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Abstract 

 

 Plasmonic metal nanoparticles can be tuned to very efficiently convert incoming 

visible (solar spectrum) photons into hot charge carriers within the nanoparticles. When a 

material, either a molecule or semiconductor, is chemically attached to the nanoparticle, 

the energetic carriers can transfer into the material. Once in the attached material, the 

energetic charge can provide current for a device, or induce a photochemical reaction. 

Classical models of photo-induced charge transfer in plasmonic metals suggest that the 

efficiency of this process is extremely low. The vast majority of the energetic charge 

carriers rapidly decay within the metal and are never transferred into the neighboring 

molecule or semiconductor. The studies in this dissertation demonstrate a system that 

effectively bypasses this inefficient conventional mechanism of charge transfer. They 

show that a system made up of silver nanocubes and an adsorbed dye molecule 

(methylene blue) experiences high rates of direct metal-to-molecule charge transfer, 

bypassing the decay and thermalization process normally taking place in the nanoparticle. 

In this direct charge transfer mechanism, the yield of extracted hot carriers from 

plasmonic nanoparticles can be significantly higher than in conventional systems. 

Analysis of the results within the framework of this direct mechanism points toward a 

method of engineering numerous systems for efficient charge generation and extraction 

from plasmonic nanoparticles, with many potential applications. 
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Chapter 1 

Introduction 

 

 

1.1 Summary 

This chapter provides an introduction to the class of materials known as plasmonic 

metal nanoparticles and outlines the many ways in which they have potential as solar 

energy converters. The strong interaction of electromagnetic fields, especially visible 

light, with plasmonic nanomaterials offers opportunities in various technologies that take 

advantage of the photophysical processes amplified by this light-matter interaction. This 

chapter begins with a brief discussion the fundamentals of surface plasmon resonance in 

nanoparticles on noble metals. It then moves to a discussion of some of the recent studies 

showing plasmonic nanoparticles, as a result of the photophysical interaction with light, 

activate and enhance chemical transformations directly on their surfaces. Special attention 

is paid to the mechanistic aspects of these transformations and remaining questions about 

the physical processes driving them. Raman spectroscopy, and more specifically surface-

enhanced Raman spectroscopy (SERS), which also takes advantage of the photophysical 

interactions of plasmonic particles with visible light, is introduced. After a brief 
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introduction to the fundamentals of SERS, its potential for studying the microscopic 

mechanisms of light-plasmonic particle-adsorbate that are still not well understood is 

discussed. The chapter concludes with an outline of the studies presented in the rest of this 

dissertation. 

 

1.2 Fundamentals of localized surface plasmon resonance 

Plasmonic metallic nanostructures are defined by their interaction with photons 

(i.e., light) through what is known as localized surface plasmon resonance (LSPR). LSPR 

is the collective resonant oscillation of the free (valence) electrons near the surface of a 

nanostructure in response to an outside incident electromagnetic field. When a photon 

passes near a plasmonic nanostructure, its oscillating field can pull free electrons away 

from stationary nuclei, inducing a dipole within the particle.  LSPR is established when 

the frequency of an incident oscillating electromagnetic field (e.g. from a photon or 

electron1) matches the natural restoring frequency of the oscillating surface electrons 

toward the positively charged nuclei. 

LSPR is typically limited to metal particles and features which are much smaller 

than the wavelength of light. Within these particles when there is LSPR, the particle-light 

interaction can be described using a dipole approximation. In this picture, the electron 

oscillation as a result of the incident photons generates an oscillating dipole within the 

particle. This oscillating dipole generates a radiating electromagnetic field.2 This field 

modifies the electric field surrounding the particle, especially near the surface (i.e., the 

metal-dielectric interface). As shown in the data in Figure 1-1, at the resonance condition, 

enhancements in the intensity of the electric field (|E|2) compared with that of the 
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incoming photon flux can approach 102 around the surface of a single isolated 

nanoparticle.3 Additionally in the figure, it is shown that when two nanoparticles are 

brought to a separation on the order of  ~ 1 nm, the fields confined within the small space 

between the particles can be enhanced even further, to almost 105 compared to the incident 

photon field.4,5 These locations of extremely intense and confined electromagnetic field 

occurring in plasmonic systems are called hot spots. Hot spots exhibit multiple 

resonances, with a characteristic dipole resonance at a longer wavelength than the 

resonance of either of its isolated component nanoparticles.6,7  

The existence and nature of plasmon resonance within a nanoparticle is not only 

dependent on the size of the nanoparticle but also its dielectric properties. The dielectric 

properties of the nanoparticle are determined by its composition, and the dielectric 

properties that lead to an interaction with visible light are found in nanoparticles of Ag, 

Au, and Cu8,9. This is due to the strong coupling in these particular noble metals of the 

plasmon transition (occurring in the s-band) and the interband transition (occurring 

between d-band and s-band). The conduction (s-band) electrons can move freely in these 

metal nanoparticles, giving them high polarizability and shifting plasmon resonances to 

the visible spectrum. For this reason the major focus in plasmonics is typically on Ag, Au, 

and Cu nanostructures, while other transition metals exhibit plasmon resonance only in the 

deeper UV ranges. By manipulating the composition (Figure 1-1a), shape (Figure 1-1b), 

and size (Figure 1-1c) of plasmonic nanoparticles, it is possible to design nanostructures 

that interact with the entire solar spectrum.10,11    
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1.2.1 Mechanisms of plasmon decay 

Of particular interest to the topics of this dissertation are the mechanisms by which 

LSPR decays, i.e., how the energy, initially of the photon and transferred to the oscillating 

free electrons, is further dissipated into the system. Upon resonant excitation, plasmons 

relax within tens of femtoseconds (10-14 sec). Relaxation (decay) is known to take place 

