of 8 mM CTAB. 

The mixture was stored at 20 °C for at least 15 minutes, to allow for complete complexation 

between Au3+ and CTAB. After this time, a 0.1 M solution of AA (125 μL) was added, followed 

by 100 μL of pentatwinned Au seed dispersion ([Au3+] : [Au0] = 1.25). The reaction mixture was 

left undisturbed overnight, and then centrifuged at 4250 g for 10 min and washed with 10 mM 

CTAC thrice. 
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Synthesis of single-crystal octahedral gold nanoparticles (octa-AuNPs) 

Achiral single-crystal octahedral AuNPs were synthesized according to a stepwise protocol 

adapted from the literature.5,6  

Preparation of CTAC-stabilized gold nanoclusters (AuNCs) 

In a glass vial, 1.32 mL of 25% (w/v) CTAC was mixed with 250 μL of a HAuCl4 solution (0.01 

M) and 8.43 mL of MilliQ-grade water; the solution was vortexed thoroughly to combine. An ice-

cold NaBH4 solution (20 mM) was prepared and 0.45 mL was quickly transferred to the above 

mixture, vortexing immediately for 2 minutes to quickly and completely reduce the gold salts. The 

solution was incubated at 30 ºC for 1 hour before use. 

Preparation of octahedral gold nanoparticles (octa-AuNPs) 

Gold octahedrons were prepared according to established literature. 26.4 mL of 25% (w/v) CTAC 

was mixed with 5 mL of a HAuCl4 solution (0.01 M), and 163 mL of MilliQ-grade water. After 

mixing gently by magnetic stirring, 4.4 mL of an ascorbic acid solution (40 mM) and 100 μL of a 

KI solution (10 mM) were added with stirring to complete solution A. An aliquot of 995 μL was 

taken from this solution, treated with 4 μL of the solution containing CTAC-stabilized AuNCs, 

and immediately vortexed. Before the appearance of an intense pink color (~10 seconds), 900 μL 

of the aliquot was transferred back to solution A, which was mixed via magnetic stirring for 30 

seconds. The stirring was then stopped and the solution was incubated at 30 ºC for 15 minutes. 

Gold octahedrons were isolated via two rounds of centrifugation (6708 g, 15 mins), redispersed in 

3 mM CTAC, and evaluated by UV-vis spectroscopy (target LSPR peak position: 578 nm, with a 

tolerance of +/- 2 nm). 
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Synthesis of cubic single-crystal gold nanoparticles (cube-AuNPs) 

Single-crystal achiral cubic AuNPs were synthesized by In Han Ha at Seoul National University 

according to a stepwise protocol adapted from the literature.5,6  

Preparation of CTAB-stabilized gold nanoclusters (AuNCs) 

In a glass vial, 7.5 mL of a CTAB solution (0.1 M) was mixed with 250 μL of a HAuCl4 solution 

(0.01 M); the solution was vortexed thoroughly to combine. An ice-cold solution of NaBH4 (10 

mM) was prepared and 0.8 mL was quickly transferred to the above mixture, vortexing 

immediately for 2 minutes to quickly and completely reduce the gold salts. The solution was aged 

at room temperature for 2 hours, and diluted 1/10 into MilliQ water before use. 

Preparation of gold cubic nanoparticles (cube-NPs) 

Gold cubes were prepared according to established literature. 32 mL of a CTAB solution (0.2 M) 

was mixed with 4 mL of a HAuCl4 solution (0.01 M) and gently stirred prior to addition (under 

stirring) of 19 mL of an ascorbic acid solution (0.4 M). The solution was further stirred for 30 

seconds before addition of 100 μL of the solution of CTAB-stabilized Au NCs. The solution was 

stirred an additional minute and then incubated at 30 ºC for 15 minutes. Gold cubes were isolated 

via two rounds of centrifugation (6708 g, 15 min), resuspended in 1 mM CTAB, and evaluated by 

UV-vis spectroscopy (target LSPR peak position: 538 nm, with a tolerance of +/- 2 nm). 
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Synthesis of inherently chiral nanoparticles__________________________________ 

Chemicals_______________________________________________________ 

HAuCl4∙3H2O (99.99% (metals basis)), L-cysteine hydrochloride (L-cys, 99%) and L-Cystine 

hydrochloride (L-2cys, 98%) were purchased from Alfa Aesar. Ascorbic acid (AA) was purchased 

from Acros Organics. AgNO3 (>99.9%) was purchased from Roth. (R)-(+)-1,1′-binaphthyl-2,2′-

diamine (R-BINAMINE, 99%), (S)-(−)-1,1′-binaphthyl2,2′-diamine (S-BINAMINE, 99%), 

cetyltrimetryammonium chloride (CTAC, >98.0%), cetyltrimethylammonium bromide (CTAB; 

99%), silver nitrate (AgNO3; ≥ 99.0%), n-decanol (for synthesis; ≥ 99.0%), sodium borohydride 

(NaBH4; 99%), and ascorbic acid (AA; ≥ 99%) were all purchased from Sigma-Aldrich. 

