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Abstract: Heterogeneous metal nano catalysts have recently emerged as attractive catalysts for 

variety of couplings (e.g., C-C, C-N, C-S, C-O, etc.). However, the characterization of catalytic 

pathway remains challenging. By exploiting localized surface plasmon resonance (LSPR) of 

catalytically relevant gold (Au) nanostructure, we show UV-Vis spectroscopy can be used to 

confirm the homogeneous catalytic pathway. Specifically, we have demonstrated that Au 

nanoparticles under C-C coupling conditions undergo substrate-induced leaching to form 

homogeneous Au catalytic species. The LSPR spectroscopic approach opens a new door to tracking 

stability of nano catalysts and characterizing the catalytic pathway in a range of coupling reactions. 

Furthermore, By exploiting localized surface plasmon resonance of catalytically relevant 

nanostructures, such as monometallic ( Pd, Pt, Ni, Rh, Au, and Cu) nanoparticles and bimetallic 

core-shell (Ag-Pd) nanoparticles, we show UV-Vis spectroscopy can be used to determine the size 

of functioning nanocatalyst. Based on our finite-difference time-domain simulations, it is possible 

to detect leaching of even a monolayer of atoms from the surface of widely used metal nano 

catalysts with a conventional UV-Vis spectrometer. This sensitive, inexpensive and robust 

spectroscopic approach can be potentially used as in-line process analytical technology (PAT) in 

pharmaceutical development and manufacturing.  

The ability of plasmonic metal nanostructures (PMNs), such as silver and gold nanoparticles, to 

manipulate and concentrate electromagnetic fields at the nanoscale is the foundation for wide range 

of applications, including nanoscale optics, solar energy harvesting and photocatalysis. However, 

there are inherent problems associated with plasmonic metals, such as high Ohmic losses, and 

poorer compatibility with the conventional complementary metal-oxide-semiconductor (CMOS) 

microfabrication processes. These limitations inhibit the broader use of PMNs in practical 

applications. Herein, we report submicron cuprous oxide and cupric oxide particles can exhibit 

strong electric and magnetic Mie resonances with extinction/scattering cross sections comparable 

to or slightly exceeding those of Ag particles. Using size- and shape-controlling particle synthesis 

techniques, optical spectroscopy, and finite-difference-time-domain simulations, we show that the 

Mie resonance wavelengths are size- and shape-dependent and tunable in the visible to near-

infrared regions. Therefore, submicron copper oxide particles may potentially emerge as high-

performance alternatives to PMNs in a wide range of applications. 
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CHAPTER I 
 

 

INTRODUCTION 

 

Background 

The field of advanced nanomaterials capable of energy capture, catalysis, and novel 

electromagnetic properties is one of the most active and promising research areas in advanced 

materials science. Advanced Nanoparticles exhibit new and improved properties based on specific 

characteristics such as size, distribution and morphology, and it is possible to tailor the properties 

of nanoparticles using different preparation methods. Controlling the size and shape of 

nanoparticles is an ongoing challenge. However, there have been huge efforts and immense 

developments in the field of advanced Nanomaterials in the recent past years, with numerous 

methodologies developed to synthesize nano particles of particular shape and size depending on 

specific applications. Moreover, new applications of advanced nanoparticles and nano catalysts are 

emerging rapidly. The intrinsic properties of nanoparticles and nano catalysts are mainly 

determined by size, shape, composition, crystallinity and morphology. The high surface-to-volume 

ratio along with morphology effects (size and shape) gives nanoparticles distinctively different 

properties (chemical, electronic, optical, magnetic and mechanical). Functioning advanced 

nanoparticles and nano catalysts synthesized with various methods are attractive to apply them in 

many fields. Because of their distinct properties, these materials are offering many new 

developments in the fields of catalysis, photocatalysis, photovoltaic, optic, biosensor, biomedical, 

pharmaceuticals, agrochemical, petrochemical and etc. For example, nanotechnology to make 

various nanoparticles is an enormously powerful technology, which holds a huge promise for the 

design and development of many types of novel products with its potential medical applications on 

early disease detection, treatment, and prevention. 
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Catalysis & Photocatalysis 

Nowadays, most of chemical and energy products are produced with catalytic reactions and 

processes; Agrochemical products, pharmaceutical products, polymers, plastics, textiles, and 

various other chemicals and renewable energy products are produced through catalytic processes 

(Figure 1). Extensive number of studies have been carried out in developing catalytic and 

photocatalytic materials, and immense efforts have been made in understanding the catalytic and 

photocatalytic processes using various nano catalysts 1–13. The interest in photocatalysis has been 

increasing since  studies done  by Honda and Fujishima in 1972 and Reiche and Bard in 197914,15. 

 

 

 

 

 

 

Figure 1.  Catalytic and Photocatalytic Processes 

In both Fields (catalysis and photocatalysis), the goal is to make nanocatalyst with high activity, 

stability and selectivity (close to 100% product selectivity. For thermal catalysis to increase the 

catalyst activity, the principal is to reduce the reduce activation energy of a desired chemical 

reactions. For photocatalysis, the desired chemical reactions are driven by photoexcitation of a 

photocatalyst followed by electron/positive hole transfer to reaction substrates (as shown in figure 

2 for water splitting). Various photocatalyst nanomaterials and photocatalytic applications have 

been investigated since then, and considerable works have been devoted into designing and 

developing   photocatalyst nanomaterials with high activity, stability and selectivity for practical 

applications. For example, the photocatalyzed solar-to-hydrogen conversion (PSC) from water 
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splitting using TiO2 photocatalyst has been recently highlighted as a promising method to fully 

utilize solar energy16,17.  

 

 

 

 

 

 

 

 

Figure 2.  Mie Resonance – Mediated Photo redox Reaction for Water Splitting 

 

When it comes to photocatalyst design and different types of photocatalysts, the catalyst 

development strategies are mainly centered on maximizing the efficiency by increasing the 

absorption of light and charge transfer at the surface, and diminishing recombination of charge 

carrier. The first step for the photocatalysis is the light absorption process, a high-efficient 

exploitation of the incident light is the main strategy to improve the photocatalytic performance. 

Light can be scattered and redirected in different directions. Especially, when the size of the 

particles is comparable to the wavelength of the incident light, the Mie’s scattering happens. It is 

crucial not only to make novel photocatalyst materials and show their high performance but also to 

know what structural optical properties can enhance the catalytic and photocatalytic activities for 

finding the optimal Mie resonator nano catalysts. Furthermore, it is necessary to optimize the 

system design of the Mie resonator nanocatalyst to achieve the optimal photocatalytic efficiency, 

since a well-designed Mie resonator nanocatalyst can not only improve the reaction performance, 

but also decrease the waste of energy and catalyst and increase the economic benefit. 

 



 

4 
 

Mie Resonance & Mie Resonators (Plasmonic & Dielectric Particles) 

According to Mie theory, both plasmonic and dielectric Mie Resonator particles can show strong 

scattering resonances (as shown in Figure 3). Their scattering optical properties is function of 

almost two parameters: the dielectric permittivity(Ƹ)t and a size parameter q that is proportional to 

the ratio between the nanoparticle radius (R) and the wavelength of light(ʎ), (q=2πR/ʎ). The 

difference between plasmonic and dielectric Mie resonators nanocatalyst is the dielectric 

permittivity. Dielectric permittivity for plasmonic Mie resonator is negative and for dielectrics Mie 

Resonator nanocatalyst is positive. Plasmonic Mie resonators generate only localized surface 

plasmon resonances (LSPR) of an electric type—dipole, quadrupole, etc. Their LSPR response of 

a magnetic type is almost negligible. While, for dielectric Mie Resonator particles, both electric- 

and magnetic-type responses have comparable strengths and we can observe both of them at the 

same time. For both types of Mie Resonator nano catalysts (Plasmonic and dielectric), Strong 

optical resonances can be achieved with specific geometry (size and shape), This provides 

tremendous opportunities for designing and developing a variety of Mie Resonator nanostructures 

with desire optical properties for various applications. Moreover, the strong electric and magnetic 

resonances in Mie Resonator nanoparticles can pave the way for brining entirely new functionalities 

to specific geometries in Mie Resonator nanostructures. 
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Figure 3.  Scattering Efficiency versus Dielectric Permittivity Ƹ for Plasmonic and Dielectric      

Mie Resonator Materials. (Boris Luk’yanchuk et. Al., Science, 2016). 

Although the study of Mie resonances nanostructures has a long history, only recently have 

researchers started to use these Mie resonances nanostructures as nano catalysts to enhance the 

performance of catalytic and photocatalytic reactions13,18–20. Because of their unique optical 

properties (electric and magnetic resonances) these Mie Resonator nano catalysts are anticipated to 

complement or even replace conventional nano catalysts in a range of potential catalytic and 

photocatalytic applications. By changing the geometrical parameters such as size and shape of the 

Mie Resonator particles, both electric and magnetic resonances can be tuned.  

Variety of strategies have been used to optimize the physical and chemical properties of 

photocatalysts in order to effectively maximize the light absorption, minimize the recombination 

of photogenerated charge carriers, and accelerate the charge transfer on the surface functioning Mie 

Resonator nano catalysts. To meet these goals, our methods and strategies are: 

• Size Dependent Optical Properties Studies using different Mie resonator nano 

catalysts. 
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• Shape Dependent Optical Properties Studies using different Mie resonator nano 

catalysts. 

• Develop predictive approach that guide us using these optical properties for 

photocatalytic and photovoltaic applications. 

Size and Shape Dependent Optical Properties Studies 

When light hits the surface of a Mie resonator nanoparticle, it can be absorbed or scattered (the sum 

of scattering and absorption is referred to as extinction). Mie Resonance Nanoparticles are in the 

size and shape regime where the amount of light that is scattered or absorbed can change 

significantly depending on the particle size and shape.  For example, at size less than 15 nm, almost 

all of the extinction is because of absorption and, at sizes above 150 nm, the extinction is nearly 

because of scattering. By designing a Mie resonator particle with a specific morphology (size and 

shape), the optimal amount of scattering and absorption can be achieved. Mie Resonator 

Nanomaterials exhibit a variety of interesting optical properties that can change significantly with 

size and shape. By carefully adjusting the size and shape of functioning Mie Resonator 

nanoparticles, a wide range of optical effects can be produced with many useful applications.  For 

example, the structure of a mie resonator nanocatalyst is known to affect its photocatalytic 

efficiency, photocatalytic efficiency can be increased or decreased by nanostructure size. The 

desired optical responses in a Mie resonator nanomaterial depending on the target application, can 

be generated through several geometry (size and shape) controlled synthesis techniques. Depending 

on the Mie resonator nanomaterial size and shape, each synthesis procedure provides certain 

benefits, based on the target application.   

 The optical absorptions of Mie resonator nanomaterials are characterized by spectroscopic 

techniques (Uv-vis, Raman and IR spectroscopy) and calculated by optical computational 

simulations tools such as Finite Difference Time Domaine (FDTD) and COMSOL. 
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Goal and Specific Aims  

In this work, the main aim was to study the optical properties of plasmonic and dielectric 

nanoparticles both theoretically and experimentally. Far-field effects (extinction, scattering and 

absorption) and near- field effects (electric and magnetic resonances) for different sizes and shapes 

of plasmonic Mie Resonator Particles (Au, Ag, pt, pd Rh and Cu) and Dielectric Mie Resonator 

Particles (Cu2O, CuO, CeO2, Fe2O3 and TiO2) were investigated in the wide wavelengths range 

(UV, visible and near IR spectra range). Finite Difference Time Domaine (FDTD) simulation was 

presented as an optical computational tool to model the optical properties of plasmonic and 

dielectric nanostructures. For size and shape optical properties studies, a combination of geometry-

controlled synthesis techniques (microemulsion and seeded growth methods) and spectroscopic 

techniques, and some other characterization tools such Gas Chromatographic Mass Spectroscopy 

(GC/MS), Electron Spray Ionization Mass Spectroscopy (ESI-MS), Transmission Electron 

Microscopy (TEM), Scanning Electron Microscopy (SEM), X-Ray Diffraction (XRD), etc..) were 

utilized. Here, we discuss different types of Mie resonator nano catalysts and their applications and 

outline various challenges that need to be addressed in the development of practically relevant 

optimal Mie resonator nano catalysts and systems. At the end, we demonstrate a new approach 

which can be applied as a useful tool for designing optimal Mie Resonator Nano catalyst with 

desired optical properties for particular photocatalysis and solar energy harvesting applications. 
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CHAPTER II 
 

 

REVIEW OF LITERATURE 

Nanomaterials 

Nanomaterials are chemical substances or components that are prepared with at least one dimension 

in nanoscale or all dimensions in the nanoscale. Nanostructured materials are designed and 

developed to provide the novel and unique properties such as optical, chemical, and physical, 

compared to other materials without nanoscale features. In the past three decades, nanomaterials 

exhibited many interesting and promising applications in a wide variety of fields including 

pharmaceuticals, polymers, agrochemicals, electronics, sensors, photovoltaic devices, drug 

delivery, catalysis, fuel cells, light-emitting diodes, industrial lithography, quantum dots, quantum 

devices, optical and biological devices and etc21–31.Properties of nanoparticles are greatly related to 

their distinctive shape and  size , surrounding media, and fabrication method. Different shapes and 

sizes of particular nanostructures allow exploring their applications in many fields that include 

catalysis, photocatalysis, photovoltaics, electronics, sensors, optical devices and etc. 