Figure 1-1: Characteristics of plasmonic metallic nanoparticles. (a) Extinction spectra of 
sub-100 nm silver, gold, and copper nanoparticles showing their respective plasmonic 
resonance peaks and plotted with the solar spectrum. (b,c) Extinction properties can be 
tuned by changing the shape and size of nanoparticles. (d) Simulated spatial distribution 
of the LSPR-induced electric field enhancement around a single isolated Ag nanoprism 
and (e) two Ag nanosprisms arranged point-to-point at a separation of 2nm, with a 3D 
contour showing greater than 4 orders of magnitude field enhancement occurring in the 
“hot spot” in between the particles. a, b, c from ref 37 and d, e from ref 4. 
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thorough one of two pathways: radiative photon re-emission (scattering) or non-radiative 

excitation of energetic charge-carriers (absorption). In the radiative case, the re-emitted 

photon is of the same energy/wavelength as the incident. In the non-radiative case, the 

absorption results in the formation of energetic electron-hole pairs near the surface of the 

nanoparticle, with their energy matching the resonant photon energy.12  

In unreactive environments, without any molecular adsorbates on the surface of the 

nanoparticle interacting electronically, radiative photon emission is the dominant mode of 

plasmon decay for larger nanoparticles (in Ag, characteristic length > 50 nm).13 For 

isolated small nanoparticles (in Ag, characteristic length < 30 nm) in similar 

environments, the dominant mode of plasmon relaxation is non-radiative, leading to the 

formation of energetic charge carriers.14 Plasmon resonance within the previously defined 

hot spots confined between two plasmonic nanoparticles can decay differently still. In 

these areas, the capacitive coupling between the oscillating electron clouds of the two 

neighboring particles can allow for free charge carriers to move efficiently between the 

particles in a tunneling process.15,16     

 

1.3 Photochemical transformations directly on plasmonic particles 

Energetic charge carriers, formed on the surface of a plasmonic nanoparticle or 

within a hot spot through a non-radiative plasmon decay pathway can potentially induce 

photochemical transformations of surface adsorbates. This has recently provided a huge 

number of studies into plasmon-driven reactions as they present a promising avenue 

toward simple solar-to-chemical energy transfer.17 In the simplest form of plasmon-driven 

photocatalysis, energetic charge-carriers formed within the nanoparticle collide with other 
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charge carriers and the phonon modes of the nanoparticle, causing a heating of the 

nanoparticle above the ambient temperature.18 The higher temperatures now present can 

speed up reactions through a mechanism identical to what would take place through 

conventional heating of the nanoparticles, where the energy of nanoparticle phonon 

vibrations is transferred to phonon modes of adsorbates until a reaction barrier is 

overcome. This conventional thermal mechanism is depicted in Figure 1-2a. 

1.3.1 Charge carrier driven reaction on plasmonic nanoparticles 

Of more interest to the studies present in this dissertation are reactions driven by 

plasmonic enhancement that proceed via less conventional, fully electron-driven 

mechanisms. The photothermal mechanism described above assumes that the energy of a 

photon is distributed into the phonon modes of a nanoparticle, which then drive chemical 

transformations. The excited electron distribution serves as a vehicle for the (phonon) 

heating of nanoparticles. An alternative mechanism assumes that energetic charge-carriers 

(electrons or holes), formed on the surface of nanoparticles, transiently occupy 

energetically accessible orbitals of the adsorbed molecule before their energy is dissipated. 

In this mechanism, the energized charge-carriers (electrons or holes) transiently 

populate otherwise unpopulated electronic states (orbitals), centered on the adsorbate 

molecule, thereby forming transient ions (if viewed from the perspective of the adsorbate) 

or excited states (if viewed from the perspective of the entire adsorbate–nanoparticle 

system). In this process, the adsorbate (more specifically, the entire adsorbate-nanoparticle 

system) is moved to a different potential energy surface (PES) and forces are induced on 

atoms in the adsorbate, as depicted in Fig. 1-2b. These forces lead to the nuclear motion of 
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atoms in the adsorbate, which can result in the activation of chemical bonds and chemical 

transformations.19  

 

 

 

a b 

c d 

Figure 1-2: Mechanisms of phonon- and electron-driven reactions on metals. (a) Thermal 
activation for the dissociation of a diatomic molecule. The diatomic molecule remains on 
the ground-state PES for all points along the reaction coordinate. (b) Electron-driven 
dissociation of a diatomic molecule. Injection of an excited electron promotes the 
molecule to a new PES, thereby inducing nuclear motion. This charged state then decays, 
which drops the molecule back down to the ground state while populating a higher 
vibrational mode. (c) At high photon flux, subsequent electron injections can occur before 
the molecular vibration has fully dissipated, thus leading to additional vibrational 
excitation and a superlinear dependence of the rate of reaction on light intensity. (d) 
Electron-driven reactions (top), for example on plasmonic metal nanoparticles, can 
potentially target certain chemical reaction pathways that are otherwise unselective in 
purely thermal reactions (bottom). Figure adapted from ref 38. 
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At the heart of this mechanism is a coupling between excited electronic and 

vibrational states of the adsorbate-nanoparticle complex. Essentially, the energy of the 

charge carrier is converted into kinetic energy of the complex along the reaction 

coordinate (for example, vibrational energy of the activated chemical bond; Fig. 1b). This 

charge-carrier-mediated mechanism of bond activation has been studied in a number of 

experiments involving single-crystal surfaces of bulk metals illuminated with short pulses 

of high-intensity light (106-109 times higher than solar flux).20 In the surface science 

community, this mechanism is known by its original name: desorption (reaction) induced 

by electronic transitions (DIET).21,22  

There have been a number of studies published showing examples of charge-

carrier-mediated photochemistry driven by LSPR at light intensities similar to solar. One 

of the first studies suggested this charge-carrier-mediated in enhancement of ethylene 

epoxidation reactions on Ag nanosphere and nanocube catalysts.23 These reactions 

exhibited nearly instantaneous, reversible increases in the rate of ethylene epoxidation 