Hydrochloric acid (HCl; ACS, ISO grade, 3% w/v) was sourced from Scharlau. All reagents were 

used as received without further purification. MilliQ water was used to prepare solutions. LipoCYS 

was synthesized according to a protocol detailed in a later section. 

Methods________________________________________________________ 

Seeded chiral growth in the presence of LipoCYS 

Chiral products were synthesized in the presence of LipoCYS according to established literature.7 

Chiral AuNRs were prepared in 2 mL reaction volumes at 40 °C; CTAC (or CTAB, when 

octahedral and cubic NPs were used as the achiral seeds) and AA concentrations were kept constant 

at 44 mM and 700 mM, respectively, and [Au3+]:[Au0] was kept constant at 8.9 (185 μM and 20.8 

μM, respectively). For all chiral preparations, and after a 30 min incubation, chiral nanorods were 

centrifuged (3000 g, 10 min) and resuspended in Milli-Q water. This process was repeated twice 

to remove excess AA and CTAC from solution. 
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Estimation of relative LipoCYS concentration 

Considering the average dimensions of the AuNR seeds (142 nm x 31.6 nm) and assuming a 

cylindrical shape, the surface area per NR would be SA = 15665 nm2 and the volume per NR V = 

111366 nm3. Considering the initial AuNR seed concentration of 2.08 x 10-5 mol/L, this would 

translate into 1.90476 x 1012 AuNR / L, with a total SAT = 6.0 x 1013 nm2, in 2 mL of dispersion. 

For each LipoCYS molar concentration, the number of molecules can be readily calculated as: 

LipoCYS molecules = [LipoCYS] (mol/L) x vol. dispersion (L) x NA (molecules / mol), where NA 

is the Avogadro number. Again, for 2 mL: 

20 μM: 2.4 x 1016 LipoCYS molecules 
45 μM: 5.4 x 1016 LipoCYS molecules 
75 μM: 9.0 x 1016 LipoCYS molecules 
90 μM: 1.1 x 1017 LipoCYS molecules  
200 μM: 2.4 x 1017 LipoCYS molecules 
 

As a result, the relative number of available LipoCYS molecules per nm2 AuNR surface can be 

estimated as: 

20 μM: 404 
45 μM: 908 
75 μM: 1514 
90 μM: 1816 
200 μM: 4036 
 

Finally, the relative number of CTAC molecules (44 mM) per LipoCYS molecule would be: 

20 μM: 2200 
45 μM: 978 
75 μM: 587 
90 μM: 489 
200 μM: 22 
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Seeded hierarchical chiral growth in the presence of LipoCYS 

The following describes an alternative protocol using LipoCYS and octahedral seeds for the 

production of helicoid-like particles.  Chiral products were prepared in 5.35 mL reaction volumes 

at 30 °C; CTAC (or CTAB) and AA concentrations were kept constant at 14.9 mM and 8.8 mM, 

respectively, and [Au3+] : [Au0] was kept constant at 40.8 (186 μM and 4.55 μM, respectively). For 

all chiral preparations, and after a 2 hour incubation, chiral products were spun down (4250 g, 5 

min) and resuspended in 1 mM CTAC (or CTAB). This process was repeated twice to remove excess 

AA and CTAC from solution. 

Single-step seeded chiral growth in the presence of L-2cys  

Chiral products were synthesized in the presence of cystine (L-2cys) in a single step, according to 

established literature.8,9 Chiral AuNRs were prepared in 2 mL reaction volumes at 40 °C; CTAC 

and AA concentrations were kept constant at 14.8 mM and 8.8 mM, respectively, and [Au3+] : [Au0] 

was kept constant at 8.9 (185 μM and 20.8 μM, respectively). For all chiral preparations, and after 

a 30 min incubation, chiral nanorods were spun down (4250 g, 10 min) and resuspended in Milli-

Q water. This process was repeated twice to remove excess AA and CTAC from solution. 