 Plasmonic Nanomaterials: 

Plasmonic metallic nanostructures have a broad range of applications especially biomedical, 

energy, catalysis, lithography and   information technologies7,32–36. They are very attractive for their 

immense potential applications in various advanced nanomaterial fields, due to their Localized 

Surface Plasmon Resonance (LSPR) feature. 
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Localized Surface plasmon Resonances (LSPR) are coherent and collective electron oscillations 

confined at the dielectric–metal interface. These LSPR plasmon resonances can dramatically 

harvest the optical field and energy on the nanoscale and greatly improve various light–matter 

interactions. These properties of surface plasmons strongly depend on the materials and structures, 

so that plasmonic metals with various morphologies (size and shape) and structures can have 

distinctive plasmonic wavelengths ranging from ultraviolet, visible, near infrared to far infrared. 

Because the electric field can be enhanced by orders of magnitude within plasmonic structures, 

various light–matter interaction processes including photocatalysis, solar energy conversion, heat 

generation, and optical conversion can be greatly enhanced and these have been investigated and 

confirmed by both theoretical computational and experimental studies 37–39. 

Several physical, chemical and biological synthesis procedures have been employed to increase the 

performance of plasmonic metal nanoparticles showing improved properties with the aim to have 

a better control over the particle size, distribution and morphology 40–42. Chemical reduction is the 

most common, stable, and high yield used method for the fabrication of plasmonic metal 

nanoparticles43–45. The reduction of metal ions (+ ) in aqueous solution generally yields colloidal 

metal with particle diameters  in nanoscale. The synthesis of plasmonic metal nanoparticles by 

chemical reduction techniques are performed in the presence of stabilizers in order to prevent 

unwanted agglomeration of the colloidal metal nanoparticle solution. One of the recent, high 

conversion and ideal technique for the preparation of plasmonic nanoparticle like gold is seeded-

growth method46–49.  In the present study, plasmonic metallic nanoparticles were synthesized by 

seeded-growth and chemical reduction methods at room temperature. 

Furthermore, in this work, with combination of computational and experimental studies we 

investigated and discussed the optical properties of different plasmonic metallic nanostructures, 

with a hope to deliver guidelines for making future high-performance plasmonic nanostructures for 

various applications, and technologies. 
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Dielectric Nanomaterials 

As plasmonic nanomaterials find novel applications in different fields, dielectric nanoparticles are 

not an exemption due to their unique optical and chemical properties. They can be easily polarized 

when subjected to electrical field, degree of polarization is measured by electromagnetic fields 

enhancement. This quantity also determines the electric permeability of the dielectric material. The 

larger dielectric constant results in more electromagnetic field enhancement and energy storage 

capacity. Due to lack of free electrons, conductivity for these materials is low. The band gap energy 

is high above 3ev, and they possess high refractive index. They have very promising applications 

both in photovoltaic and photocatalysis fields50–53. 

In this work, variety of dielectric nanomaterials were prepared and analyzed. Two main synthesis 

methods were micro-emulsion and chemical reduction. Furthermore, in this work, with 

combination of computational and experimental studies we investigated and discussed the optical 

properties of different dielectric nanostructures, with a hope to deliver guidelines for making future 

high-performance dielectric nanostructures for photocatalysis and photovoltaic applications. 

Optical Properties 

The plasmonic and dielectric nanoparticles optical properties are mostly influenced by size and 

shape24,40,42,54–56. For plasmonic nanostructure, the size and shape dependence on the optical 

properties of nanoparticles is the result of two distinct phenomena: Surface plasmon resonance for 

metals – Increased energy level spacing due to the confinement of delocalized energy states. In 

metal nanoparticles, the quasi-continuous density of states in valence and conduction bands divides 

into separate electronic levels, the layout between these levels is increasing with decreasing in 

particle size. In metal nanoparticle, the sea of electrons behaves like a fluid and will move under 

the influence of an electric field. If the electric field is oscillating (like a photon), then the sea of 

electrons will oscillate too. These oscillations are quantized and resonate at a specific frequency. 

Such oscillations are called surface plasmons. Surface Plasmons are the coherent excitation of free 

electrons in a metal. Metals can be modeled as an arrangement of positive ions surrounded by a sea 
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of free electrons. The plasmon resonance frequency (f) depends on particle size, shape, and material 

type. The optical properties of metal nanoparticles are dominated by the interaction of surface 

plasmons with incident photons. Surface Plasmons – Metal nanoparticles like gold and silver have 

plasmon frequencies in the visible range. When white light impinges on metal nanoparticles the 

wavelength corresponding to the plasmon frequency is absorbed. The spectral locations, strengths, 

and number of plasmon resonances for a given particle depend on the particle’s shape and size. For 

the dielectric materials, this phenomenon is different, because there is the band gap in bulk state. 

This band gap increases when the particle size is decreased. In dielectric materials, the valance 

band corresponds to the ground states of the valance electrons. The conduction band corresponds 

to excited states where electrons are a free to move about in the material and participate in 

conduction. In order for conduction to take place in a dielectric material, electrons must be excited 

out of the valance band, across the band gap into the conduction band. This process is called carrier 

generation. Conduction takes place due to the empty states in the valence band (holes) and electrons 

in the conduction band. 

Surface Area to Volume Ratio 

Nanoparticles have a much greater surface area per unit volume ratio compared with the materials 

made up of bigger particles. The surface area to volume ratio for a material or component made of 

nanoparticles has a great effect on the properties of the functioning material. Nanoparticles exhibit 

unique properties due to their high surface area to volume ratio. Large surface area to volume ratio 

of nanomaterials provides many opportunities for designing new and novel materials for various 

applications. For example, they can be used as nano catalysts in pharmaceutical and petrochemical 

processes or be applied in thin solar cells for harvesting more fraction of solar energy21,25,57–59. The 

effectiveness of a drug or automobile catalytic converters is dependent upon surface area available 

for interaction or reaction. Most of the chemical reactions and interactions are dependent upon the 

amount of surface area available for the reaction. Thermal transfer, optical response, and electrical 

conduction are also properties that are dependent on surface area of functioning nanomaterial. 
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Plasmonic and Dielectric Nanomaterials Applications 

Photocatalysis & photovoltaic 

The global current energy crisis encourages us to find a new pollution-free, sustainable energy 

source. Solar energy is the most promising one to provide the future energy demand as the energy 

that comes from the sun is in limitless amount. Photocatalysis and photovoltaics are the main 

important processes for the conversion of solar energy, which transform and/or store photon energy 

to chemical bonds and electricity, respectively. Dielectric and plasmonic nanostructures have been 

proven as an effective and promising nanomaterial to absorb the solar light and act as 

subwavelength antennas to concentrate light7,18,37,60. These advantages motivate implementation of 

dielectric and plasmonic nanostructures as promising platforms for photocatalysis and 

photovoltaics applications. 

Optic and Data Storage 

The optical resonant behavior of plasmonic nano-structures or nano-particles in the presence of 

ultraviolet, visible, and near-infrared light was used for the purpose to achieve high data storage 

density and retrieving the stored information. Plasmonic nanostructures have high potential 

application for optical data storage61–66. Various plasmonic nanostructures using various synthesis 

techniques with nanoscale dimensions have been fabricated and have shown considerable 

enhancement in data storage due to resonance and charge transfer effects. 

Biomedical 

The dielectric and plasmonic nanoparticles have gained great interest as a new platform for 

biomedical application, because of unique, tunable and functional optical properties and convenient 

surface bioconjugation with molecular probes related with the resonance effects. Dielectric and 

plasmonic nanocomposites have been widely investigated and used for biomedical application, 

since they exhibited promising potential for biomedical applications such as imaging, sensing, and 

photothermal therapy 67–71. For example ,by utilizing the plasmonically enhanced Rayleigh 

scattering from gold or silver nanoparticles targeted to specific cell components, it has been 
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possible to obtain the real-time cellular imaging of cancer cells during the complete cell cycle 

72.Although functional nanomaterials have significantly enhanced the overall performances of 

biocompatibility, some particular characteristics, including electromagnetic properties, as well as 

resonance effects still need be further investigated and improved. 

Pharmaceutical 

The rapid pace of advancements in the field of advanced nanoparticles/ nano catalysts has driven 

innovations in all the disciplines of science including pharmaceuticals where cutting-edge research 

is carried out for the development of novel nano catalysts including plasmonic nanostructures. The 

pharmaceutical companies are significantly interested on using advanced nanoparticles to find out 

the solutions for the ongoing challenges in the pharmaceuticals and come up with novel and low 

cost engineered nano catalysts for product development. This focus is opening new opportunities 

in different segments of pharmaceutical R&D. Plasmonic nanoparticles can act as efficient nano 

catalysts and support a wide variety of pharmaceutical reactions such as coupling reactions41,49,73–

75 . The Pharmaceutical product development involves the discovery and development of new 

plasmonic nanoparticles as heterogeneous nano catalysts and hence, it is an area of continuous and 

committed research. 

In this study, plasmonic gold nanoparticle catalysts have been utilized in C-C coupling reaction, to 

find that gold nanoparticles are efficient catalysts for coupling reaction. Furthermore, we measured 

amount of leaching of functioning gold nanocatalyst under the C-C coupling reaction condition.  

Lithography 

Among all nanoparticles, only plasmonic nanoparticles have great potential to be used in 

lithography field. Plasmonic nanostructures such as gold and silver have been used as masks for 

lithography. Plasmonic nanolithography is a nanofabrication technique which exploits surface 

plasmons to generate subdiffraction patterns76–78. 
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CHAPTER III 
 

 

METHODOLOGY 

Preparation of Gold (Au) Nanocatalyst -seeded growth synthetic method 

The quasi-spherical Au nanoparticles were synthesized using a seeded growth synthetic approach 

reported in the literature.79,80 The growth solution was prepared by adding 52 mg of precursor, gold 

chloride trihydrate [HAuCl4*3H2O] to 370 mL DI water. Next, 6 grams of 

cetyltrimethylammonium bromide (CTAB) was added to the solution. The solution under stirring 

was then heated on a hot plate to 70˚C.Seed preparation: In order to make seeds, 180 mL of the 

growth solution was kept aside. To this solution, 20 mL of an aqueous solution containing 15 mg 

of sodium citrate was added first, followed by 6 mL of the aqueous solution containing 24 mg of 

sodium borohydride. This seed solution was then stirred for 1 hour at room temperature to allow 

enough time for the seed particles to grow. The size of seed particles synthesized using this 

procedure averages approximately 3 nm in diameter.  

Growth of Gold nanoparticles: First, 88 mg of ascorbic acid was added to 5 mL of DI water. Then 

0.1 mL of this solution was added to 18 mL of the growth solution. Then, 2 mL of seed solution 

prepared before was added to the 18 mL of growth solution with ascorbic acid and stirred for 15 

min. This procedure yielded Au nanospheres of approximately 7-8 nm in diameter.
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In order to make large Au nanoparticles, 180 mL of growth solution is stirred with additions of 1 

mL ascorbic acid stock solution (88mg/5mL) and the small nanoparticle solution prepared before. 

This solution was stirred at room temperature for 1.5 hours. After the nanoparticles were grown, 

the solution was chilled to 0˚C with an ice water bath in order to allow enough time for the 

crystallization of CTAB. The solution was then centrifuged as close to 0˚C as possible to settle out 

the CTAB crystals. The nanoparticle suspension was then transferred to a rotary evaporator to 

concentrate the solution for use in reactions. The evaporation conditions were set at a bath 

temperature of 95˚C, a vacuum of 300 mmHg and 60 rpm. This procedure allowed good 

concentration without excessive aggregation of the nanoparticles. The solvent was evaporated until 

120 mL was left. This solution was used for catalyzing C-C coupling reaction. 

Preparation of Cu2O Nanocatalyst – Microemulsion Method 

Microemulsion method for Cu2O spheres: The spherical Cu2O particles were prepared using the 

water-in-oil microemulsion synthesis method. In this method, n-heptane, polyethylene glycol-

dodecyl ether (Brij, average Mn ~362), copper nitrate, and hydrazine were used as the continuous 

oil phase, surfactant, copper precursor and reducing agent, respectively. These chemicals were 

added in the following sequence and quantity. First, 7.75 mL of n-heptane was added to three-neck 

round bottom flask at room temperature, followed by 1.15 mL of Brij surfactant. During the process 

of surfactant addition, the system was stirred vigorously, then 0.81 mL of 0.1 M copper nitrate 

aqueous solution was added, followed by 0.81 mL of 1 M of aqueous hydrazine solution. To 

understand the evolution of extinction spectra as a function of particle size, samples were taken at 

different time intervals for UV-Vis-near IR extinction measurements. 
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Figure 4. Microemulsion method for making Cu2O spheres. 

 

Representative Procedure for Coupling Reaction 

Procedure for C-C coupling reaction: The homocoupling of phenylacetylene was selected as a 

model reaction. The reaction procedure started with the addition of concentrated Au nanoparticle 

solution to 24 mL of dimethylformamide (DMF) in the three neck round bottom flask. The solvent 

mixture in the flask after this addition was 17%/83% (volume %) mixture of DMF/water. The 

solution was heated to 85˚C while stirring in a round bottom flask. 2 mL of reactant, 

phenylacetylene (PA, 18.2 mmol) and 2 grams of potassium carbonate (K2CO3) were then added 

under stirring. To predict the size of functioning Au nanocatalyst in the reaction sample, operando 

UV-Vis extinction measurements were acquired at frequent time intervals. The transmission 

electron microscopy (TEM) images of Au nanoparticle samples of the reaction mixture at the 

respective reaction time were taken using JEOL JEM-2100. The reaction conversion was measured 



 

17 
 

using gas chromatography-mass spectrometry (GC-MS, Shimadzu QP2010SE) system with helium 

as the carrier gas with a 5% polar column. 