(while maintaining selectivity to the desired product) under normal reaction conditions 

upon illumination with broadband light at intensities of a few hundred milliwatts per 

square centimeter. These reactions were further found to exhibit the experimental 

signatures of reactions on metals driven by energetic charge-carriers, including a linear-to-

superlinear transition in the rate dependence on photon flux and an unusually large kinetic 

isotope effect.24 Similar studies were performed investigating LSPR-induced room 

temperature dissociation of H2 on Au nanostructures with the same result of reversible 
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reaction enhancement and same conclusion of a charge-carrier-mediated enhancement 

mechanism.25 

It was additionally demonstrated that LSPR-induced charge-carrier-mediated 

reactions could alter the selectivity to desired products within a reaction system. One 

example study accomplished this by taking advantage of generated charge carriers within 

a Cu nanoparticle catalyst to change the oxidation state of atoms on the surface. In this 

particular case, the light-induced reduction of copper oxide to copper metal changed the 

dominant chemical pathway from one leading to the complete combustion of the 

propylene, to one resulting instead in the desired partial oxidation product, propylene 

oxide.26 

Although there is a conceptual understanding of the dynamics of these reaction 

mechanisms in terms of DIET model, there are still some critical unanswered questions 

about the movement of energetic charge carriers (or energy) after the decay of a plasmon 

from the particle to the adsorbate. There are two distinct possibilities through which this 

charge transfer can take place, and they will be referred to in this dissertation as the 

indirect and direct charge transfer mechanisms. The indirect charge transfer mechanism 

assumes that energetic charge-carriers first form on the surface of optically excited 

plasmonic nanoparticles under the influence of large electric fields, and subsequently 

transfer to adsorbate acceptor states.  The direct charge transfer mechanism proposes that 

charge transfer to a surface adsorbate occurs without the energetic charge carrier first 

existing entirely within the nanoparticle; the charge carrier excites directly from near the 

Fermi level of the metal to the higher energy unoccupied orbital within the adsorbate.27 



10 
 

The indirect and direct mechanisms are discussed in much more detail in Chapters 4 and 5 

of this dissertation.  

     

1.4 Raman spectroscopy: Fundamentals, SERS, and studying charge transfer 

One of the main experimental tools used within the studies of this dissertation to 

gain insights into plasmonic charge transfer mechanisms is Raman spectroscopy. Raman 

spectroscopy has been used for nearly a century to gain information about the vibrational 

dynamics of systems of molecules. Raman scattering is an inelastic photon scattering 

process resulting from electronic excitation and subsequent relaxation of a molecule in 

response to an incident photon. During the Raman scattering process, there is an exchange 

of energy between the photon and the molecule. In the photon, this is manifested as a 

change in its wavelength. In the molecule, the exchange of energy results in a change in 

energetic state of a vibrational mode. Vibrational modes are considered “low frequency” 

modes in a system because their energy is much less than the photon itself. As a result, the 

change in energy of a photon as result of a Raman scattering process is typically on the 

order of hundreds to a few thousand cm-1, equivalent to tenths of electron volts and tens of 

nanometers in the photon wavelength.28 

1.4.1 Anti-Stokes and Stokes Raman scattering 

It is possible for the photon in a Raman scattering event, upon interacting with a 

molecule, to either lose or gain energy and for the molecule to subsequently gain or lose 

energy, respectively, due to conservation of energy. These two occurrences are referred to 

as Stokes (photon energy loss) and anti-Stokes (photon energy gain) Raman scattering. 

Figure 1-3 shows a depiction of the molecular energy landscape of these two opposite 
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events, illustrating how the molecule first gains the energy of the entire photon and passes 

through a virtual or electronic energy state before relaxing back to a different vibrational 

energy state than in began, with the change in wavelength of the exiting photon being 

equal to vibrational energy change of the molecule. 

  

Because the potential vibrational energies of a particular mode are quantized, 

Raman scattering processes are quantized as well in the amount of energy a photon can 

gain or lose. This results in the Raman spectrum of a molecule, where peaks in the 

spectrum correspond to the energy of various bending, stretching, deformation, and other 

vibrational modes of a molecule. It should be noted that most vibrational transitions in 

Figure 1-3: Schematic of Stokes and anti-Stokes Raman scattering. In Raman scattering, 
the molecule and photon exchange energy in the form of changes in wavelength for the 
photon and vibrational state for the molecule. In Stokes scattering, the molecule, the 
molecule gains a vibrational quantum of energy and so the photon loses the same amount 
of energy (it is red-shifted). Anti-Stokes scattering is the exact opposite process, with the 
photon gaining energy while the molecule loses it.  
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Raman scattering occur between vibrational energy states 0 and 1 of a particular mode, 

due to the fast decay of higher energy vibrations.29 The many peaks of a Raman spectrum 

for a particular molecule correspond to the many independent vibrational modes of the 

molecule, roughly equivalent to the vibration of the many different individual bonds of the 

molecule.  

Another result of quantized vibrational mode energies in molecules is seen when 

comparing the anti-Stokes and Stokes portions of the Raman spectrum for a molecule. The 

two halves of the spectrum exhibit peaks at equal but opposite Raman shifts (measured in 

cm-1) representing opposite vibrational transitions of the same mode (i.e., 01 vs 10). 

The strength of the anti-Stokes and Stokes signals (i.e., the height of the peaks) is however 

not equal, as it is dependent on the population of molecules occupying the various 

energetic states of the vibrational mode.30 It is this relation of the anti-Stokes and Stokes 

signals to the vibrational energy of a molecule that allows Raman spectroscopy to give 

information about charge transfer processes that are taking place. In depth discussion of 

the relationship between the vibrational energy population distribution within a system of 

molecules, how this relates to charge transfer, and how Raman spectroscopy is used to 

study this in particular, is given in Chapters 3, 4, and 5 of this dissertation. 