Multi-step seeded chiral growth in the presence of L-2cys  

Chiral products were synthesized in the presence of cystine in a stepwise manner according to 

established literature.8,9 The concentration of PT-AuNRs and SC-AuNRs was adjusted to 0.8 mM, 

according to the optical absorbance at 400 nm. Then 1.9 mL of CTAC solution (40 mM) was 

poured into a tube, followed by addition of 5 μL of HAuCl4 (5 mM) and 0.2 mL of AA (0.1 M). 

The solution was sonicated for 30s. Then, 30 μL of L-2cys (2.5 μM) was added into the PE tube, 

followed by addition of 10 μL of seed solution, shaking several times and store in a water bath at 
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25 °C (this step is called as the first addition). After 50 min, 5 μL of HAuCl4 (5 mM) was added 

into the PE tube. The addition was repeated several times, and the temperature of the water bath 

could also be tuned according to the growth requirements. After the 6 HAuCl4 addition steps, the 

temperature of the water bath was decreased to 16 °C. After 9 additions, the PE tube was 

centrifuged (6000 g, 5 min) and washed twice with MilliQ-grade water. The obtained particles 

were dispersed in MilliQ water.  

Seeded chiral growth in the presence of BINAMINE 

Chiral products were synthesized in the presence of BINAMINE according to established 

literature.10-13 For chiral particles prepared using BINAMINE, seeds were first incubated overnight 

in a solution of 50 mM CTAC and 1.25 mM R- or S- BINAMINE. A typical chiral synthesis was 

prepared in an Eppendorf tube at a total volume of 1 mL, using 500 μM BINAMINE, 20 mM 

CTAC, 500 μM HAuCl4, 160 mM ascorbic acid, and achiral seeds (Au0; 63.5 μM for Chapter III, 

31.25 μM for Chapter IV and Chapter V). Seeds and ascorbic acid were sequentially added, and 

the tube was immediately shaken before leaving for 30 minutes at room temperature. Chiral 

particles were centrifuged at 4250 g for 10 minutes and resuspended in MILLIPORE-grade water. 

This process was repeated twice to separate chiral products from excess reagents and non-chiral 

reaction byproducts.  

Time-resolved synthesis of inherently chiral nanoparticles 

To cease a chiral reaction in progress, a volume of NaBH4 is added that is equal to 1.6x the amount 

of gold salt present in the reaction, as dictated by literature.1 The reaction tube is then shaken to 

rapidly reduce the gold salts; this is indicated by the fast appearance of a brown color in solution. 

Time zero is represented by when ascorbic acid is added to initiate chiral overgrowth; a given time 
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point in a kinetic series is represented by the time elapsed before NaBH4 addition. Chiral particles 

are isolated via centrifugation at 4250 g for 10 minutes and resuspended in MilliQ grade water. 

This process was repeated twice to separate chiral products from excess reagents and non-chiral 

reaction byproducts. 

 

Optical Characterization, Electron Tomography and Computational Analysis 

Optical characterization 

All circular dichroism (CD) spectra were acquired using a JASCO J-1500 CD spectrometer in 

CD/DC mode, measuring the differential absorption of circularly polarized light by the sample as 

a function of the direct current (DC) measured by the detector.  

For samples measured continuously, seeded chiral growth reactions were prepared identically to 

the above description, but in a quartz cuvette. The CD instrument was set to capture a wavelength 

range between 390 and 1250 nm, at a spectral resolution (data pitch) of 20 nm and a scan rate of 

5000 nm/min. Time zero is represented by the first scan of the CD instrument, which was 

initialized immediately after the addition of ascorbic acid to the reaction. A reinitialization time is 

required during scans, bringing the actual time between the starts of two consecutive scans to 25-

30 s. This duration had some variability and the acquired CD spectra are therefore reported herein 

by their collection time by the instrument, i.e., the time at which the scan was completed.  

For all other samples, CD spectra were acquired in two steps, from 300 nm to 900 nm (using a 

PMT detector) and from 800 nm to 1300 nm (using an InGaAs detector). Both spectra were then 

combined using “spectra concatenation” software from JASCO to obtain a CD spectrum from 300-
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1300 nm. A Cary 50 UV Visible spectrophotometer from Agilent Technologies was used to collect 

UV-Vis optical spectra. 