Finite Difference Time Domain (FDTD) simulation 

We utilized a reliable and widely used Lumerical FDTD package to perform FDTD simulations.81,82 

The in-build material model in the program Au-Palik was used for the optical constants of Au. This 

material model in the program is based on the experimental data (real and imaginary parts of the 

refractive index at different wavelengths), rather than an analytic model. For the experimental data, 

the program uses the real and imaginary parts of the refractive index values taken from Palik 

handbook.83 For small size of nanoparticles, the surface-scattering effect may play a role.84 This 

effect is not captured in the Lumerical FDTD simulations. The simulations were used to calculate 

the extinction cross section for the nanostructures as a function of the incident wavelength. The 

boundary conditions used for the simulations were periodic in the x,y directions and perfectly 

matched layer (PML) in the z direction. The extinction cross sections as a function of wavelengths 

were calculated using the total-field/scattered-field (TFSF) formalism. The incident light source 

used for the simulation was Gaussian source in the simulated wavelength region. For Au 

simulations, the box sizes used for simulation box, scattered-field monitor, TFSF source, total-field 

monitor were 100, 60, 50 and 40 nm, respectively. The TFSF source was set to originate from +z 

direction. The mesh size used for the simulations was 0.1 nm. To predict the change in gold 

nanoparticle size for growth and leaching processes, the percentage change in extinction intensity 

calculated at LSPR peak wavelength is matched to that of experimental value measured from UV-

Vis extinction spectra.     

The LSPR spectrum of metal nanoparticles of a given size is characterized by extinction intensity, 

peak wavelength and full width at half maximum (FWHM). Therefore, when the nanoparticles 

undergo leaching of surface atoms, changes in these characteristics can be exploited to trace the 
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change in the size of the nanoparticles. To investigate how these characteristics, change as a 

function of nanoparticle size, we utilized finite-difference time-domain (FDTD) simulations. 

Through the analysis of the LSPR peaks, we quantified the changes in values of FWHM, peak 

position, and extinction intensity as a function of size of the nanostructure. We have found that 

extinction intensity at LSPR peak wavelength can be a sensitive measure to determine the change 

in nanostructure size. The representative results show the size of Au nanospheres as a function of 

percentage change in extinction intensity at LSPR peak wavelength of 515 nm. If the diameter of 

an Au nanosphere is reduced from 10 to 9.5 nm (e.g., due to leaching), there will be approximately 

12% decrease in the corresponding extinction intensity at LSPR wavelength of 515 nm. In the case 

of most later transition metals, change of 0.5 nm in diameter can easily account for leaching of 

approximately one monolayer of surface atoms (See monolayer calculations section for more 

details). The optical properties for Pd, Pt, Ni, Rh, Au and Cu were all taken from optical properties 

data bank by Palik.85 The boundary conditions used for the simulations were periodic in the x,y 

directions and perfectly matched layer (PML) in the z-direction. The extinction cross sections as a 

function of wavelengths were calculated using the total field/scattered-field (TFSF) formalism 

(Table 1).86,87 The incident light source used for the simulation was a Gaussian source in the 

simulated wavelength region. To predict the optical behavior of Cu2O, CuO, TiO2, CeO2, and Fe2O3 

particles of varying sizes and shapes, we utilized the Lumerical FDTD package. The optical data  

were obtained from Palik.85. The procedures for FDTD simulations, Cu2O, CuO, TiO2, CeO2, and 

Fe2O3 particles preparation, and UV-Vis extinction are mentioned as below.  

The optical properties of Cu2O, CuO, TiO2, CeO2, and Fe2O3 were taken from Palik.85 The real (n) 

and imaginary (k) parts of the refractive index used in the simulations for Cu2O . CuO, CeO2, TiO2, 

and Fe2O3 are shown in Table 2,3,4, and 5. The boundary conditions used for the simulations were 

perfectly matched layer (PML) conditions in the x, y, and z directions. For the simulations of 

extinction, scattering, and absorption spectra, the respective cross sections as a function of 

wavelengths were calculated using the total-field/scattered-field (TFSF) formalism. The incident 
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light source used for these simulations was the Gaussian source in the simulated wavelength region. 

For the simulations of the magnetic and electric field distributions, a plane wave was used for 

electromagnetic field incidence with propagation in the x-axis direction, and polarization along the 

y-axis and the z-axis for the electric field and the magnetic field, respectively. For all the simulation 

results shown in the main draft, the simulations were performed for Cu2O. CuO, CeO2, TiO2, and 

Fe2O3 particles in a surrounding medium with the refractive index of 1. Monolayer calculations: 

For Au, Ni, Pt, Rh, Pd and Cu spherical nanoparticles, the parameters used are shown below:  

Gold 

Atomic radii: 0.166 nm 

1 monolayer =0.166 x 2 = 0.332 nm  

Expected change in particle diameter due to leaching of 1 monolayer of surface atoms = 

2 ∗ 0.332 𝑛𝑚 = 0.664 𝑛𝑚 

 

 Nickel 

Atomic radii: 0.163 nm  

1 monolayer =0.163 x 2 = 0.326 nm  

Expected change in particle diameter due to leaching of 1 monolayer of surface atoms = 2 ∗

0.326 𝑛𝑚 = 0.652 𝑛𝑚 

Platinum 

Atomic radii: 0.175 nm  

1 monolayer =0.175 x 2 = 0.350 nm  

Expected change in particle diameter due to leaching of 1 monolayer of surface atoms = 2 ∗

0.350 𝑛𝑚 = 0.700 𝑛𝑚 

Rhodium  

Atomic radii: 0.200 nm  
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1 monolayer = 0.200 x 2 = 0.400 nm  

Expected change in particle diameter due to leaching of 1 monolayer of surface atoms = 2 ∗

0.400 𝑛𝑚 = 0.800 𝑛𝑚 

Palladium 

Atomic radii: 0.163 nm  

1 monolayer =0.163 x 2 = 0.326 nm  

Expected change in particle diameter due to leaching of 1 monolayer of surface atoms = 2 ∗

0.326 𝑛𝑚 = 0.652 𝑛𝑚 

Copper 

Atomic radii: 0.128 nm  

1 monolayer = 0.128 x 2 = 0.256 nm  

Expected change in particle diameter due to leaching of 1 monolayer of surface atoms = 2 ∗

0.256 𝑛𝑚 = 0.512 𝑛𝑚 

Formulae for percentage (%) change in extinction 

1) The percentage decrease in extinction (i.e., scattering + absorption) at LSPR wavelength 

for monometallic nanoparticles is calculated based on the following formulae 

% 𝑐ℎ𝑎𝑛𝑔𝑒 =  
𝐸𝑖𝑛𝑡𝑖𝑎𝑙 − 𝐸𝑓𝑖𝑛𝑎𝑙

𝐸𝑖𝑛𝑡𝑖𝑎𝑙
∗ 100   

where Einitial and Efinal are extinction values of initial and final particle sizes, respectively.  

2) The percentage increase in extinction at LSPR wavelength for bimetallic core-shell Ag-Pd 

nanoparticles is calculated based on the following formulae 

% 𝑐ℎ𝑎𝑛𝑔𝑒 =  
(𝐸𝑓𝑖𝑛𝑎𝑙 −  𝐸𝑖𝑛𝑡𝑖𝑎𝑙  )

𝐸𝑖𝑛𝑡𝑖𝑎𝑙
∗ 100   

where Efinal and Einitial are extinction values of final and initial particle sizes, respectively.  
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Table 1. FDTD simulated values of extinction cross section at the dominant LSPR peak wavelength 

for Au, Ni, Pt, Rh, Pd and Cu nanoparticles (NP) of various sizes. 

 

 

 

Particle 

Size 

(nm) 

 

Extinction 

Cross 

section of 

Au NP 

(m2) 

Extinction 

Cross 

section of 

Ni NP  

(m2) 

Extinction 

Cross 

section of 

Pt NP  

(m2) 

Extinction 

Cross 

section of 

Rh NP  

(m2)  

Extinction 

Cross 

section of 

Pd NP 

(m2) 

Extinction 

Cross 

section of 

Cu NP 

(m2) 

12.5 7.87 x 10-17 1.46 x 10-16 8.73 x 10-17 2.18 x 10-16 

 

2.74 x 10-16 

 

4.84 x 10-17 

 

12 6.95 x 10-17 

 

1.30 x 10-16 

 

7.78 x 10-17 

 

1.95 x 10-16 

 

2.42 x 10-16 

 

4.29 x 10-17 

 

11.5 6.07 x 10-17 

 

1.15 x 10-16 

 

6.83 x 10-17 

 

1.72 x 10-16 

 

2.14 x 10-16 

 

3.81 x 10-17 

 

11 5.35 x 10-17 

 

9.97 x 10-17 

 

5.95 x 10-17 

 

1.49 x 10-16 

 

1.87 x 10-16 

 

3.29 x 10-17 

 

10.5 4.64 x 10-17 

 

8.77 x 10-17 

 

5.23 x 10-17 

 

1.30 x 10-16 

 

1.63 x 10-16 

 

2.87 x 10-17 

 

10 3.99 x 10-17 

 

7.43 x 10-17 

 

4.44 x 10-17 

 

1.11 x 10-16 

 

1.41 x 10-16 

 

2.48 x 10-17 

 

9.5 3.42 x 10-17 

 

6.38 x 10-17 

 

3.79 x 10-17 

 

9.45 x 10-17 

 

1.22 x 10-16 

 

2.16 x 10-17 

 

9 2.92 x 10-17 

 

5.44 x 10-17 

 

3.23 x 10-17 

 

8.19 x 10-17 

 

1.04 x 10-16 

 

1.83 x 10-17 

 

8.5 2.45 x 10-17 

 

4.63 x 10-17 

 

2.74 x 10-17 

 

6.9 x 10-17 

 

8.76 x 10-17 

 

1.53 x 10-17 

 

8 2.02 x 10-17 

 

3.78 x 10-17 

 

2.25 x 10-17 

 

5.65 x 10-17 

 

7.33 x 10-17 

 

1.28 x 10-17 

 

7.5 1.67 x 10-17 

 

3.2 x 10-17 

 

1.89 x 10-17 

 

4.75 x 10-17 

 

6.08 x 10-17 

 

1.08 x 10-17 

 

7 1.38 x 10-17 

 

2.56 x 10-17 

 

1.53 x 10-17 

 

3.82 x 10-17 

 

4.97 x 10-17 

 

8.69 x 10-18 

 

6.5 1.1 x 10-17 

 

2.07 x 10-17 

 

1.21 x 10-17 

 

3.07 x 10-17 

 

4 x 10-17 

 

6.94 x 10-18 

 

6 8.72 x 10-18 

 

1.58 x 10-17 

 

9.45 x 10-18 

 

2.33 x 10-17 

 

3.17 x 10-17 

 

5.5 x 10-18 

5.5 6.74 x 10-18 1.23 x 10-17 

 

7.35 x 10-18 

 

1.78 x 10-17 

 

2.46 x 10-17 

 

4.32 x 10-18 

5 4.99 x 10-18 

 

8.98 x 10-18 

 

5.4 x 10-18 

 

1.34 x 10-17 

 

1.87 x10-17 3.8 x 10-18 
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Table 2. The refractive index values of Cu2O and CuO used in the simulations.85 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Cu2O CuO 

Wavelengths 

(nm) 

n k n k 

300 2 1.85 2.18 1.5 

350 2.4 1.44 2.24 1.03 

400 2.8 0.99 2.34 0.87 

450  3.06 0.6 2.45 0.77 

500 3.12 0.35 2.54 0.68 

550 3.1 0.19 2.58 0.59 

600 3.02 0.13 2.65 0.5 

650 2.9 0.1 2.72 0.4 

700 2.83 0.083 2.88 0.31 

750 2.77 0.07 2.97 0.22 

800 2.7 0.06 2.94 0.11 

850 2.66 0.053 2.81 0.04 

900 2.63 0.048 2.74 0.03 

950 2.61 0.043 2.69 0.02 

1000 2.6 0.04 2.65 0.01 

1100 2.59 0.033 2.61 0 

1200 2.58 0.027 2.58 0 

1300 2.57 0.021 2.57 0 

1400 2.57 0.017 2.56 0 

1500 2.57 0.013 2.56 0 

2000 2.56 0.002 2.55 0 
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Table 3. The real (n) and imaginary (k) parts of refractive index values of CeO2 used in the 

simulations.88 

 

 

 