1.4.2 Surface-enhanced Raman spectroscopy (SERS) 

One of the consistent issues with Raman spectroscopy that limits its use as a 

characterization tool is the extremely low probability of photon interaction with a 

molecule resulting in Raman scattering. Cross-sections for Raman scattering processes of 

isolated free molecules are typically on the order of ~ 10-24, precluding Raman 

spectroscopy from use without high molecular concentrations or extremely powerful light 
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sources.31 Surface-enhanced Raman spectroscopy takes advantage of LSPR, specifically 

the phenomenon of high electric fields (discussed in Section 1.2) present at the surface of 

plasmonic nanoparticles in response to light, to increase Raman cross sections by up to ten 

orders of magnitude, making the detection of low concentrations of surface-bound 

molecules possible even with relatively low power Raman lasers.32 

There are two established potential mechanisms by which LSPR can enhance 

Raman scattering. One mechanism involves the LSPR-induced enhancement of the local 

electric field intensity at the adsorbate (electromagnetic mechanism) leading to the 

enhancement of the Raman signal. The electromagnetic enhancement factor (Σ) of the 

Raman signal depends on electromagnetic field enhancement at the location occupied by a 

probe molecule. It can be closely approximated by: 

𝛴 = (|𝑬(𝜈𝑖)|2 ∗ |𝑬(𝜈𝑖 ± 𝜈𝑚)|2)  (1-1) 

where E(ν) is the local electromagnetic field enhancement at a photon frequency ν, νi
 and 

(νi+νm) are the frequencies of the incident (i.e., laser) photon and scattered (i.e., Raman 

shifted) photon respectively.33,34 Equation 1-1 shows that the extent of electromagnetic 

enhancement in SERS is dependent on both the frequencies of the incident and scattered 

photon, i.e., the signal from scattered photons of different wavelengths corresponding to 

different Raman shifts may be enhanced to different extents.35 This is a very important 

property of SERS to note and the effect of it on the key findings in this dissertation is 

discussed in Chapter 3. 

 The other mechanism of enhancement in SERS involves the LSPR-induced 

charge-excitation (or charge-exchange) mechanism.34 Charge-excitation SERS occurs as a 

result of the LSPR-mediated charge excitation from filled to unfilled electronic states of 
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the nanoparticle-adsorbate complex (one or both of these electronic states are localized on 

the adsorbate). The propensity to undergo charge excitation is, among other things, 

determined by the local electronic structure of the adsorbate-metal complex.36 

 The similarities between the charge excitation mechanism of Raman enhancement 

and charge transfer as a result of plasmon relaxation that is key in the DIET mechanism 

should be noted, as the processes are very similar. It is this very similarity that makes 

SERS an ideal characterization tool from studying the mechanisms of charge transfer in 

plasmonic nanoparticle-adsorbate systems. The studies, analysis, and conclusions 

presented in the remainder of this dissertation focus on what can be learned about these 

mechanisms from SERS experiments on carefully designed plasmonic nanoparticle-

adsorbate systems and how such charge transfer can be controlled and tuned for use in 

efficient solar energy conversion. 

 

1.5 Dissertation summary 

The goals of this dissertation are to take advantage of the capabilities of SERS to 

probe the molecular vibrational energy landscape on plasmonic nanoparticles, and to use 

these capabilities to develop a fundamental, microscopic understanding of charge transfer 

processes occurring in plasmonic nanoparticle-adsorbate systems. This more thorough 

understanding of the mechanisms involved in these systems will serve as a guide to the 

design of more useful and efficient plasmonic systems and devices with potential uses in 

photocatalysis, photoelectrochemical processes, and photovoltaics. This dissertation 

shows that SERS can distinguish between systems in which there is resonant charge 

transfer caused by plasmon relaxation and those systems and conditions where it is not 
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occurring. In addition it points toward the existence of a direct charge transfer mechanism 

in specially designed systems. This direct mechanism bypasses many conventional 

plasmon relaxation processes that usually result in inefficient energy dissipation within 

plasmonic nanoparticles. Instead, it allows for the conversion of incident photon energy 

directly to molecular vibrational energy, which indicates charge transfer into the 

adsorbate, and can be utilized to drive photocatalytic chemical transformations on 

plasmonic surfaces or serve as the basis for a more complex solar-to-electrical energy 

conversion system. 

In Chapter 2, the experimental methods and theoretical calculations used in the 

studies of this dissertation are laid out. The procedures for correct quantitative analysis of 

the experimental data are also described in detail. Specific attention is given to the 

preparation of samples for and performing of Raman spectroscopy studies that form the 

backbone for the findings presented herein. Additional characterization and computational 

methods, including spectroscopy, microscopy, and optical simulations, that supplement 

the Raman results and analysis are also described. 

In Chapter 3, the most important and complicated step in properly analyzing and 

comparing anti-Stokes and Stokes Raman data is described in detail. It begins with a 

thorough explanation of the physical and instrumental causes of deviations of the anti-

Stokes to Stokes peak ratio from the Boltzmann distribution. Methods for correcting raw 

experimental Raman data in any system for both major causes are then given. Finally, data 

is presented and the experimental anti-Stokes correction factor calculated specifically for 

the Ag nanocube systems used in later experiments in this dissertation. 
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Chapter 4 presents the first evidence that the Ag-methylene blue (MB) system 

exhibits the signatures of charge transfer. A thorough experimental and computational 

study of the optical properties of the plasmonic Ag-MB system is performed to confirm 

the abnormal anti-Stokes results obtained are indeed due to charge transfer at a specific 

incident photon wavelength (785 nm). The wavelength specific results, where higher 

energy photons do not similarly induce charge transfer, indicate the mechanism of charge 

transfer in this plasmonic system under resonant conditions is direct. The further 

implications of the direct transfer mechanism and some potential methods to take 

advantage of it for selective photocatalysis are discussed.   

In Chapter 5, the Ag-MB system is again used in Raman studies, this time to 

provide evidence that the direct mechanism shown in Chapter 4 leads to an efficient 

transfer of energy from incident photon to adsorbate (i.e., out of the plasmonic particle). 