Electron tomography and helicity analysis were performed by Dr. Robin Girod, Dr. Mikhail 

Mychinko, Dr. Evgenii Vlasov, and Wouter Heyvaert under the supervision of Prof. Sara Bals at 

the NANOlab Center of Excellence (EMAT) at the University of Antwerp. Computational 

modelling and light simulations of chiral nanoparticles were done by Manuel Obelleiro-Liz (EM3 

Works), Fernando Obelleiro (Universidade de Vigo) and José Manuel Taboada (Universidad de 

Extremadura). 

Electron tomography 

High resolution scanning transmission electron microscopy (STEM) and electron tomography 

experiments were performed using a “cubed” Thermo Fisher Scientific Themis Z instrument 

operated at 300 kV in HAADF-STEM mode. High angle annular dark field STEM (HAADF-

STEM) tomography series were acquired over an angular range of ±75°, with a tilt increment of 

3°, and were used as an input for SIRT reconstruction using the Astra Toolbox 1.8 for MATLAB 

R2019A.14 Electron diffraction tomography (ED) series was acquired over an angular range of 

±75°, with a continuous tilting (~0.6°/s) and were reconstructed using the PETS2.0 software. 

Visualization of the 3D reconstructions was performed using the Amira 5.4.0 software. 

Surface helicity analysis 

The helical morphology of chiral AuNRs was quantitatively characterized using an updated 

version of our previously reported method. First, the surface of an AuNR was extracted by 

segmentation of the electron tomography reconstruction, by manually thresholding the 

reconstruction followed by denoising through several consecutive morphological opening and 
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closing operations. Next, the binarized data were converted to a triangulated mesh using the 

Thermofisher Amira 5.4.0 software. The center of mass of the resulting mesh was selected as the 

origin and the helical axis was determined by principal component analysis (PCA) applied to the 

coordinates of the vertices in the mesh. The principal component corresponds to the long axis of the 

NR and selected as the helical axis. Next, the normal vector of each surface element was used to 

determine the helical inclination angle of each surface element with respect to the helical axis. 

Subsequently, the helicity function 𝐻(𝛼,𝜌) and total helicity 𝐻𝑡𝑜𝑡, as described in ref. 4, were 

calculated by integrating over the surface of the NR: 

 

 

 

Here, 𝛼′ and 𝜌′ are the inclination angle and radius of each point on the surface, respectively. Since 

positive inclination angles correspond to right-handed helicity and negative inclination angles to 

left-handed helicity, the total helicity 𝐻𝑡𝑜𝑡 is a scalar value between -1 (perfect left-handed helicity) 

and +1 (perfect right-handed helicity). Similarly, the helicity function 𝐻(𝛼,𝜌) is a distribution 

indicating which handedness is prevailing at each radius from the helical axis, for each inclination 

angle, thus giving insights into the helical structure of a NR. 

Numerical Solution of Maxwell’s Equations 

The M3 solver was used to perform full- wave electromagnetic simulations.15-17 The full-wave 

solutions are based on surface-integral equations (SIEs) discretized by the method of moments 

(MoM). In SIE-MoM, the parametrization and subsequent numerical analysis are both restricted 
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to the two- dimensional boundary surfaces of the particles, rather than a 3D space embedding of 

the material structure, which results in a drastic reduction in the number of unknowns 

compared with other approaches. SIE-MoM is robust against instabilities produced by rapid spatial 

variations of the permittivity, as is usually the case in plasmonic structures. Gold was described 

through its frequency-dependent complex permittivity, taken from optical measurements.18,19 

Nanoparticle Models  

The nanorod models were designed to resemble the experimental 3D tomographic reconstructions 

of NPs obtained using 20, 45 and 90 μM LipoCYS. The models consist of a twisted nanorod core 

with square section (70 nm x 70 nm) and 170 nm in length, on which 16 or 25 helical grooves are 

excavated all around (for the second and third models, respectively), giving rise to 6 or 16 helical 

wrinkles that unfold along the lateral surfaces. The helices have two leveled and two inclined steps 

per pitch, with tilt angles of 60 º and 30 º in the inclined steps, respectively. The corresponding 

wrinkle widths are 8 nm and 4 nm, and the separation distances between wrinkles are 12 nm and 

7 nm, respectively. Groove depths are 6 nm and 13 nm, respectively. The modeling and meshing 

of the models were performed with Blender 3.3, Solidworks and Hypermesh respectively. Having 

a high-quality, clean mesh, with a consistent aspect ratio across all elements is crucial for the 

results of the simulation. Mesh quality is key in obtaining accurate results and for the problem to 

be solved efficiently in terms of time and resources, and with fidelity to the underlying physics. 