CeO2 

λ (nm) n k λ (nm) n k λ (nm) n k λ (nm) n 
k 

401 2.47 0.11 624 2.16 0.00 854 2.13 0.00 929 2.12 0.00 

410 2.41 0.08 635 2.15 0.00 864 2.13 0.00 940 2.12 0.00 

421 2.38 0.03 646 2.15 0.00 876 2.13 0.00 951 2.12 0.00 

429 2.36 0.02 657 2.15 0.00 886 2.13 0.00 962 2.11 0.00 

439 2.31 0.01 668 2.15 0.00 897 2.12 0.00 973 2.11 0.00 

450 2.29 0.01 679 2.15 0.00 908 2.12 0.00 984 2.11 0.00 

461 2.28 0.00 690 2.15 0.00 919 2.12 0.00 996 2.11 0.00 

471 2.25 0.00 701 2.15 0.00 929 2.12 0.00 929 2.12 0.00 

483 2.24 0.00 712 2.14 0.00 940 2.12 0.00 940 2.12 0.00 

494 2.22 0.00 722 2.15 0.00 951 2.12 0.00 951 2.12 0.00 

504 2.21 0.00 733 2.15 0.00 962 2.11 0.00 962 2.11 0.00 

516 2.20 0.00 744 2.14 0.00 973 2.11 0.00 973 2.11 0.00 

526 2.19 0.00 755 2.14 0.00 984 2.11 0.00 984 2.11 0.00 

537 2.18 0.00 766 2.14 0.00 996 2.11 0.00 996 2.11 0.00 

548 2.18 0.00 777 2.14 0.00 854 2.13 0.00 929 2.12 0.00 

559 2.18 0.00 788 2.14 0.00 864 2.13 0.00 940 2.12 0.00 

570 2.18 0.00 799 2.13 0.00 876 2.13 0.00 951 2.12 0.00 

581 2.17 0.00 810 2.14 0.00 886 2.13 0.00 962 2.11 0.00 

592 2.16 0.00 821 2.13 0.00 897 2.12 0.00 973 2.11 0.00 

602 2.16 0.00 831 2.13 0.00 908 2.12 0.00 984 2.11 0.00 

613 2.16 0.00 842 2.13 0.00 919 2.12 0.00 996 2.11 0.00 
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Table 4. The real (n) and imaginary (k) parts of refractive index values of α-Fe2O3 used in the 

simulations. 
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 α-Fe2O3 

λ (nm) n k 

400 2.756 1.294 

450 3.181 1.02 

500 3.282 0.675 

550 3.318 0.498 

600 3.265 0.149 

650 3.074 0.057 

700 2.972 0.031 

750 2.903 0.021 

800 2.853 0.02 

850 2.824 0.027 

900 2.805 0.024 

950 2.789 0.022 

1000 2.775 0.015 

1050 2.759 0.011 

1100 2.745 0.011 

1150 2.734 0.01 

1200 2.723 0.011 
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Table 5. The real (n) and imaginary (k) parts of refractive index values of TiO2 used in the 

simulations.90,91 

TiO2 

λ (nm) n k λ (nm) n k λ (nm) n k 

180 1.37 1.998 330 5.291 1.5698 480 3.08 0.0001 

190 1.535 1.831 340 4.969 1.0926 490 3.054 0.0001 

200 1.536 1.696 350 4.477 0.6508 500 3.03 0.0001 

210 1.46 1.65 360 3.87 0.251 510 3.014 0.0001 

220 1.433 1.806 370 3.661 0.033 520 3 0.0001 

230 1.443 2.084 380 3.498 0.0001 530 2.985 0.0001 

240 1.363 2.454 390 3.375 0.0001 540 2.97 0.0001 

250 1.365 2.847 400 3.286 0.0001 550 2.954 0.0001 

260 1.627 3.197 410 3.225 0.0001 560 2.94 0.0001 

270 1.952 3.432 420 3.186 0.0001 570 2.929 0.0001 

280 3.355 3.561 430 3.162 0.0001 580 2.92 0.0001 

290 3.835 3.535 440 3.149 0.0001 590 2.91 0.0001 

300 4.732 3.28 450 3.141 0.0001 600 2.9 0.0001 

310 5.235 2.734 460 3.13 0.0001 610 2.889 0.0001 

320 5.391 2.076 470 3.104 0.0001 620 2.88 0.0001 
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TiO2 

λ (nm) n k λ (nm) n k λ (nm) n k 

630 2.875 0.0001 780 2.8 0.0001 930 2.759 0.0001 

640 2.87 0.0001 790 2.794 0.0001 940 2.76 0.0001 

650 2.86 0.0001 800 2.79 0.0001 950 2.761 0.0001 

660 2.85 0.0001 810 2.79 0.0001 960 2.76 0.0001 

670 2.844 0.0001 820 2.79 0.0001 970 2.755 0.0001 

680 2.84 0.0001 830 2.785 0.0001 980 2.75 0.0001 

690 2.835 0.0001 840 2.78 0.0001 990 2.749 0.0001 

700 2.83 0.0001 850 2.78 0.0001 1000 2.75 0.0001 

710 2.825 0.0001 860 2.78 0.0001 1010 2.75 0.0001 

720 2.82 0.0001 870 2.775 0.0001 1020 2.749 0.0001 

730 2.814 0.0001 880 2.77 0.0001 1030 2.749 0.0001 

740 2.81 0.0001 890 2.77 0.0001 1040 2.748 0.0001 

750 2.81 0.0001 900 2.77 0.0001 1050 2.747 0.0001 

760 2.81 0.0001 910 2.765 0.0001 1060 2.747 0.0001 

770 2.806 0.0001 920 2.76 0.0001 1070 2.746 0.0001 
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TiO2 

λ (nm) n k λ (nm) n k λ (nm) n k 

1080 2.745 0.0001 1230 2.729 0.0001 1380 2.721 0.0001 

1090 2.744 0.0001 1240 2.729 0.0001 1390 2.721 0.0001 

1100 2.742 0.0001 1250 2.728 0.0001 1400 2.72 0.0001 

1110 2.741 0.0001 1260 2.728 0.0001 1410 2.719 0.0001 

1120 2.74 0.0001 1270 2.727 0.0001 1420 2.719 0.0001 

1130 2.739 0.0001 1280 2.727 0.0001 1430 2.718 0.0001 

1140 2.738 0.0001 1290 2.726 0.0001 1440 2.717 0.0001 

1150 2.737 0.0001 1300 2.726 0.0001 1450 2.716 0.0001 

1160 2.736 0.0001 1310 2.725 0.0001 1460 2.715 0.0001 

1170 2.735 0.0001 1320 2.725 0.0001 1470 2.714 0.0001 

1180 2.734 0.0001 1330 2.724 0.0001 1480 2.713 0.0001 

1190 2.733 0.0001 1340 2.724 0.0001 1490 2.711 0.0001 

1200 2.732 0.0001 1350 2.723 0.0001 1500 2.71 0 

1210 2.731 0.0001 1360 2.723 0.0001 

   

1220 2.73 0.0001 1370 2.722 0.0001 
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Characterization Techniques 

Uv-Vis Spectroscopy 

UV-Vis extinction spectra were acquired using an Agilent Cary 60 Spectrophotometer. In-operando 

measurements were taken using a dip probe accessory and a fiber optic coupler with a stainless-

steel tip. To predict the size of functioning Au nanocatalyst in the reaction sample, operando UV-

Vis extinction measurements were acquired at frequent time intervals. The in-operando 

measurements were taken during growth of Au nanospheres at room temperature in aqueous 

solution. The data sampled for all Au growth measurements was from 800-300 nm with sampling 

every 0.5 nm and a scan speed of 300 nm/min. For sampled UV-Vis measurements, 100 µL was 

taken from the reaction mixture and diluted into 10 mL of 200 proof ethanol. This diluted sample 

was then used for UV-Vis spectra. For the spherical Cu2O particles, all UV-Vis-near IR extinction 

spectra were taken using an Agilent Cary 60 Spectrophotometer. 150 µL of the synthesis mixture 

was diluted into 2 mL of deionized water. This diluted sample was then used for UV-Vis-near IR 

extinction measurements. 

Gas Chromatography- Mass Spectroscopy (GC-MS) 

The reaction solution was characterized by GC-MS . GC-MS samples were prepared by diluting 

100 µL of the reaction mixture into 10 mL of dichloromethane. Reaction data was collected on a 

Shimadzu QP2010SE GC-MS system with helium as the carrier gas with a 5% polar column. The 

GC-MS spectrum of diphenyldiacetylene (DPDA) observed in reaction mixture taken from Au 

nanoparticles-catalyzed homo-coupling of phenylacetylene. The main manuscript shows the PA 

conversion as a function of reaction for the homocoupling reaction. Shimadzu C184-E037A GC 

Column (Phase: SH-Rxi™-5Sil MS Column, Length-30 m; ID – 25 mm; df – 0.25 µm) was used 

for gas chromatography. The column has an operating temperature range of -60°C to 350°C. Peak 

detection and integration were handled by the software provided by Shimadzu Corporation. 
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Identification was verified using NIST spectral libraries with matching higher than 95%. No 

smoothing was used to process the samples to ensure accurate peak identification and 

quantification. The calibration curve was built using area versus concentration response from 

prepared reference samples. 

The conversion was calculated based on the equation shown below:  

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (𝑋, %) =
𝐶𝐴0 − 𝐶𝐴

𝐶𝐴0
∗ 100 

where CA0 is the initial concentration (in mmol) of reactant (i.e., PA) and CA is the concentration 

at any time, t. 

Electron Spray Ionization Mass Spectroscopy (HR-ESI-MS) 

The reaction solution was also characterized using HR-ESI-MS. HR-ESI-MS spectra of the reaction 

samples were collected on a LTQ Orbitrap system with an ESI source. HR-ESI-MS spectra for the 

reaction was collected on a LTQ Orbitrap system with an ESI source. The spray voltage was set at 

5.0 kV with 15.0 mL/min sample flow rate. The sample was prepared by mixing 1 mL of sample 

with 1 mL of a mixture of 18 mL DCM, 2 mL Acetone, 400 µL DI water. The sample was sprayed 

with nitrogen as the sheath and auxiliary gas. Figure S4 shows the predicted isotope distribution 

for the proposed gold complex, [Au(PA)2]-.  

X-Ray Diffraction (XRD) 

XRD patterns were acquired using a Philips X-Ray diffractometer (Phillips PW 3710 mpd, 

PW2233/20 X-Ray tube, Copper tube detector – wavelength - 1.5418 Angstroms), operating at 45 

KW, 40 mA.  

Transmission Electron Microscopy (TEM) 

TEM images were taken using JEOL JEM-2100. The system is equipped with a LaB6 gun and 

accelerating voltage of 200 kV. Samples were prepared by taking 100 µL of growth or reaction 

mixture and diluting into 2 mL of 200 proof ethanol. This dilution solution was sonicated to 
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ensure good dispersion. Next 10 µL was taken and placed onto a copper mesh carbon background 

TEM grid. The ethanol was allowed to evaporate at room temperature. 
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CHAPTER IV 
 

 

FINDINGS 

 

Tracing Stability and Monitoring Particle Size of Functioning Mie Resonator        

Nanocatalyst Using Localized Surface Plasmon Spectroscopy 

Heterogeneous metal nano catalysts have recently emerged as attractive catalysts for variety of 

couplings (e.g., C-C, C-N, C-S, C-O, etc.). However, the characterization of catalytic pathway 

remains challenging. By exploiting localized surface plasmon resonance (LSPR) of catalytically 

relevant gold (Au) nanostructure, we show UV-Vis spectroscopy can be used to confirm the 

homogeneous catalytic pathway. Specifically, we have demonstrated that Au nanoparticles under 

C-C coupling conditions undergo substrate-induced leaching to form homogeneous Au catalytic 

species. The LSPR spectroscopic approach opens a new door to tracking stability of nano catalysts 

and characterizing the catalytic pathway in a range of coupling reactions.  

Metal-catalyzed coupling reactions (MCCRs) have found widespread application in premier 

organic synthesis from pharmaceutical compounds to polymers.73,74 MCCRs have been 

traditionally carried out by homogeneous Pd-complexed catalysts.74,75 However, Pd and most of 

the ligands associated with the homogeneous catalysts are toxic. 
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Therefore, conventional homogeneous Pd-catalyzed processes typically require several expensive 

downstream unit operations to reduce the metal residue below the maximum allowable level in the 

final product (e.g., active pharmaceutical ingredient, API).92–94 In recent years, heterogeneous metal 

nano catalysts have emerged as high-performance alternatives to conventional homogenous 

complexes to drive coupling reactions.41,73,95–116 For example, nano catalysts built on Au, Cu, Pd 

and their alloys can drive variety of couplings (e.g., C-C, C-N, C-S, C-O, etc.) and exhibit excellent 

yield, catalytic activity and broad substrate scope.49,95–103,117–124 These catalysts do not require 

ligands and are in general not sensitive to air and moisture. They have the potential to reduce the 

need for the expensive downstream operations for separating the metal catalyst from the final 

product (e.g., API). 

While recent years have witnessed a growing demand for nano catalysts, there is also a continuing 

controversy whether the catalysis occurs on the surface of nanoparticles (i.e., heterogeneous 

pathway) or on leached metal ions in solution (i.e., homogeneous pathway). Therefore, 

characterization of catalytic pathway and determination of nanocatalyst stability under relevant 

reaction conditions remain ongoing challenges within the field.49,95–103,117–124 The leaching of 

surface atoms into solvent can depend on the reaction temperature, size of the nanoparticle, nature 

of the solvent, substrate, base, and stabilizer.49,125 A common leaching test used to determine 

nanocatalyst stability mainly employs filtration. This test involves post-catalytic analysis of the 

leached metal atoms in the filtered supernatant reaction solution using techniques such as 

inductively coupled plasma mass spectrometry (ICP-MS) and characterization of the spent 

nanocatalyst using transmission electron microscopy (TEM). This test has several drawbacks; for 

example, it has been reported that the leached metal atoms can redeposit quickly onto the catalyst 

during filtration and may not be detected in the supernatant solution.117  

Herein, for coupling reaction involving Au nanoparticles, we propose an alternative method, which 

is based on localized surface plasmon resonance (LSPR). LSPR of metal nanoparticles can 

conveniently be monitored by ultraviolet-visible (UV-Vis) light extinction spectroscopy.7,18,36,126,127 
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Specifically, the LSPR spectrum of metal nanoparticles of a given average size is characterized by 

a certain extinction intensity, peak wavelength and full width at half maximum (FWHM). 