The key result in this chapter is the simultaneous measurement of nanoparticle electronic 

and adsorbate vibrational temperatures using the same anti-Stokes and Raman spectrum 

under direct charge transfer conditions. The highly elevated adsorbate temperatures, 

evidenced by high anti-Stokes peak signals, in comparison to the nanoparticle 

temperatures, measured using the anti-Stokes background decay, indicate that plasmon 

decay leading to direct charge transfer bypasses many of the inefficient energy dissipation 

pathways within a plasmonic nanoparticle. The potential to design plasmonic systems to 

take advantage of direct charge transfer for efficient solar-to-chemical and solar-to-

electrical energy conversion is explained. 

Chapter 6 concludes this dissertation. The major conclusions regarding SERS 

measurements and charge transfer processes are highlighted in the context of how they 
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may be used in the broader field of plasmonics and photocatalysis. The application of the 

key discoveries of this dissertation in more industrially useful systems is also discussed. 
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Chapter 2 

Experimental, Analytical, and Theoretical Methods 

 

 

2.1 Summary 

This chapter will discuss the details of the many experimental procedures used 

throughout this dissertation. Synthesis of the plasmonic particles used in the studies will 

be described in detail, as well as the methods used for characterization of the plasmonic 

nanoparticle systems. The fundamentals of Raman spectroscopy and surface-enhanced 

Raman scattering (SERS) are discussed, with specific emphasis on the underlying physics 

that govern and influence the results of some of the more important experiments in this 

dissertation. Furthermore, detailed descriptions of all Raman spectroscopy experiments, 

including sample preparation and experimental reactor design, spectrum gathering, and 

data interpretation are given. Additionally the theoretical tools, finite-difference time-

domain (FDTD) and density functional theory (DFT), used to supplement the key 

experimental results are explained in detail. 
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2.2  Introduction 

In studying the complicated physical mechanisms of charge transfer and energy 

conversion in plasmonic nanoparticle systems, this dissertation relied on a combined 

experimental and theoretical approach. The central experimental methods to the studies in 

this dissertation are the many varied Raman spectroscopy experiments conducted and the 

nuanced, quantitative analysis of all aspects of each Raman spectra individually and 

collectively. This chapter begins with the detailed methods by which plasmonic particles, 

and subsequently samples containing these particles for Raman spectroscopy studies, 

were synthesized and prepared. A very detailed description of the collection of Raman 

spectra from the samples, as well as the many ways in which the data were analyzed and 

useful quantitative values were derived from them, is then given. Specific focus is paid to 

the physical derivation of the values that were calculated from the Raman data. The 

supplementary characterization techniques and theoretical calculations and simulations, 

particularly those used for learning more about the synthesized plasmonic particles, were 

pivotal in supporting the Raman data and drawing important conclusions. The methods 

for those experimental techniques and physical simulations are also given in detail in this 

chapter. 

 

2.3 Controlled synthesis of Ag nanoparticles 

The key component of all experiments performed in this dissertation was a 

plasmonic Ag nanoparticle that could simultaneously serve as an anchor site for a dye 

molecule, a platform for SERS measurements, a catalyst, and a source of electrons from 

which to measure charge transfer. In order to ensure high quality and repeatable results it 
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was imperative to use a reproducible synthesis method for the plasmonic Ag particles 

used in various experiments.  

When used as a catalyst, Ag nanoparticles are typically synthesized “on support”, 

that is, the nanoparticles are formed from the reduction of Ag+ cations directly on a 

ceramic supporting material such as SiO2 or Al2O3.
1 This method works well for large 

scale syntheses where the support is necessary to achieve proper three dimensional 

packing of the catalyst particles within a reactor setup. However, greater control over the 

synthesized shape and size of the Ag nanoparticles can be achieved utilizing solution-

phase synthesis. Solution phase synthesis affords control over the four key steps that play 

a role in determining nanoparticle shape and size: reduction of the metal salt, nucleation 

of seeds, etching of seed particles and controlled nanocrystal growth.2 

The precise control over the shape and size of Ag nanoparticles used in this 

dissertation is paramount to the quality and reproducibility of results presented herein. 

The optical properties of the nanoparticles are highly dependent on their shape and size. 

Figure 2-1 shows how the optical extinction spectrum, a combination of light absorption 

and scattering by the Ag nanoparticle in response to varying wavelengths of light, 

changes as the shape and/or size of the particles is altered. In this section, the multiple 

controlled Ag nanoparticle synthesis methods used will be described. 
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2.3.1 Ag nanocube synthesis 

The majority of studies carried out for this dissertation used Ag nanocubes 

synthesized in the solution phase via the modified polyol process.3 Nanocubes are 

characterized by being terminated on all sides with (100) facets of the Ag face-centered 

cubic (FCC) lattice. In comparison to similar-sized Ag nanospheres and nanowires, 

nanocubes have a higher characteristic extinction cross-section, i.e., they interact more 

strongly with incoming light at resonant wavelengths. 4 This leads to stronger 

electromagnetic field enhancement at the surface of Ag nanocubes relative to other 

nanostructures. This increases the Ag nanocube’s efficiency as a SERS platform, as the 

Figure 2-1: Extinction Spectra for Ag nanoparticles. (a) Normalized extinction spectra for 
a characteristic Ag wire, sphere, and cube. Wire-shaped particles are 90 ±12 nm diameter 
and >30 aspect ratio, cubic particles are 79 ±12 nm edge length and spherical particles are 
38 ±12 nm diameter. (b) Normalized extinction spectra for Ag nanocubes as a function of 
size (56 ±8 nm, 79 ±13 nm and 129 ±7 nm edge lengths correspond to orange, red and 
blue spectra respectively). The inset shows a photograph of the three nanocube samples 
suspended in ethanol. Figure adapted from Linic et al. 22 

(a) (b) 
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enhancement in Raman signal is directly related to the electromagnetic field enhancement 

at the particle surface.5  

The polyol synthesis is a relatively simple and highly useful method for 

synthesizing Ag nanostructures of many controlled shapes and sizes including spheres, 

rods, octahedra, and cubes.6 In the process, ethylene glycol (EG) acts as both the solvent 

for all reagents and precursors as well as the reducing agent for the Ag+ ions. Figure 2-2 

shows a depiction of the synthesis apparatus.  