Illumination was based on left- (right-) circularly polarized plane waves impinging from multiple 

directions. Overall responses were calculated by averaging over light incidence angles.  
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Synthesis of LipoCYS___________________________________________________ 

Both enantiomers of the LipoCYS molecule were synthesized by Sandra Baúlde under the 

supervision of Dr. Jesús Mosquera at the Universidade da Coruña, following a procedure 

reported by Neal K. Devaraj et al.20  

Materials_______________________________________________________ 

Commercially available N-Boc-(R)-Cys(Trt)-OH, N-Boc-(S)-Cys(Trt)-OH, Decan-1- amine, and 

triisopropylsilane (TIS) were obtained from BLD pharm. N,N- diisopropylethylamine (DIPEA), 

tris(2-carboxyethyl)phosphine (TCEP), and trifluoroacetic acid (TFA) were purchased from TCI. 

O-(7-Azabenzotriazol-1-yl)- N,N,N',N'-tetramethyluronium hexafluorophosphate (HATU) was 

obtained from Apollo Scientific. Dichloromethane (DCM) was acquired from Scharlau. Deuterated 

chloroform (CDCl3) and methanol (CD3OD) were obtained from Deutero GmbH. Analytical thin- 

layer chromatography was performed using Silicycle aluminum-backed TLC plates. Compounds 

that were not UV-active were visualized by dipping the plates in a ninhydrin stain. Silica gel flash 

chromatography was performed using Labkem silica gel (type SGEC-060-500) and HPLC 

purification was carried out using a Fortis C18 semipreparative column (5 µm, size: 25010 mm) 

with Phase A/Phase B gradients (Phase A: H2O with 0.1% trifluoroacetic acid; Phase B: 

Acetonitrile with 0.1% trifluoroacetic acid). Proton nuclear magnetic resonance (1H NMR) and 

Carbon nuclear magnetic resonance (13C NMR) spectra were measured on Bruker AVANCE III 

HD 400 Nuclear Magnetic Resonance spectrometer and were referenced relating to residual proton 

resonances in CDCl3 (at d 7.24 ppm and 77.23 ppm) and CD3OD (at d 4.87 or 3.31 ppm and 49.15 

ppm). 1H NMR splitting patterns are assigned as singlet (s), doublet (d), triplet (t) or quartet (q). 

Splitting patterns that could not be readily interpreted are designated as multiplet (m). 
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Methods_______________________________________________________ 

Synthesis of N-Boc-(R)-Cys(Trt)-Decan 
 

 

 

 

 

 

 

A solution of N-Boc-(R)-Cys(Trt)-OH (1 g, 2.16 mmol) in CH2Cl2 (14.5 mL) was stirred at 0 ºC 

for 10 min, and then HATU (820 mg, 2.16 mmol) and DIPEA (376 µL, 2.16 mmol) were 

successively added. After 10 min stirring at 0 ºC, decan-1-amine (339 mg, 2.16 mmol) was added. 

After 1 h stirring at room temperature, the reaction mixture was washed with NaHCO3(sat) (3 × 

10 mL). The organic layer was dried (Na2SO4), filtered and concentrated, providing a yellow oil, 

which was purified by flash chromatography (0–3% MeOH in CH2Cl2), affording the expected 

product as a yellow oil [96%, Rf = 0.52 (1% MeOH in CH2Cl2)]. 
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NMR Spectra of N-Boc-(R)-Cys(Trt)-Decan 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1
H NMR (300 MHz, Chloroform-d) δ: 7.46 – 7.36 (m, 6H), 7.30 – 7.14 (m, 9H), 6.22 (t, J = 5.8 

Hz, 1H), 5.05 (d, J = 7.9 Hz, 1H), 3.87 (m, 1H), 3.19 – 3.09 (m, 2H), 2.73-2.62 (dd, J= 12.7, 7.1 
Hz, 1H), 2.60-2.48 (dd, J= 12.7, 5.6 Hz, 1H), 1.39 (s, 9H, 3 x CH3), 1.23 (s, 14H), 0.91(t, 3H) 
ppm. 13C NMR (75 MHz, CDCl3): δ 170.25(1C), 155.40(1C), 144.43(3C), 129.59(6CH), 
128.07(6CH), 126.88(3CH), 80.20(1C), 67.19(1C), 53.57(1CH), 39.52(1CH2), 33.84(1CH2), 
31.90(1CH2), 29.58(1CH2), 29.55(1CH2), 29.42(1CH2), 29.32(1CH2), 29.30(1CH2), 28.28 
(3CH3), 26.84(1CH2), 22.71(1CH2), 14.16 (1CH3) ppm. 
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Synthesis of N-Boc-(S)-Cys(Trt)-Decan 
 