Therefore, when the nanoparticles undergo leaching of surface atoms, changes in these 

characteristics can be exploited to trace the change in the average size of the nanoparticles.128     

The homocoupling reaction of PA was carried out at 85 ºC using potassium carbonate (K2CO3) and 

83/17 (volumetric ratio) mixture of water/dimethylformamide (DMF) as base and solvent, 

respectively. The samples of reaction mixture were taken at frequent time intervals for UV-Vis 

extinction spectra measurements and TEM imaging. In Figure 5, we show the UV-Vis extinction 

spectra of reaction mixture measured before the addition of substrate (i.e., PA) and at different 

reaction times. Upon addition of phenylacetylene, the LSPR peak is attenuated along with the 

appearance of new peaks in the 400-500 nm region. It has been shown that organometallic 

complexes of noble metals exhibit absorption peaks in this region.129,130 After PA addition, the 

LSPR peak of Au NPs also red-shifts slightly as seen from Figure 5. This adsorbate-induced red-

shift in LSPR peak position is due to the expected adsorbate-induced change in the dielectric 

constant of the surrounding medium.127,131 The decrease in LSPR extinction and the appearance of 

new extinction peaks in the 400-500 nm region suggest that the phenylacetylene is inducing a 

leaching process from the surface of the Au nanoparticles and forming soluble Au complexes in 

the reaction solution. It is worth mentioning here that the leaching of Au nanoparticles has also 

been confirmed in the literature using other spectroscopic techniques such as inductively coupled 

plasma mass spectrometry and X-ray photoelectron spectroscopy for similar reaction conditions in 

Au nanoparticle catalyzed Sonogashirah coupling between phenylacetylene and iodobenzene.49 It 

could be argued that the changes observed in the UV-Vis extinction spectra may be due to Au 

nanoparticle aggregate formation. However, when there is aggregate formation, an additional lower 

energy LSPR peak is expected for Au aggregates. Since the UV-Vis extinction spectra in Figure 5 

does not show any such features, we rule out any significant aggregation formation.132  
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Figure 5. UV-Vis extinction spectra of reaction mixture measured before the addition of 

phenylacetylene (PA, 0 hour) and at different reaction times during homocoupling of 

phenylacetylene. 

We also verified that the reactant (i.e., PA) and the expected homocoupling product, 

diphenyldiactyelene (DPDA), exhibit absorption peaks only in the 200-350 nm region and do not 

exhibit any absorption features in the 400-500 nm region (Appendix , see Figure S1).128,133 

Therefore, the new extinction peaks observed in the 400-500 nm region are most likely due to the 

different Au homogeneous catalytic species that participate in the homogeneous catalytic cycle.  

To identify the soluble Au complexes, present in the reaction solution, we performed high-

resolution electrospray ionization mass spectrometry (HR-ESI-MS) on the supernatant solution of 

reaction solution. In the HR-ESI-MS spectrum (Figure 6a and Appendix  Figure S4), we observe 

seven negative ions in the m/z range of 400.  Five of these ions have a fractional mass of 0.22 and 
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the other two ions (with m/z = 399.04 and 400.04) have a fractional mass of 0.04. These fractional 

masses indicate that these ions are derived from two different compounds.  Since the ions with 

fractional mass of 0.22 give an isotope distribution inconsistent with gold's single isotope, we 

disregard them for further consideration. The ions with fractional mass of 0.04 give an isotope 

distribution consistent with that predicted for [Au(PA)2]- compound, and the mass error for the 

predicted compound is less than 5 ppm.128 We have also analyzed the reaction samples with gas 

chromatography-mass spectrometry (GC-MS) and confirmed the presence of homocoupling 

product, DPDA in the solution . The leaching of Au nanoparticles and the presence of a 

homogenous Au species confirm the homogeneous catalytic pathway contribution for the 

homocoupling of phenylacetylene (PA) investigated in this study. Although these results confirm 

the contribution of the homogeneous catalytic pathway in Au nanoparticles mediated C-C coupling 

of PA, we do not rule out the possible heterogeneous pathway that can happen in parallel. 

To further support our conclusions that Au complexes can catalyze the homocoupling reaction, we 

carried out the reaction using the supernatant solution containing homogeneous Au complexes as 

the only catalytic species. The homocoupling reaction of PA was first carried out using Au 

nanoparticles, and reaction progress was monitored using GC-MS. The DPDA was observed as the 

only product of the homocoupling of PA. When the PA conversion was ~52%, the reaction was 

stopped, and Au nanoparticles were removed from the reaction solution using centrifugation. The 

reaction was then allowed to continue, and PA conversion was monitored in the supernatant 

solution containing homogeneous Au complexes. Figure 6.b shows PA conversion observed as a 

function of reaction time from this experiment. The results shown in Figure 6.b confirm that the 

homogeneous Au complexes can indeed catalyze the homocoupling reaction to 100% conversion. 
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Figure 6. (a) Representative HR-ESI-MS spectrum of supernatant solution of reaction mixture 

taken from Au nanoparticles-catalyzed homo-coupling of phenylacetylene. (b) Reaction 

conversion as a function of reaction time for the homo-coupling of phenylacetylene. 

To test the applicability of LSPR spectroscopy to predict the average size of Au nanoparticles in 

the reaction samples, the samples collected after 1, 1.5, 2 and 2.5 hours of reaction were 

characterized using TEM to determine the average size of nanoparticles, and the deconvoluted 

LSPR peaks of the respective Au nanoparticle samples were matched with finite-difference time-

domain (FDTD) simulations. We utilized a reliable and widely used Lumerical FDTD program to 

perform FDTD simulations.81,82 The in-build material model in the program Au-Palik was used for 

the optical constants of Au. This material model in the program is based on the experimental data 

(real and imaginary parts of the refractive index at different wavelengths), rather than an analytic 

model. For the experimental data, the program uses the real and imaginary parts of the refractive 

index values taken from Palik handbook.83  

Figure 7a shows the simulated extinction spectra that are matched with LSPR spectra of Au 

nanoparticles. In Figure 7b, we show the comparison between Au nanoparticle sizes predicted from 

LSPR responses and average nanoparticle sizes measured from TEM for different reaction samples 

collected as a function of reaction time. As seen from Figure 7b, the LSPR-predicted and TEM-

measured average sizes matches well. We also show in Figure 7c, the representative particle size 

a b 
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distributions measured from TEM for the reaction samples collected after 1.0 and 2.5 hours of 

reaction. The decreasing trend in average particle size in Figure 7b along with shift in particle size 

distribution towards smaller sizes in Figure 7c further confirm the leaching of Au nanoparticles 

during the homocoupling reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. (a) Simulated LSPR responses for the leaching of Au spherical nanoparticles. The 

legend shows the reaction time and the predicted average size of Au nanoparticles in the 

respective reaction sample. (b) Average size of Au nanoparticles predicted from LSPR responses 

and FDTD simulations for different reaction samples as a function of % change in extinction 

intensity of the respective samples at LSPR peak wavelength. For comparison, TEM-measured 

average sizes of Au nanoparticles are also shown. (c) Size distributions of Au nanoparticles 

a b 
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measured from TEM images for the reaction samples collected after 1 and 2.5 hours of C-C 

homocoupling reaction.  

We also investigated the applicability of LSPR spectroscopy for nanoparticle growth systems. For 

this system, we selected the growth of spherical Au nanoparticles using a seeded growth 

approach.134In this approach, we prepared quasi-spherical Au nanoparticles (average size = 8.0 nm 

and standard deviation in size distribution = 0.6 nm), and used those as seeds for growth. Figure 8a 

shows the representative TEM image of seed nanoparticles. We also show the representative TEM 

image of larger nanoparticles obtained at the end of growth process. For the growth of larger 

nanoparticles, a known amount of growth solution comprised of gold precursor was added step-by-

step to the seed solution. For each addition, in-operando UV-Vis extinction spectra measurements 

were made and TEM samples were taken to determine the LSPR response and average size of 

nanoparticles, respectively. Figure 8b shows the in-operando extinction spectra of Au nanoparticles 

measured during this growth process. Figure 8c shows the representative particle size distributions 

measured from TEM for the seed and larger Au nanoparticles obtained at the end of the growth 

process. In-operando LSPR responses acquired for each addition during the growth process were 

matched with FDTD-simulated results to predict Au nanoparticle size for each growth step.128 The 

comparison between nanoparticle sizes predicted from in-operando LSPR responses and average 

nanoparticle sizes measured from TEM is shown in Figure 8d. The shift in particle size distribution 

towards larger sizes in Figure 8c along with increasing trend in average particle size in Figure 4d 

confirm the growth of Au nanoparticles. Figure 8d shows that there is also a consistency between 

TEM analysis and the LSPR spectral changes for seeded growth of the particles. 
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Figure 8. (a) Representative TEM image of spherical Au nanoparticles used as seeds for growth. 

(b) In-operando UV-Vis extinction spectra that show LSPR responses for growth of Au spherical 

nanoparticles from seed nanoparticles of 8.0 nm average diameter. The legend shows the predicted 

average size of Au nanoparticles in the respective samples. (c) TEM-measured size distributions of 

seed and larger Au nanoparticles obtained at the end of growth process. (d) Average size of Au 

nanoparticles predicted from LSPR responses and FDTD simulations for each growth step as a 

function of % change in extinction intensity at LSPR peak wavelength. For comparison, TEM-

measured average sizes of Au nanoparticles are also shown. 
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By exploiting localized surface plasmon resonance (LSPR) of catalytically relevant Mie Resonator 

gold (Au) nanostructure for the selected C-C coupling reaction, we have shown that UV-Vis 

spectroscopy can be used to trace the stability, and to monitor size of functioning Mie Resonator 

nanocatalyst or nanoparticles during reaction. Determination the particle size from the instrument 

response to single particles was challenging because of the complicated dependence of the response 

on particle size and particle shape. A new model or approach was developed to determine particle 

size of nanoparticle from experimental extinction light measurements and computational optical 

responses. There was a clear relationship between particle size and scattered and extinction 

intensity.To predict nanoparticle size correctly with high accuracy, optical experimental and 

simulation studies were compared, in both investigations. This spectroscopic approach opens a new 

door to tracking stability of nano catalysts and characterizing the catalytic pathway in a range of 

metal-based catalyzed reactions. This methos provides new insight into distinguishing 

homogeneous and heterogeneous catalytic pathways, percentage contribution of each of them. 

Furthermore, the need to measure particle size of functioning nanoparticle has increased 

dramatically over the last few decades in various fields including catalysis, semiconductors, 

chemical manufacturing, pharmaceuticals, medicine, solar energy and air & water pollution. 

Therefore, the same experimental and simulation model is recommended for measuring and 

predicting particle size of functioning nanoparticle. 

Operando UV-Vis Spectroscopy as Potential In-line PAT System for Testing Quality of Drug 

Molecules 

Metal nanoparticle-catalyzed reactions such as hydrogenation, cross-coupling, carbonylation, and 

hydroformylation reactions are the most widely used reactions in the pharmaceutical and fine 

chemical industries. However, there is no operando spectroscopic technique that exists to monitor 

the size of functioning nanocatalyst. By exploiting localized surface plasmon resonance of 

catalytically relevant nanostructures, such as monometallic (e.g., Pd, Pt, Ni, Rh, Au, and Cu) 
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nanoparticles and bimetallic core-shell (e.g., Ag-Pd) nanoparticles, we show UV-Vis spectroscopy 

can be used to determine the size of functioning nanocatalyst. Based on our finite-difference time-

domain simulations, it is possible to detect leaching of even a monolayer of atoms from the surface 

of widely used metal nano catalysts with a conventional UV-Vis spectrometer. This sensitive, 

inexpensive and robust spectroscopic approach can be potentially used as in-line process analytical 

technology (PAT) in pharmaceutical development and manufacturing. 

Transition metal-catalyzed coupling reactions and metal nanoparticle-catalyzed hydrogenation 

reactions are the most widely used reactions in the pharmaceutical and fine chemical industries 135–

153. The hydrogenation reactions are conventionally performed using supported metal nano catalysts 

such as palladium (Pd), platinum (Pt) and nickel (Ni) nanoparticles supported on inert supports 

such as alumina, silica or carbon in batch or packed-bed reactors 139,154,155. In contrast, the cross-

couplings have been conventionally carried out by homogeneous palladium Pd-catalyzed batch 

processes. Compared to the conventional batch processes, the continuous processes have the 

potential to (i) reduce manufacturing cost, (ii) improve product quality, (iii) lower waste generation, 

(iv) shrink the manufacturing facility space, and (v) decrease fluctuations in production (“A 

Snapshot of Priority Technology Areas Across the Federal Government,” ). Given these 

advantages, in recent years, heterogeneously catalyzed cross-couplings have been of great interest 

since they can be used as a platform to switch cross-couplings from traditional batch mode to 

continuous flow mode. In that vein, metal nano catalysts such as Pd, Au, Cu, and their alloys have 

also recently emerged as promising catalysts to drive a variety of cross-coupling reactions such as 

C-C, C-N, C-S, C-O, and C-Se couplings with excellent yield and broad-substrate scop. 