 

Figure 2-2: Solution phase synthesis setup. The figure above shows the Ag nanocube 
synthesis setup during the seed-growth stage, the 18-24 hour period immediately 
following reagent addition. The vials are partially submerged in the 1400 C oil bath with 
the caps positioned to allow airflow and O2 supply to the solution. 
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Synthesis is carried out in 20 mL glass vials, which are partially submerged in a 

silicone oil heating bath, pre-heated to 140o C. Each vial utilizes a magnetic stir bar 

(cleaned with piranha solution and/or aqua regia) to ensure equal mixing and a lack of 

thermal or concentration gradients in the vials which can lead to a loss of nanoparticle 

size and shape control. Initially the vials are filled with 10 mL of EG and allowed to pre-

heat for at least one hour. The pre-heating step is necessary to allow for the formation of 

glycolaldehyde, which spontaneously forms as a result of EG oxidation at the elevated 

temperatures present. To the 10 mL of pre-heated EG solution, a 100 μL of prepared 30 

mM HCl in EG in is added, which acts as an etchant during the seed growth step of the 

synthesis.  

Once the HCl has been added and sufficiently mixed for approximately 5 minutes, 

the metal precursor and capping agent are added. The metal precursor for Ag nanocubes 

is silver nitrate (AgNO3), which when dissolved yield Ag+ ions in EG for reduction. The 

capping agent is polyvinylpyrrolidone (PVP) and controls growth and aggregation of 

correctly-shaped particles by binding selectively to certain facets of Ag nanocrystals. 3 

mL each of prepared AgNO3 (50 mg per 3 mL EG, 0.1M, 99% purity, Sigma Aldrich cat. 

No. 209139) and PVP (50 mg per 3 mL EG, 0.15 M by repeat unit, 55,000 M.W. Sigma 

Aldrich cat. No. 856568) are added simultaneously dropwise to the vials. The slow 

addition is necessary to prevent concentration gradients within the vial and prevent large 

changes in temperature upon addition, both of which can cause a loss of size and shape 

control of the nanoparticles. 

Once the reagents have been all been added, the caps are lightly placed on the 

vials (so as to prevent any dust or objects from entering and allow gentle reflux but not to 
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be airtight) and allowed to sit in the heated oil bath for 18-24 hrs. This period is known as 

the seed-growth period of synthesis. Initially, the solution appears a milky white color as 

the result of AgCl initially precipitating after addition of AgNO3. After about an hour, the 

milky white color gives way to a clear solution as the AgCl re-dissolves. During seed 

growth, the glycolaldehyde formed during the pre-heating of the EG first reduces Ag+ 

ions in solution to form Ag0 atoms, which begin to form small nanocrystals.7 While the 

contents of the vial are kept exposed to air, the combination of HCl and O2 prevents 

growth of the seeds beyond ~2 nm.8 On the surface of these nanocrystals, the competitive 

processes of PVP binding and HCl-mediated etching help to determine the final shape of 

the nanocrystals. Because PVP binds more strongly to the (100) facet of Ag, (111) facets 

of the seeds are selectively etched away during seed growth. After the incubation period 

of 18-24 hrs, the result of this competitive process is the vast majority of seeds remaining 

are cubeoctahedral single crystal particles.   

After 18-24 hrs incubation, the caps are tightly sealed onto the vials, effectively 

cutting the supply of fresh O2 to the solution. This lack of O2 ends the etching process 

that has until this point kept the Ag single crystal seeds at their very small size. With the 

etching process halted, free Ag0 species in the solution can attach to the seeds, causing 

the nucleation of larger Ag nanocrystals. In this nucleation period, the PVP again plays 

an important role by binding more strongly to the (100) facets of the growing 

nanoparticles. This ensures that free Ag0 species in the solution instead attach to any 

exposed (111) facets during the growth process. The anisotropic growth of Ag 

nanocrystals in this manner yields nanocrystals terminated on all sides by (100) facets 

and having a characteristic cubic shape.    



28 
 

The nucleation step is carried out for up to 8 hrs after closing the vials off from 

the atmosphere. During this time, the solution starts out clear before developing a 

transparent light yellow hue, indicating the beginning of nanoparticle growth into sizes 

that exhibit surface plasmon resonance (> 2 nm diameter). As growth continues, the 

solution darkens to a transparent yellow-green before turning opaque yellow. Once 

opaque, the intensity of the now-colloidal solution intensifies until the end of the 

synthesis. The synthesis is finished when colloidal solution leaves a bright red or purple 

hue on the sides of the vial when shaken and held up to light (See Figure 2-3 for an 

example). Synthesis is terminated by bringing the vial to room temperature quickly via 

immersion in water. 

 

Figure 2-3: Completed Ag nanocube synthesis. When nanocube growth is finished, the 
colloidal Ag nanocube in EG solution appears a bright opaque yellow. Additionally, light 
allowed to pass through a thin film of the solution, as occurs when the solution sticks to 
the sides of the vial after gentle shaking, will appear red or purple. 
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2.3.2 Ag Nanoparticle-on-chip synthesis 

Another set of experiments presented in this dissertation used a Ag nanoparticle-

on-chip synthesis method. This synthesis resulted in spherical Ag nanoparticles 

chemically bound to a clean Si chip, and was both simple to carry out and yielded high 

quality samples for SERS measurements.  This technique combines some of the key 

desired components of solution phase and “on-support” syntheses. As in the Ag nanocube 

synthesis of Section 2.3.1, in this method the Ag particles are formed from the reduction 

of AgNO3 in solution. In this case however, the nanoparticles form chemically bound to 

the surface of a Si chip without the need for a polymeric stabilizer such as PVP. This 

simplifies the post-synthesis cleaning process, since the chips themselves can be rinsed 

without washing away the particles, and eliminates the need for post-synthesis deposition 

of Ag nanoparticles onto a Si chip for Raman measurements (see Section 2.4). 