The (S) enantiomer was prepared following the same procedure, but using N-Boc-(S)-Cys(Trt)-

OH as a precursor. 
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NMR Spectra of N-Boc-(S)-Cys(Trt)-Decan 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1
H NMR (400 MHz, Chloroform-d): δ 7.48 – 7.36 (m, 6H), 7.32 – 7.12 (m, 9H), 6.23 (t, J = 5.8 

Hz, 1H), 5.05 (d, J = 7.9 Hz, 1H), 3.87 (m, 1H), 3.15 (m, 2H), 2.74-2.60 (dd, J = 12.7, 7.1 Hz, 
1H), 2.60-2.48 (dd, J = 12.7, 5.6 Hz, 1H), 1.41 (s, 9H, 3 x CH3), 1.25 (s, 14H), 0.88 (m, 3H) 
ppm. 

13
C NMR (100 MHz, CDCl3): δ 170.25(1C), 155.40(1C), 144.43(3C), 129.59(6CH), 

128.07(6CH), 126.88(3CH), 80.20(1C), 67.19(1C), 53.57(1CH), 39.52(1CH2), 33.84(1CH2), 
31.90(1CH2), 29.58(1CH2), 29.55(1CH2), 29.42(1CH2), 29.32(1CH2), 29.30(1CH2), 28.28 
(3CH3), 26.84(1CH2), 22.71(1CH2), 14.16 (1CH3) ppm. 
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Synthesis of (R)-2-amino-N-decyl-3-mercaptopropanamide, (R)-LipoCYS 
 

The synthesis of the (R) enantiomer of LipoCYS is described below. 
 

 

 

 

 

 

 

N-Boc-(R)-Cys(Trt)-Decan (100 mg) was dissolved in 2 mL of TFA/CH2Cl2/TIS (225:225:50) 

and the mixture was stirred at room temperature for 30 min. After removal of the solvent, the 

residue was dried under high vacuum for 1 h. Then, the corresponding residue was diluted in milli-

Q H2O containing 1 mM of TCEP, filtered using a 0.2 µm syringe-driven filter, and the crude 

solution was purified by HPLC, yielding the purified compound as a colorless oil [RT= 18 min 

(C18 semipreparative column, 70% Phase A in Phase B, 30 min, and then 5% Phase A in Phase B, 

10 min)]. 
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NMR Spectra of (R)-LipoCYS 

 

1
H NMR (400 MHz, MeOD) δ 3,97 (dd, J=5.22, 6.88 Hz, 1H), 3.34-3.20 (m, 2H), 3.08-2.98 (dd, 

J=14.59, 6.88 Hz, 1H) 2.98-2.88 (dd, J=14.59, 5.22 Hz, 1H), 1.61-1.53 (m, 2H), 1.40-1.25 (m, 14H), 
0.91 (t, J=6.9 Hz, 3H). 

13
C NMR (100 MHz, MeOD): δ 167.95 (1C), 55.96 (1CH), 40.55 (1CH2), 

32.83 (1CH2), 30.45 (2CH2), 30.22 (1CH2), 30.15 (1CH2), 30.05 (1CH2), 27.75 (1CH2), 26.12 
(1CH2), 23.50 (1CH2), 14.20 (1CH3). HRMS (ESI+): m/z calculated for C13H27N2OS[M+H]+ 
261.200, found 261.199. 
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Synthesis of (S)-2-amino-N-decyl-3-mercaptopropanamide, (S)-LipoCYS 

 
The (S) enantiomer was prepared following the same procedure, but using N-Boc-(S)-Cys(Trt)-

Decan as a precursor. 
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NMR Spectra of (S)-LipoCYS 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
H NMR (400 MHz, MeOD) δ: 3,97 (dd, J=5.22, 6.90 Hz, 1H), 3.34-3.17 (m, 2H), 3.09-3.00 (dd, 

J=14.59, 6.90 Hz, 1H), 3.00-2.91 (dd, J=14.59, 5.22 Hz, 1H) 1.62-1.50(m, 2H), 1.44-1.25 (m, 
14H), 0.93 (t, J=6.9 Hz, 3H) ppm. 