Heterogeneous metal nano catalysts have also been reported as high-performance alternatives to 

the conventional homogeneous catalysts to catalyze a wide range of other reactions such as 

carbonylation and hydroformylation 140,157.  
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Although the metal nanoparticles have emerged as high performance alternatives to the 

conventional homogeneous catalysts, the characterization and predictability of the performance of 

the nanoparticle-catalyzed systems such as packed bed systems still remain an ongoing challenge 

in pharmaceutical process development 139,140,154,158. One main reason for this difficulty is that the 

metal nanoparticles generally undergo leaching during the reaction and results in a change in the 

size of functioning nanocatalyst as a function of time. Since the critical reaction parameters such 

as conversion, impurity levels and leached metal content in the outlet reaction stream mainly 

depend on the size and total surface area of the nanocatalyst in the catalyst bed, the real-time 

monitoring of the size of the nanocatalyst is critical to design a robust process. However, there is 

no operando spectroscopic technique that exists, as of today, to monitor the size of functioning 

nanocatalyst.       

Herein, for nanoparticle-catalyzed reactions involving metal nanoparticles such as Pd, Pt, Ni, Cu, 

Au, and their alloys, we propose an operando ultraviolet-visible (UV-Vis) light extinction 

spectroscopy, which is an inexpensive and easily transportable analytical technique. Specifically, 

we show that when the nanoparticles undergo leaching, changes in extinction intensity, peak 

position, and full width at half maximum (FWHM) of extinction peak can be exploited to trace the 

change in the size of the nanoparticles with only knowing the initial nanoparticle size. The size- 

and shape-dependent optical properties of metal nanoparticles such as silver (Ag) and gold (Au) 

are previously investigated in the literature and extensively used for applications such as 

biomolecules sensing applications 24,127. The novel findings of this work are the operando use of 

LSPR spectroscopy for monitoring the size of metal nanoparticles under reaction conditions, and 

the prediction of the use of this technique for a wide range of metal nanoparticles such as Ag, Au, 

Cu, Ni, Pt, Pd, and bi-metallic (e.g., Ag-Pd) nano catalysts. 

To demonstrate the use of UV-Vis spectroscopy in the characterization of nanoparticle-catalyzed 

reactions, we have selected monometallic nanoparticles, such as Pd, Pt, Ni, Rh, Au, and Cu 
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nanoparticles, and core-shell Ag-Pd nanoparticles. These nanostructures have been shown to be 

efficient catalysts for a wide range of reactions including hydrogenation and cross-coupling 

reactions ranging from aryl halides with aryl borates (Suzuki), terminal alkenes (Heck), terminal 

alkynes (Sonogashira), as well as oxidative homocoupling of terminal alkynes (Glaser) 135–137,139–

141,154,159–162,162–180. In order to predict extinction spectra for varying sizes of Pd, Pt, Ni, Rh, Au, and 

Cu nanoparticles, and varying shell thicknesses of Ag-Pd core-shell nanoparticles, we utilized 

FDTD simulations. The representative simulated extinction spectra (i.e., extinction cross section as 

a function of wavelength) of these nanoparticles are shown in Figures 9a-f. In the simulated 

extinction spectra, the dominant peak for localized surface plasmon resonance (LSPR) centered at 

530, 205, 235, 200, 225 and 570 nm are observed for Au, Ni, Pt, Rh, Pd, and Cu spherical 

nanoparticles, respectively. 

Figure 9. Finite-difference time-domain (FDTD) simulated extinction spectra for (a) Au, (b) Ni, 

(c) Pt, (d) Rh, (e) Pd, and (f) Cu nanoparticles of various diameters, respectively. The legends show 

the particle diameter.  

(a) (c) (b) 

(f) (e) (d) 
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To develop a correlation between nanoparticle size and LSPR peak response, we quantified the 

changes in the values of peak position, peak extinction intensity, and full width at half maximum 

(FWHM), as a function of the size of the nanoparticle. We have found that extinction intensity at 

LSPR peak wavelength can be a good descriptor to determine the change in nanostructure size. The 

representative results in Figure 10a-f, show the size (i.e., diameter) of Au, Ni, Pt, Rh, Pd, and Cu 

nanoparticles as a function of the percentage change in extinction intensity at the main LSPR peak 

wavelength, respectively. The corresponding extinction cross section values are also shown (Table 

1) in Supporting Information. As seen in Figure 10a, if the diameter of the Au nanosphere is reduced 

from 12.5 to 12 nm (e.g., due to leaching), there will be approximately 12% decrease in the 

corresponding extinction intensity at LSPR wavelength of 530 nm. For transition metals, a change 

of 0.5 nm in diameter can easily account for leaching of approximately one monolayer of surface 

atoms. Therefore, our FDTD simulation results reveal that the changes in the extinction intensity 

are detectable for leaching of even a monolayer of atoms from the surface of metal nanoparticles. 
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Figure 10. FDTD simulated particle size of nanoparticle as a function of percentage change (i.e., 

decrease) in extinction intensity at the dominant LSPR peak wavelength for (a) Au, (b) Ni, (c) Pt, 

(d) Rh, (e) Pd, and (f) Cu nanoparticles, respectively. 

For core-shell Ag-Pd nanoparticles, the simulated extinction spectra of Ag nanoparticle of 16 nm 

core diameter with varying Pd shell thicknesses are shown in Figure 11a. For this system, we found 

that the extinction intensity, peak position, and FWHM can be adopted as sensitive measures of 

nanoparticle leaching as shown in Figure 11b-d. Figure 11a shows that the LSPR extinction 

intensity of Ag nanoparticle of 16 nm diameter is decreased when coated with Pd shell of 1 nm 

thickness. This decrease in plasmonic intensity is expected due to the damping of LSPR of Ag by 

the Pd shell. This prediction is in agreement with the experimental results reported in the literature 

for similar hybrid plasmonic nanocatalysts such as Au-Pd and Cu-Cu2O nanoparticles 181,182.  

As seen from Figures 11c-d, as Pd surface atoms are leached, the LSPR peak redshifts and narrows 

until the plasmonic Ag core is exposed. For Ag-Pd nanosphere of 16 nm core diameter and 1 nm 

(a) (c) (b) 

(f) (e) (d) 
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shell thickness, as the Pd shell is completely leached into solution, Figure 11b, 11c and 11d show 

that the extinction intensity, FWHM and peak position change by 82%, 35 nm and 22 nm, 

respectively. Our simulation results also predict that the changes in FWHM and peak position are 

10 nm and 8 nm, respectively, for leaching of a single monolayer of Pd atoms from the nanoparticle 

surface. The quantification of this change is within the measurement capabilities of 

spectrophotometers used within research today.  

 

 

Figure 11. (a) FDTD simulated extinction spectra of core-shell Ag-Pd spherical nanoparticles of 

various sizes. FDTD simulation predicted particle size as a function of (b) percentage change (i.e., 

increase) in extinction intensity, (c) FWHM, and (d) peak position of LSPR peak.  
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The legend in Figure 11.a. show the particle size. For example, the particle size of 18 nm 

corresponds to Ag-Pd nanosphere of 16 nm core diameter and 1 nm shell thickness. 

Our simulation results shown in Figures 9a, predict that operando UV-Vis spectroscopy of metal 

nanoparticles will not show any major changes in the LSPR responses, i.e., extinction intensity, 

peak position or FWHM, if the size of nanoparticle is truly stable; whereas for nanoparticles that 

undergo change in size, there will be change in extinction intensity, FWHM and peak position in 

the LSPR spectra. To validate the predictions of our simulated results and test the applicability of 

UV-Vis light extinction spectroscopy, we investigated two different systems. The first system is 

the growth of spherical gold (Au) nanoparticles using a seeded growth approach. In this approach, 

we used spherical Au nanoparticles of 8.02 ± 0.59 nm diameter as seed for the growth of larger 

particles. To allow gradual increase in the size of Au nanoparticles, a known amount of growth 

solution comprised of Au precursor was added step-by-step to this seed solution. For each addition, 

operando UV-Vis extinction spectra measurements were made to predict the increase in Au 

nanoparticle size and the samples were also taken to measure the average size of Au nanoparticles 

from TEM. Figures 12a and 12b show the representative TEM image of seed particles and Au 

nanoparticles obtained at the end of the growth process.  

Figure 8c shows the operando UV-Vis extinction spectra of Au nanoparticles of 8 nm average 

diameter in seed solution and for each step-by-step addition during the growth process. The FDTD 

simulated extinction spectrum of seed Au nanoparticle of 8 nm average diameter is shown in Figure 

12d. From the measured operando extinction spectra, the increase in extinction intensity value at 

LSPR peak wavelength is quantified. Using this value, the FDTD simulation predicted average size 

of Au nanoparticle that exhibits a similar increase in extinction intensity is then identified. Figure 

12d shows the FDTD simulation predicted extinction spectra of the respective Au nanoparticles for 

each step-by-step addition during the growth process. As seen from Figures 12c and 12d legends, 
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the TEM-measured average sizes and the sizes predicted from the combination of UV-Vis 

spectroscopy and FDTD simulation match very well. 

Figure 12. Representative TEM image for (a) seed Au nanoparticles (average diameter = 8.02), 

and (b) Au nanoparticles obtained after the process of growth (average diameter = 11 nm). (c) 

Operando UV-Vis extinction spectra of Au nanoparticles measured during growth process. (d) 

FDTD simulated extinction spectra of Au nanoparticles for the growth process. The legends in 

Figures 12c and 12d show the particle diameter.   

The second system, for which we validated the applicability of the UV-Vis light extinction 

spectroscopy is the Au nanoparticles-catalyzed C-C coupling reaction. Specifically, the 
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homocoupling of phenylacetylene was selected as a model reaction. For this system, we used 

spherical Au nanoparticles as a catalyst to drive the homo-coupling of phenylacetylene (PA). The 

operando UV-Vis extinction spectra measurements and samples of the reaction mixture for TEM 

imaging were taken at frequent time intervals. In Figure 13a, we show the operando UV-Vis 

extinction spectra of the reaction mixture at different reaction times. The dominant extinction peak 

observed at ~530 nm is due to the LSPR dipole mode of Au nanoparticle. It is worth mentioning 

that the operando UV-Vis extinction measurements can also be used to capture the LSPR peak of 

metal nanoparticles when they are supported on inert support such as alumina and silica 19,181.     

As seen from Figure 13a, the extinction intensity at LSPR peak wavelength of ~530 nm decreases 

with increasing reaction time. The decreasing trend in the extinction intensity at ~530 nm in Figure 

5a indicates the decrease in the particle size due to the leaching (Arunachalam et al., 2015, 2016). 

The extinction peak observed at ~490 nm is most likely due to the expected Au complex as a result 

of leaching. To confirm the catalytic activity of Au nanoparticles, we also analyzed the reaction 

mixture with GC-MS. The GC-MS analysis of the reaction samples showed that the PA conversion 

into the homocoupling product, diphenyldiacetylene was 30% after 2 hours of reaction. When the 

reaction sample was analyzed after 6.5 hours of reaction, 100% PA conversion was observed.  

To predict the decrease in the average size of Au nanoparticles from the extinction spectra acquired 

at different reaction times, the decrease in extinction intensity value at LSPR peak wavelength of 

~530 nm is quantified. The average size of Au nanoparticle that exhibits a similar decrease in 

extinction value is then identified from the FDTD simulations. Figure 13b shows the FDTD 

simulation predicted extinction spectra of Au nanoparticles for different reaction times during the 

C-C coupling reaction. 
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Figure 13. (a) Operando UV-Vis extinction spectra of Au nanoparticles measured during C-C 

coupling reaction. (b). FDTD simulated extinction spectra of Au nanoparticles for the 

corresponding conditions. 

 

Table 6. Comparison of average sizes measured from TEM and average sizes predicted from the 

combination of UV-Vis spectroscopy and FDTD simulations. 

 

Predicted Particle 

Size from 

UV-Vis + FDTD  

(nm) 

 

Measured Particle 

Size 

TEM  

(nm) 

 

8.85 

 

8.6 ± 𝟎. 𝟕 

9.65 

 

10.2 

 

9.56 ± 𝟎. 𝟗𝟖 

 

10.15 ± 𝟏. 𝟏𝟒 

10.4 

 

10.35 ± 𝟎. 𝟗𝟏 

11 

 

11.1 

 

11.04 ± 𝟏. 𝟑 

 

11.24 ± 𝟏. 𝟑𝟐 

11.3 11.34 ± 𝟎. 𝟗𝟏 
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To verify the accuracy of nanoparticle size prediction from the combination of UV-Vis 

spectroscopy and FDTD simulation, in Figure 14, we plotted the parity plot that compares the 

average sizes measured from TEM and nanoparticle sizes predicted from combination UV-Vis light 

extinction spectroscopy and FDTD simulation for both growth and leaching processes (Table 6). 

The parity plot shows a good fit with R2 value of 0.985. Hence, our results confirm that the 

combinations of UV-Vis extinction spectra of nanoparticles and FDTD simulation can be used to 

predict the change in nanoparticle sizes for both growth and leaching processes with only knowing 

the initial nanoparticle size. The UV-Vis spectroscopy demonstrated in this study can also be 

applied to trace the size of functioning metal nanocatalysts even when they are supported on support 

such as alumina, silica or carbonaceous supports 185.    