In a plastic centrifuge tube, up to 10 1cm2 Si chips are placed in 10 mL deionized 

water. 150 μL concentrated ammonium hydroxide is added to the solution, giving a pH of 

about 12, and allowed to sit for 30 minutes. The basic conditions and preparation time 

allow for functionalization of the SiO2 to contain O- termini on the surface. After this 

time, 10 mg AgNO3 dissolved in 5 mL deionized water is added to the solution, and the 

solution is allowed to sit for another 30 minutes allowing dissolved Ag+ to anchor to the 

functionalized O- and serve as points for nanoparticle nucleation. After this time, 5 mg 

NaBH4 is freshly dissolved in 1 mL DI water and immediately added to the Ag solution. 

The solution is lightly shaken to ensure fast and equal dispersion of the BH4, and at this 

time the solution should be dark yellow-gray. The Si chips, now with anchored Ag NPs 

on the surface, are removed from the solution and allowed to air dry, after which time 
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they are rinsed with DI water and allowed to dry again. A SEM image the rinsed and 

dried on-chip Ag nanoparticles is shown in Figure 2-4. 

 

Figure 2-4: SEM image of on-chip Ag nanoparticles. The SEM image shows the on-chip 
synthesis method yields mostly spherical nanoparticles of relatively monodisperse size 
(diameter 35 ± 10 nm) in a clustered configuration, naturally maximizing the presence of 
plasmonic hot spots even at low loadings. 

 

 

There are two main advantages to this synthesis process over fully solution-phase 

Ag nanoparticle formation. The first is that the anchoring of the particles on the Si chip 

eliminates the need for post-synthesis deposition steps in preparing for Raman 

measurements. The second is that the combination of anchored nanoparticles and fast 

reduction via NaBH4 yields small and relatively monodisperse particle sizes without the 
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need for a stabilizing or capping agent. The lack of capping agents on the Ag 

nanoparticles increases the quality of Raman signals obtained, as the surface bound 

capping agents can often contribute unwanted peaks or noise to a sample Raman 

spectrum. Figure 2-5 demonstrates this, showing sample Raman spectra of methylene 

blue (MB) adsorbed on PVP-stabilized solution phase synthesis Ag nanocubes (green) 

and stabilizer-free on-chip Ag nanoparticles. In the range of Raman shift from 1100-1700 

cm-1, a large broad peak occurs in the spectrum using PVP-stabilized nanocubes. This is 

due to the Raman signal from the PVP itself (specifically the C=O and C-N stretches 

within the vinylpyrolidone monomers), and obscures the signal from MB in this range.9 

In some studies within this dissertation, where precise measurement of peaks within this 

range is of high importance, we must use the stabilizer free on-chip Ag nanoparticles for 

SERS measurements. 

 

2.4 Raman spectroscopy experiments 

The focal point of all the gathered data presented in this dissertation is the Raman 

data collected from many varying SERS platforms and probe molecules. This section 

describes in detail the key parameters and techniques used in gathering Raman data for 

this dissertation.  

2.4.1 Raman sample preparation 

Raman spectroscopy measures the vibrational fingerprint of a target molecule in 

response to and electronic excitation and relaxation. Surface-enhanced Raman scattering 

(SERS) takes advantage of the enhanced rates of this electronic excitation at the surface 
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Figure 2-5: Sample Ag-MB Raman spectra using different Ag nanoparticle syntheses. 
The stacked Raman spectra show the presence of large unwanted peaks in the range of 
1100-1700 cm-1 when PVP stabilized nanocubes are used in the prepared SERS platform 
The broad peaks in this range are present even when MB is not, ruling out changes in the 
orientation, and therefore the relative Raman peak intensities, as the cause of these 
unwanted peaks. 

 

 

of plasmonic nanoparticles where electromagnetic fields are intensified by orders of 

magnitude.5 In order to measure SERS spectra and gain insights into the mechanisms of 

charge transfer from plasmonic nanoparticles, a system of a plasmonic particle and a 

bound probe molecule is required. In these systems the plasmonic particles serve to 

enhance electromagnetic fields (and thus Raman signal) at their surface as well as 

provide charge in the form of excited electrons from the decay of surface plasmons. The 

probe molecule serves as a potential acceptor of charge from the plasmonic particle, as 

well as providing characteristic Raman signal as a result of undergoing Raman scattering 

processes.  
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For the results presented in Chapters 4 and 5, Ag nanocubes, synthesized 

according the procedure in Section 2.3.1, were used as the plasmonic platform while the 

probe molecule was methylene blue (MB), rhodamine 6G (R6G), or Acridine Orange 

(AO). After synthesis, the cubes were washed 5x by centrifugation and re-dispersion in a 

combination of acetone and ethanol. After washing, the cubes were dispersed in ethanol 

and small amount of NaCl was added to aid aggregation of Ag nanoparticles during the 

drying process. One of the probe molecules was added to the liquid solution at a 

concentration of 40µM and allowed to incubate for several hours to ensure full 

equilibrium adsorption of the dye onto the silver surface.10 Adding the dyes while the 

particles are still in liquid solution allows the molecules to access all available adsorption 

sites on the Ag particles. Solid samples for spectroscopic studies were prepared by drop 

coating the solution onto a glass or silicon chip and allowing the ethanol solvent to 

evaporate, leaving behind a thin layer of silver-dye aggregates. 