13
C NMR (100 MHz, CDCl3) δ:168.11(1C), 56.21(1CH), 

40.77(1CH2), 33.05(1CH2), 30.67(2CH2), 30.44(1CH2), 30.37(1CH2), 30.28(1CH2), 
27.97(1CH2), 26.35(1CH2), 23.72(1CH2), 14.41(1CH3) ppm. HRMS (ESI+): m/z calculated for 
C13H27N2OS[M+H]+ 261.200, found 261.19. 
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Chapter VII  – Conclusions 
 

In Chapter II, we tested a novel chiral inducer, LipoCYS, intended to bridge two major chiral 

growth mechanisms that were the focus of this body of work. Remarkably, the chiroptical signature 

of products was observed to evolve and shift in both wavelength and intensity depending solely 

on the concentration of LipoCYS used in the chiral synthesis. Further characterization by electron 

tomography revealed that products synthesized with a low concentration of LipoCYS appeared 

like those obtained from the chemically-induced growth mechanism; at a high concentration of 

LipoCYS, products appeared like those obtained from the micelle-directed growth mechanism. We 

can infer that below a critical concentration of LipoCYS, micelles are not formed and the thiol 

group directly interacting with the surface of gold particles has the dominant influence over the 

progression of chiral growth. A future experiment using dynamic light scattering (DLS) to 

precisely determine the critical micelle concentration of LipoCYS seems intuitive, until we 

consider that the micelles, if behaving in a manner analogous to micelles comprised of BINAMINE 

and CTAC, may be “giant worm-like” micelles and therefore be more difficult to discriminate from 

spherical micelles that may also form; this measurement would be additionally complicated by the 

presence of surfactant. 

In Chapter III, we investigated the influence of starting seed geometry for both well-established 

growth mechanisms by contrasting the chiral products from single-crystalline and pentatwinned 

achiral seeds of a high aspect ratio. The chiroptical signatures and structural handedness of 

chemically-induced products were observed to be inverted; the contrast between the products 

yielded from single-crystal and pentatwinned achiral seeds was enhanced when a stepwise addition 
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of gold salts was employed. This slowed growth protocol homogenized the products of single-

crystal achiral seeds, and caused the products of pentatwinned achiral seeds to become more 

disparate in structure, even between particles of the same sample. Correctly predicting that the 

products from the micelle-directed mechanism would have highly regular morphologies in the 

form of well-defined helical wrinkles regardless of achiral seed used, these products were 

subjected to a finer structural analysis.  From careful analysis of the wrinkle orientation about the 

particle surface, it was observed that chiral products formed from single-crystal achiral seeds with 

four-fold symmetry also had four-fold symmetry, and that chiral products formed from 

pentatwinned achiral seeds had a similarly preserved five-fold symmetry. This observation had 

large implications for the projects in the next two chapters: at once, it threw into question the 

intermediate morphologies formed during a micelle-directed chiral reaction, prompting a means 

with which to investigate, and supplied a reliable foundation for an approach to synthesize particles 

with multi-scale chirality. 

In Chapter IV, a method using sodium borohydride was developed to cease chiral reactions in 

progress, enabling the study of the chiroptical and structural evolution of these products in an 

approximation of real time. Time-resolved series prepared in this way are comprised of many 

replicates of the same reaction allowed to progress for varying growth intervals, and not of many 

aliquots isolated from the same reaction. There are drawbacks to this latter approach. As the optical 

signature for early time points (5s, 10s of growth) was observed to be vanishingly small, aliquots 

taken from a single reaction at similar time points would be very difficult to characterize unless 

they were of a large volume. Larger aliquot volumes translate to a larger overall reaction volume, 

which is more difficult to reduce rapidly and homogenously (both of which are critical to this 

category of chiral reaction). Using the approach as described in Chapter IV, the evolving 
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chiroptical signature for a chiral reaction was displayed much like a set of in situ measurements, 

and the data at equivalent time points from these two methods compared well. An advantage of 

our method over in situ characterization is the ability to isolate and characterize the products via 

electron microscopy and display the evolving structural features to complement the optical data. 