 

 

 

 

 

 

 

Figure 14. Parity plot showing the average diameters of Au nanoparticles measured from TEM 

versus Au nanoparticle sizes predicted from combination of UV-Vis spectroscopy and FDTD 

simulations for both growth and leaching processes.  
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It is worth mentioning here that this UV-Vis spectroscopy demonstrated in this contribution may 

not be a sensitive technique that can be used in all situations. The sensitivity of the LSPR technique 

will depend on the size and concentration ranges. The size ranges investigated in this contribution 

is less than 18 nm. The decrease in extinction peak intensity is still expected even for larger particle 

size (e.g., 50 nm). However, the percentage change in the extinction intensity is expected to be 

relatively smaller, but the technique can still be applied, albeit with a relatively lower sensitivity. 

Similarly, at a higher concentration range, the aggregation of metal nanoparticles could be a 

possible issue 36. There could also be situations where this technique may not be a viable 

methodology. For instance, there could be situations where the LSPR peak of metal nanoparticles 

may significantly overlap with the absorption peak of the soluble metal complex, reactant, or 

product. In such situations, the UV-Vis LSPR extinction measurements alone may not be used as 

accurate methodology for predicting the size of functioning nano catalysts. The concentration of 

overlapping species such as reactant or product may need to be additionally quantified using gas 

chromatography-mass spectrometry (GC-MS) or high-performance liquid chromatography 

(HPLC). The concentrations quantified from these additional measurements can be used to 

deconvolute the absorption peak of the overlapping species and the LSPR peak of metal 

nanoparticles. The deconvoluted LSPR peak can then be possibly used to predict the size of 

functioning nano catalysts. 

Our findings predict that this use of UV-Vis spectroscopy can be used as an in-line process 

analytical technology (PAT) tool for operando characterization of a variety of monometallic and 

bimetallic nanoparticle-catalyzed reactions. The operando UV-Vis spectroscopy demonstrated in 

this study offers a novel tool to use during pharmaceutical development and manufacturing. At an 

earlier stage of development, for example, during the catalyst screening stage, this technique can 

be used as an operando spectroscopic tool to quickly screen and identify the nano catalysts that 

exhibit minimal leaching with similar conversion and impurity profile. At a later stage of process 
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development, this technique can be used for real-time monitoring of nanocatalyst size in the batch 

as well as continuous flow packed bed reactors. This valuable data along with the corresponding 

conversion, impurity profile, and leached metal contents at the reactor outlet stream can be used to 

develop a robust kinetic model that can contribute to building the process design space in a Quality-

by-Design (QbD) framework. Also, during pharmaceutical manufacturing, this in-line PAT tool 

can be potentially used to take on-the-spot decision-making and/or provide inputs to control 

systems, for example, to decide when to switch the reactor inlet stream from one packed bed reactor 

to another reactor to maintain the quality of the reactor outlet stream while avoiding any fluctuation 

in the production. This sensitive, inexpensive and robust spectroscopic approach can be potentially 

used as in-line process analytical technology (PAT) in pharmaceutical development and 

manufacturing. For future works, we suggest other spectroscopic techniques such Raman and FT-

IR as in real time In-line PAT techniques to characterize pharmaceutical reagents (Reactants, 

functioning catalysts, Intermediates, Products). 

Finding Optimal Mie Resonant Nano catalysts for Photocatalytic and Photovoltaic 

Applications 

The ability of plasmonic metal nanostructures (PMNs), such as silver and gold nanoparticles, to 

manipulate and concentrate electromagnetic fields at the nanoscale is the foundation for wide range 

of applications, including nanoscale optics, solar energy harvesting and photocatalysis. However, 

there are inherent problems associated with plasmonic metals, such as high Ohmic losses, and 

poorer compatibility with the conventional complementary metal-oxide-semiconductor (CMOS) 

microfabrication processes. These limitations inhibit the broader use of PMNs in practical 

applications. Herein, we report submicron cuprous oxide and cupric oxide particles can exhibit 

strong electric and magnetic Mie resonances with extinction/scattering cross sections comparable 

to or slightly exceeding those of Ag particles. Using size- and shape-controlling particle synthesis 
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techniques, optical spectroscopy, and finite-difference-time-domain simulations, we show that the 

Mie resonance wavelengths are size- and shape-dependent and tunable in the visible to near-

infrared regions. Therefore, submicron copper oxide particles may potentially emerge as high-

performance alternatives to PMNs in a wide range of applications. 

Plasmonic metal nanostructures (PMNs), such as silver (Ag) and gold (Au) nanoparticles, exhibit 

extraordinarily high extinction cross sections due to localized surface plasmon resonances 

(LSPRs).24,36,40,42,186–193 Since the LSPR wavelength is sensitive to geometry and physical 

environment, PMNs are very attractive for real-world applications such as sensors,36,188 nano- and 

micro-optical devices,194 photocatalysis7,13,60,195–198 and photovoltaics.199–202 Also, the dynamic 

interplay between plasmonic and metamaterials has demonstrated exceptional properties such as 

artificial magnetism203–205 finding applications in subwavelength resonant cavities, sub diffraction 

near-field super lenses and phase compensators,206 smart metamaterial cloaking,207–209 plasmonic 

color printing and optical data storage.210 

By virtue of their high extinction cross sections with resonances in the visible and near-IR, PMNs 

can act as nanoantenna’s via electromagnetic (EM) field enhancement effect that has promising 

applications in third-generation photovoltaics such as dye-sensitized, organic, quantum dot- and 

perovskite-based solar cells.199,200 However, these noble metals (Ag and Au) are scarce, expensive, 

and pose limitations such as intrinsic nonradiative optical losses and fabrication complexities.208 

To overcome this barrier, recent years have witnessed a growing interest in developing novel non-

plasmonic and low-loss dielectric resonators that can support light manipulation at the nanoscale 

and exhibit strong extinction cross sections.211  

While plasmonic metal24,36,40,42,186–192 and metal-oxide212,213 spheres exhibit only electric multipolar 

resonances (i.e., dipole, quadrupole, etc.), for optically resonant dielectric spheres, both electric- 

and magnetic multipolar resonances occur.20,211,214 Similar to the electric multipolar modes in 



 

55 
 

plasmonic nanoparticles, the electric and magnetic multipolar modes in dielectric structures can 

lead to enhanced optical responses, such as surface-enhanced absorption, fluorescence and Raman 

scattering.211 Therefore, optically-resonant submicron dielectric particles have recently emerged as 

high-performance alternatives to PMNs. For example, it has been demonstrated that submicron 

silicon (Si) sphere resonators exhibit lower dissipation losses, strong localization of 

electromagnetic fields, and superior performance in comparison to their lossy plasmonic silver 

counterparts.211,215,216 Also, strong electric and magnetic multipolar resonances have recently been 

demonstrated in various dielectric nanostructures, such as Si hollow nanocylinders and 

nanodisks,217 nanowires,218–220 silicon carbide microrods,221 GaAs nanodisks,222 tellurium cubes,223 

and germanium particles.224  

Herein, we report strong and tunable non-plasmonic Mie resonances in cuprous oxide (Cu2O), 

cupric oxide (CuO), titanium dioxide (TiO2), cerium dioxide (CeO2) and Fe2O3 particles with sizes 

of few hundreds of nm. Using finite-difference time-domain (FDTD) simulations, we show that the 

copper oxide (Cu2O, CuO, TiO2, CeO2, and Fe2O3) particles exhibit strong electric as well as 

magnetic near-field enhancements at the Mie resonances. We show experimentally and numerically 

that Mie resonances in cuprous oxide (Cu2O) particles can be tuned from visible to near-infrared 

(NIR) by varying the particle size and shape. The high scattering cross sections of the Cu2O 

particles allow for acquisition of single-particle scattering spectra, which are also observed to vary 

with particle size and shape.  

Figures 15a-b and Figure 16a-d show the simulated extinction, Scattering and adsorption cross 

section spectra for varying sizes of Cu2O spheres. In Figure 15a, a Mie resonance peak is seen to 

red shift with increasing particle size. The peak maximum enters the simulation window of 400-

2000 nm for particle size of 125 nm and larger. In Figure 15b, as the particle size increases to 200 

nm and above, more than one Mie resonance peaks become noticeable. For the largest spherical 

particle of 400 nm diameter, three of the resonance peaks are below the bandgap of Cu2O (i.e., 
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wavelength above 590 nm). Cu2O and CuO are semiconductors with bandgaps of ~2.1 and ~1.2 

eV, respectively.195,225,226 

These resonance features are not expected for the bulk single crystalline Cu2O.  

 

 

 

 

 

 

 

 

 

Figure 15. Simulated extinction cross section as a function of wavelength for Cu2O spheres of 

various diameters ranging from (a) 25 to 175 nm, and (b) 200 to 400 nm. 
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Figure 16. (a and b) Simulated scattering cross section as a function of wavelength for Cu2O 

spheres of various diameters ranging from (a) 25 to 175 nm, and (b) 200 to 400 nm. (c and d) 

Simulated absorption cross section as a function of wavelength for Cu2O spheres of various 

diameters ranging from (c) 25 to 175 nm, and (d) 200 to 400 nm. 

To explicate Mie resonance peaks observed in the extinction spectra of Cu2O particles, we first 

present detailed analysis of the simulation data for the 175 nm spherical particle, as an example. 

Figure 17a shows the simulated extinction spectrum of the 175 nm diameter Cu2O sphere. For 
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comparison, we have also provided the simulated extinction spectrum of a 175 nm diameter Ag 

sphere in Figure 17b. The Cu2O particle exhibits one resonance peak, being at 542 nm. In Figures 

17c, 17d, 18 and 19 we show the corresponding magnetic and electric field spatial distributions, 

respectively. For the simulations of the field distributions, a plane wave is used for the incident 

radiation propagating in the direction of positive x-axis and polarized along the y- and the z-axes 

for the electric and magnetic fields, respectively.   

The electric field distribution in Figure 17d shows the typical two-lobe distribution, characteristic 

of an electric dipole. Similarly, the magnetic field distribution pattern in Figure 17c confirms the 

magnetic dipole mode.215 The enhanced magnetic near field pictured in Figure 17c is generated by 

the circular displacement currents, strongly coupled to the electric field penetrating into the 

particle.211 The optimum current-field overlap/coupling leading to magnetic dipole resonance 

occurs when electric field is antiparallel at opposite edges of the particle. Hence, the condition for 

magnetic dipole resonance is that wavelength inside the particle equals approximately the particle 

dimension along the propagation direction (inside particle),211 explaining the tunability of the 

resonance with size. 

Figures 17c-d, 18 and 19 show that the 175 nm Cu2O sphere can exhibit enhancements of up to 25 

and 8 times for the near magnetic and electric field intensities, respectively, over the incident far 

field. The comparison of the magnetic and electric field distributions shown in Figures 17c-d. For 

comparison, in Figures 17e-f, we also provide the simulated magnetic and electric field 

distributions for a 175 nm diameter Ag sphere at the LSPR peak wavelength of 530 nm. As seen, 

the magnetic field enhancement is relatively weak for the Ag particle. Hence, the electric dipolar 

mode dominates the LSPR at 530 nm. Impressively, the extinction cross section of the Cu2O sphere 

is comparable to that of Ag sphere. 
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Figure 17. Simulated extinction cross section as a function of wavelength for (a) 175 nm Cu2O 

sphere, and (b) 175 nm Ag sphere. Simulated spatial distribution of enhancement in (c) magnetic 

field intensity [H2/H0
2] in YZ plane, and (d) electric field intensity [E2/E0

2] in XY plane, for 175 

nm Cu2O sphere at the resonance wavelength of 542 nm. Simulated spatial distribution of 
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enhancement in (e) magnetic field intensity [H2/H0
2] in YZ plane, and (f) electric field intensity 

[E2/E0
2] in XY plane, for 175 nm Ag sphere at the resonance wavelength of 530 nm.   

 

 

Figure 18. Simulated spatial distribution of enhancement in magnetic field intensity [H2/H0
2] in 

YZ plane at different wavelengths across the Mie resonance peak wavelength (i.e., 542 nm) for 

Cu2O sphere of 175 nm diameter.   
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Figure 19. Simulated spatial distribution of enhancement in electric field intensity [E2/E0
2] in XY 

plane at different wavelengths across the Mie resonance peak wavelength (i.e., 542 nm) for Cu2O 

sphere of 175 nm diameter.  

 

Figures 20a shows the UV-Vis-NIR extinction spectra of Cu2O quasi-sphere samples measured at 

different times during the synthesis. XRD data analysis as shown in Figure 21 confirms Cu2O 

preparation. Figures 20b shows the representative TEM images of the Cu2O sphere. During the 

Cu2O spherical particle synthesis, we monitored the extinction spectrum as a function of synthesis 

time until 20 h, after which no significant change was observed. Additionally, the TEM indicated 
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the average particle size increases with synthesis time and saturates beyond 20 h, being consistent 

with the extinction results.  

As seen from Figure 20a, no resonance peaks for smaller Cu2O spherical particles at the early stage 

of synthesis (e.g., 1-h sample, particle diameter = 5.3 ± 1.7 nm) can be captured in the measurement 

range of 300-800 nm. On the other hand, the 8-h sample with a size of 125 ± 28 nm, shows a clear 

Mie resonance peak at about 450 nm. Based on our FDTD simulation results (e.g., Figure 15a), we 

assign this resonance peak to the combination of magnetic and electric dipolar modes. Figure 22,23 

and Table 7 show size distribution of Cu2O spherical particles in different time. 

 

 

Figure 20. Measured UV-Vis-NIR extinction spectra of Cu2O spherical particles (a) Representative 

TEM images of quasi-Cu2O spheres after 8 h of synthesis (b). 
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Figure 21. The representative X-ray diffraction pattern of Cu2O (a) quasi-spherical. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22. Representative TEM image of particles, and ii) size distribution of particles, for the 

sample collected at 1 hr during the synthesis of Cu2O spheres. Average size of particles = 5.3 ± 1.7 

nm.  
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Figure 23. Representative TEM image of particles, and ii) size distribution of particles, for the 

sample collected at 4 hr during the synthesis of Cu2O spheres. Average size of particles = 120 ± 22 

nm. 

 

 

Table 7. TEM-measured average particle sizes of Cu2O spheres during growth synthesis at different time 

intervals. 

Time (hr) Average size (nm) 

1 5. 3 ± 1.7 

4 120 ± 22 

8 125 ± 28 
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The optical properties of other dielectric materials such as CuO, TiO2, CeO2, and Fe2O3 Mie 

Resonator nanoparticles are investigated using the finite difference time domain (FDTD) 

simulation. There are not many studies have been reported on the optical properties of these Mie 

Resonator nanoparticles. We investigated the electronic and magnetic structures (optical 

properties) of TiO2, CeO2 , Fe2O3 and CuO in the UV, Visible and near-infrared regions with 

various sizes and shapes (Figures 24,25,27and 29).  By examining the optical properties, we found 

that the TiO2, CeO2 , Fe2O3 and CuO with different sizes and shapes showed excellent optical 

properties in the Uv, visible and near-infrared regions. Furthermore, the optical properties of the 

corresponding materials are characterized by UV–Visible spectrophotometry (Figures 26,28 and 

30). The optical properties are varying with size and shape and can be tuned over wide wavelengths 

range. Our combined analysis, FDTD simulation and Uv-Vis’s spectroscopy, allows us to find 

optimal Mie Resonator nanocatalyst with specific size and shape that exhibits desired Mie 

resonances in the UV, Visible and near-infrared regions for photocatalytic and photovoltaic 

applications. 
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Figure 24. Simulated extinction cross section as a function of wavelength for CuO spheres of 

various diameters ranging from (a) 25 to 200 nm, and (b) 250 to 400 nm. 

 

 

 

Figure 25. Simulated extinction cross section as a function of wavelength for TiO2 spheres of 

various diameters ranging from (a) 25 to 200 nm, and (b) 250 to 400 nm. 
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Figure 26. Measured UV-Vis-NIR extinction spectra of TiO2 spherical particles. 

 

 

Figure 27. Simulated extinction cross section as a function of wavelength for Fe2O3 spheres of 

various diameters ranging from (a) 25 to 200 nm, and (b) 250 to 400 nm. 
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Figure 28. Measured UV-Vis-NIR extinction spectra of Fe2O3 spherical particles. 

 

 

 

 

Figure 29. Simulated extinction cross section as a function of wavelength for CeO2 Spheres of 

various diameters ranging from (a) 25 to 200 nm, and (b) 250 to 400 nm. 
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Figure 30. Measured UV-Vis-NIR extinction spectra of CeO2 spherical particles. 

Using size- and shape-controlling particle synthesis techniques, optical spectroscopy, and finite-

difference-time-domain simulations, we demonstrated that the Mie Resonance wavelengths in Mie 

Resonator nano catalysts are size- and shape-dependent and tunable in the visible to near-infrared 

regions. This work demonstrated strong and tunable Mie resonances in submicron Cu2O, CuO 

,TiO2, CeO2, and Fe2O3 particles. By the help of FDTD simulations, we associated these resonances 

with magnetic and electric multipoles, and they were not plasmonic in nature. The lowest-energy 

Mie resonance observed in the extinction spectrum is assigned to the combination of the magnetic 

and electric dipole excitations. Similarly, both the magnetic and electric quadrupole excitations 

contributed to the second-lowest-energy Mie resonance peak observed in the extinction spectrum. 

The Mie resonance peak wavelengths were tunable from the visible to the near-IR region by 

controlling the size and shape of the particles. They efficiently concentrated magnetic and electric 

near fields at Mie resonances. These high-performance and tunable submicron-antenna attributes 

of the Cu2O , CuO ,TiO2, CeO2, and Fe2O3 submicron particles, combined with their low Ohmic 

losses and being semiconductors, make them attractive alternatives for wide range of applications, 
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including photocatalysis and photovoltaics. For future investigations, we suggest to test 

photocatalytic activity of various Mie Resonator nano catalyst to find the optimal Mie Resonator 

nano catalyst, we believe that optimal Mie Resonator nanocatalyst with specific size and shape will 

show more photocatalytic activity than others because of high Mie resonance effect at different 

wavelengths. 

 

 

 

 

. 
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CHAPTER V 
 

 

CONCLUSION 

 

Conclusion 

Particle size monitoring of functioning nanomaterials can be precisely accomplished via Uv-Vis 

spectroscopic technique and finite difference time Domaine (FDTD) simulation. With combination 

of both experimental and simulation studies, tracing particle size is achieved through monitoring 

localized surface plasmonic resonance (LSPR) of the functioning nanocatalyst. For UV-Vis 

spectroscopy, a broadband light source (Uv, visible and near IR regions) is used to directly measure 

single photon absorption and detect the distinctive LSPR response of a particular nanomaterial with 

specific size and shape. LSPR responses of nano catalysts were collected for various nano catalysts 

(plasmonic and dielectric nanomaterials) under different reactions and synthesis conditions. The 

effect of light that resonant with the LSPR peak of the functioning nano catalyst was used to verify 

the FDTD simulations results. To develop a real time and more precise method for the measuring 

amount of leaching of functioning nanocatalyst, we invented a new experimental approach and 

confirmed the effectiveness and accuracy of the approach with a powerful optical computational 

simulation tool. In the new experimental setup, we placed a stainless optical probe in the reaction 

solution which is inactive for the reactions we studied, on middle of the three-neck reaction vessel 

to measure light absorption of nanocatalyst in real time. 
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In this work, we built fundamental understanding on monitoring size of functional catalysts and the 

development of a light-based approach to trace the amount of leaching by combining experimental 

and simulation studies. Our approach can predict the particle size of catalysts and identify the 

reaction pathways (Homogeneous vs Heterogeneous) for important reactions. We compared the 

measured particle size of the catalysts with predicted particle size from simulation, both sizes were 

almost the same. 

In the second part of this thesis, In-Situ Uv-Vis spectroscopy as In-line Process Analytical 

Technology (PAT) was employed for real-time monitoring of the reaction status. For obtaining 

real-time information on reaction status to control products quality, operando Uv-Vis spectroscopy 

was demonstrated as highly reliable, accurate, simple and transportable technology. It enables in-

process data to be used for assessing the quality of products in batch or continuous manufacturing, 

it significantly improves the finished product quality. This PAT technique is on-line 

characterization tool, reaction sample is analyzed without being removed from the process stream 

with respect to post-analysis (reaction sample is removed and analyzed away from the process 

stream), it facilitates on spot decision within a very short time frame. The real-time process decision 

leads to make a product of desirable quality.  This operando Uv-vis spectroscopy method has 

potential application in pharmaceutical and chemical industry for drug and chemical development 

and manufacturing. 

In the last part of this thesis, we developed various synthesis methods to prepare uniform plasmonic 

and dielectric nanoparticles. Deep knowledge and protocols were established to prepare uniform 

plasmonic and dielectric nanoparticles. Size and shape control were important in this study since 

we were targeting optimal size and shape for particular application to enhance the performance 

which is directly related to size and shape. By providing the size and shape optical properties studies 

in this section, we can design the right catalysts (particular size and shape) with the desired binding 

energy that can resonant with light of specific wavelength to generate hot electrons with correct 

energy to activate the desired intermediate and product. To address challenges in the energy and 
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chemistry sectors, finding novel materials with the right size and shape for light-harvesting and 

energy conversion is a crucial and inevitable part. There is great interest in introducing and 

developing new methods to search for catalysts and materials with optimal or desired optical 

properties. Our approach can be used as a direct method where a library of promising advanced 

nanomaterials with various sizes and shapes through powerful optical computational tools like 

FDTD and COMSOL can be generated and then experimentally can be screened through size and 

shape-dependent studies to identify materials with suitable optical properties for a particular 

application. Optical computational screening of different plasmonic and dielectric materials with 

various sizes and shapes, followed by synthesizing and testing identified materials will be the 

promising strategy toward addressing those challenges. Furthermore, this new framework can be 

an important step toward establishing a reliable method to design novel materials and catalysts that 

account for high performance and using that method to guide the synthesis of new materials capable 

of energy capture and catalysis.  The finding from these experiments and simulations will guide us 

to design and prepare targeted catalyst candidates that can enhance the performance of catalytic 

reactions as a general approach in catalysis, more specifically for photocatalysis and photovoltaic 

applications. We aimed to significantly enhance the applicability of plasmonic and dielectric 

nanomaterials for photocatalysis and solar energy conversion by controlling size and shape.  

Future Works 

 In real time reaction monitoring via either Raman scattering or IR absorption technique. 

 Although there are some advantages and disadvantages for both Raman and IR spectroscopy, 

almost all most molecules and nano catalysts typically possess both Raman and IR-active 

transitions of different strength, making both approaches equally viable. The vibrational spectrum 

of catalysts, products, intermediates and reactants can be collected in real time under different 

applied reaction condition to obtain valuable information and, to monitor the reaction status. All of 

the collected spectra can be carefully analyzed to determine optimal catalyst and reaction condition 

to improve the selectivity of the reaction toward the desired products. Furthermore, these studies 
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will reveal detailed mechanism in the reaction and provide us more understanding on how to control 

the reaction paths using spectroscopic techniques. In operando spectroscopic techniques such as 

Raman and IR are important to gain control over products quality and distribution. 

Monitoring particle size of bimetallic oxides and bimetallic nano catalysts  

 Our approach can be applied to bimetallic nanostructures. Bimetallic nano catalysts are among the 

most promising catalysts for various applications. Single-particle studies of this work can be used 

as a foundation for investigation of bimetallic nanoparticles. It is certainly possible, for 

computational and experimental groups to provide simulation results that is in agreement with an 

experimental result to predict precisely particle size of functioning bimetallic nanostructure. It 

requires more complex simulation and experimental analysis since bimetallic structure is mor 

sophisticated than single particle. Furthermore, Spectroscopic data in conjunction with optical 

simulation data will allow for the tailored design of bimetallic nanostructures. This capability can 

be used to prepare the bimetallic catalyst with the right size and shape in order to match the LSPR 

peak with the desired hot carrier energy as predicted by theory for photocatalysis and photovoltaic 

applications.  
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APPENDICES 

 

 

 
Figure S1.  UV-Vis extinction spectrum of diphenyldiacetylene (DPDA).  
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Figure S2. Representative TEM image of larger spherical Au nanoparticles obtained at the end of 

growth process. 
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Figure S3.  GC-MS (electron ionization) spectrum of diphenyldiacetylene (DPDA) observed in 

reaction mixture taken from Au nanoparticles-catalyzed homo-coupling of phenylacetylene. This 

spectrum observed in our reaction sample matches very well with the mass spectrum of DPDA 

reported in NIST Chemistry WebBook.227     
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Figure S4.  Predicted HR-MS spectrum for the proposed gold complex, [Au(PA)2]- with chemical 

formula, [AuC16H10]-. 228  
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Figure S5. Simulated extinction spectra, extinction cross section as a function of wavelength, for 

Au nanospheres of various diameters. 
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Figure S6. Particle size versus percent change in extinction for Au nanospheres at LSPR peak 

wavelength. 
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Figure S7. Picture of experimental set-up used for operando UV-Vis extinction measurements of 

Au nanoparticles during the C-C coupling reaction.  
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Figure S8. Finite-difference time-domain (FDTD) simulated extinction spectra for (a) Au, (b) Ni, 

(c) Pt, (d) Rh, (e) Pd, and (f) Cu nanoparticles of various diameters, respectively. The legends show 

the particle diameter. 
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Figure S9. Phenylacetylene conversion into diphenyldiacetylene as a function of reaction time for 

Au nanoparticle-catalyzed C-C coupling reaction.             
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Figure S10. Representative diffuse-reflectance UV-Vis extinction spectra of Au nanoparticles 

supported on silica (SiO2). 
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Figure S11. Simulated extinction cross section as a function of wavelength for CuO cubes of 

various diameters ranging from (a) 25 to 200 nm, and (b) 250 to 400 nm. 
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Figure S12. Simulated extinction cross section 

as a function of wavelength for TiO2 cubes of various diameters ranging from (a) 25 to 200 nm, 

and (b) 250 to 400  
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Figure 13. Simulated extinction cross section as a function of wavelength for Fe2O3 cubes of 

various diameters ranging from (a) 25 to 200 nm, and (b) 250 to 400 nm. 
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Figure 14. Simulated extinction cross section as a function of wavelength for CeO2 Cubes of 

various diameters ranging from (a) 25 to 200 nm, and (b) 250 to 400 nm.
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