We analyzed micelle-directed growth on single-crystal and pentatwinned achiral seeds, a reaction 

that surprisingly yielded its maximum chiroptical signature after less than two minutes for single-

crystal seeds, and less than one minute for pentatwinned seeds. The observation that the growth 

on pentatwinned seeds outpaces that occurring on single-crystal achiral seeds is perplexing and 

demands further investigation; perhaps the lack of an octahedral intermediate in the former 

explains the swifter transition to a wrinkled morphology, but that fails to explain the overall 

increase in growth on pentatwinned as opposed to single-crystal seeds. Furthermore, the growth 

on the tips of single-crystal and pentatwinned rods evolving differently shines a spotlight on this 

potentially overlooked structural feature and its disproportionate contribution to the chiroptical 

signature. In any case, this methodology has great potential to assist the defining of structural-

optical relationships for chiral products. 

In Chapter V, we first used LipoCYS in the context of a synthetic methodology using much lower 

concentrations of ascorbic acid and surfactant than utilized in previous chapters, designed to 

slowly and gently form helicoids over a time frame of hours. These products were structurally 

evaluated primarily by SEM, meaning that their finer chiral features were difficult to characterize. 

However, the chiroptical signatures of products prepared with CTAB were inverted from those 

prepared with CTAC, revealing yet another synthetic variable to tune in the future. While the lack 

of particles evaluated by electron tomography stymied our conclusions, promising corkscrew-like 

chiral features that grew to dominate the handedness of certain particles (as the concentration of 
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LipoCYS was raised) were observed. In our second approach, we used geometrically twisted yet 

smooth products of a chemically-induced chiral reaction as the seeds in a subsequent micelle-

directed chiral reaction, geometrically twisted and wrinkled products could be formed. From the 

chiroptical signatures it was inferred that the growth of the micelle-directed “shell” was impacted 

if the handedness of the micelle (dictated by the enantiomer of the inducer) matched that of the 

chiral seed “core”.  Further analysis of tomographic reconstructions revealed that the overall 

handedness of these products was dependent on the handedness of the chiral seed “core”, though 

further investigation is needed.  

In probing chemical variables involved in the syntheses of chiral plasmonic nanomaterials such as 

the composition of the chiral inducer and the geometry of the starting seeds (among others), and 

introducing methodology to study reaction intermediates and prepare new and interesting 

morphologies with multi-scale chirality, we offer a broad foundation for further experimentation 

and projects. The design of chiral inducers beyond LipoCYS is a trove of potential for the founding 

and optimization of novel chiral morphologies, and honing in on the optical-structural relationships 

for specific chiral features (such as the particle tips / protruding facets) is key to success. The 

deliberate and systematic optimization of established theory combined with the ambitious 

application of novel techniques and computerized approaches will accelerate progression in this 

field. 
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Main conclusions: 

1. LipoCYS, a novel chiral inducer incorporating features from inducers of different 

established chiral growth mechanisms, yielded products that evolved in structure and 

chiroptical signature based solely on the concentration of LipoCYS. 

 

2. The modulation of chiral growth based solely on the concentration of novel chiral inducer 

LipoCYS suggests an expanded role for the design of co-surfactants when preparing 

nanomaterials with different chiral morphologies. 

 

3. For seeded chiral growth reactions, the chiroptical signature was observed to invert when 

single-crystalline achiral nanorods were used as the starting seeds, as compared to when 

pentatwinned achiral nanorods were used as the starting seeds; this was demonstrated for 

both established chiral growth mechanisms. 

 

4. The initial geometry present in the achiral seeds was preserved following the chiral 

reaction: the 4-fold symmetry of single-crystalline nanorods and the 5-fold symmetry of 

pentatwinned nanorods were observed in their respective chiral products. 

 

5. Using sodium borohydride, chiral reactions in progress could be ceased, and the products 

from varying intervals of growth could be isolated and characterized; these time-resolved 

product series possessed chiroptical signatures that compared well to in situ measurements 

and could be evaluated under an electron beam, permitting complementary time-resolved 

structural characterization. 
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6. Time-resolved product series engineered using NaBH4 help to define relationships between 

the observed chiroptical signature of products and their apparent chiral features, and better 

understand from a mechanistic standpoint the development of particles during an 

overgrowth reaction. 

 

7. A pair of strategies to engineer particles with multi-scale chirality were investigated: 

helicoid-like particles were synthesized with LipoCYS, and chiral products were used as 

the starting seeds in a subsequent chiral reaction to form products with different “core-

shell” chiral features.  
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