Figure 2-6 shows an optical micrograph of the as-prepared silver-dye aggregates 

on a Si chip. The samples are characterized by densely concentrated, disordered 

aggregates of nanoparticles dispersed relatively evenly across the chip surface. The 

aggregates provide optimal environments for SERS measurements as they contain many 

hot spots, points of close contact between plasmonic particles where electromagnetic 

field enhancement due to LSPR is highest. 



34 
 

 

Figure 2-6: Optical micrograph of prepared SERS sample. The prepared Ag nanoparticle-
dye samples deposited on a Si chip are characterized by their dense, disordered collection 
of aggregated nanoparticles, providing an optimal environment for SERS measurements. 

 

 In other experiments, for example those involving para-aminothiophenol (PATP) 

and its derivatives as the probe Raman molecule, the system used in the SERS 

experiments utilized the Ag nanoparticle-on-chip platform. The samples start with the 

rinsed and dried Ag nanoparticles on Si chips, synthesized according to the methods in 

Section 2.3.2. Para-aminothiophenol (PATP) is attached the nanoparticles by placing the 

Ag-on-Si chips in a solution of ~ 1 mM PATP dissolved in either H2O or acetone. The 

chips are submerged in the PATP solution for 30 minutes before being removed, allowed 

to dry, sequentially rinsed with H2O and acetone, and allowed to dry again. The PATP-

on-Ag-on-Si chips are now ready for Raman measurements. 
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2.4.2 Collection of anti-Stokes and Stokes Raman spectra 

The main purpose of the samples prepared as described in the above sections is 

for collecting Raman spectra and using that data to gain insight into the mechanisms of 

charge transfer in these plasmonic nanoparticle systems. As described in Chapter 1, 

Raman spectroscopy is the study of inelastic photon scattering by a molecule as a result 

of polarization (excitation) by an incoming photon and subsequent relaxation of the 

molecule within its vibrational energy landscape. Changes in the energy of scattered 

photons are measured as Stokes (photon energy loss) or anti-Stokes (photon energy gain). 

The change in the energy of the photon upon Raman scattering is referred to as the 

Raman shift and is measured in inverse centimeters (cm-1), with Stokes shifts 

conventionally given positive values and anti-Stokes shifts given negative values. 

Raman spectroscopy utilizes a monochromatic laser source to polarize molecules 

for measurement. After interaction with the sample, Raman scattered photons are 

collected by a lens and funneled to the detector, usually a charge-coupled device (CCD), 

where the wavelength/energy of the photons is measured. Stokes and anti-Stokes Raman 

spectra presented in this dissertation were gathered using a Horiba LabRAM HR system 

under excitation from either a 532-nm diode-pumped solid state laser or a 785-nm diode 

laser.  

In addition to the two lasers, there are a number of adjustable parameters in the 

Raman system used that can affect the molecule’s response to the laser and the signal 

measured. They are given in the list below with their description and ranges used in the 

studies in this dissertation: 
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i. Laser Intensity: The power, or intensity of the laser used in Raman 

spectroscopy is a measure of the number of monochromated laser photons 

impinging on the sample spot, given in this dissertation in terms of 

photons/cm2/sec. A higher intensity, i.e., more photons impinging on the 

sample, will lead to a higher rate of Raman scattering within the material. The 

ratio of anti-Stokes to Stokes signal for a given Raman shift will vary with 

laser intensity differently in systems that exhibit charge transfer than in those 

that do not. It should be noted that high Raman laser intensities, especially for 

higher energy photons, can cause damage and a loss of Raman signal from the 

sample. This is particularly true in SERS measurements where the photon 

energy is confined and amplified at the surface of plasmonic nanoparticles. In 

the Horiba LabRAM HR system, Raman laser intensity is varied through the 

use of neutral density (ND) filters that allow only a known percentage photons 

through. ND filters in this system ranged from 0.1% to 100% intensity. At 

100% intensity (i.e., no ND filter) both the 532 nm and 785 nm laser were 

tuned such that their intensities were an equal 1.2 * 1021 photons/cm2/sec.  

ii. Acquisition time: The acquisition time in Raman spectroscopy refers to the 

amount of time the detector collects photons within a given wavenumber 

range. The longer the acquisition time, the more photons can be collected and 

the stronger the signal. If the acquisition time for a given sample is too long 

however, the total signal can be higher than the detector limit, registering an 

error in the software and possible damaging the detector. Acquisition times in 

the Raman studies in this dissertation ranged from 1 to 120 seconds. 
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iii. Objective lens magnification: After passing through the ND filter and system 

optics, the incident laser is focused onto the sample through an objective lens. 

The lens is manually adjusted for optimal focus onto the sample. In solid 

samples, the laser is focused on nanoparticle aggregates. In liquid samples, the 

laser focus is near the surface of the liquid. In these studies, a 50x objective 

magnification lens was normally used. However, in cases where it was not 

possible to bring the lens close to the surface of the sample, such as when the 

sample is inside the reactor, the long-focal-length 10x objective lens was used. 

In a typical Raman measurement the sample, aggregates of plasmonic 

nanoparticles and a dye on a Si chip, are placed directly under the objective lens. The lens 

is visually centered and focused on an aggregate. The laser wavelength, ND filter percent, 

acquisition time, and objective lens magnification are input into the software, and the 

range of wavenumbers to measure is also chosen. Each measurement yields a single anti-

Stokes and Stokes spectrum for analysis. 

2.4.3 In-situ reactor Raman measurements 

For a number of experiments, it was necessary to control either the temperature or 

atmosphere surrounding the sample during Raman measurement. For those studies, a 

temperature-controlled Harrick Praying Mantis reaction chamber, designed specifically 

for Raman spectroscopy, was used. A schematic of the reactor in the Raman setup is 

shown in Figure 2-7. The key feature of this reactor is the optically transparent window 

which allows the Raman laser to impinge upon the sample while it is kept under 

controlled temperature and atmosphere. The reactor also consists of inlet and outlet 

connections which during use are fixed to a mass flow controller and compressed gas 
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tank to allow for controlled rate of flow of a choice gas through the reactor. Temperature 

is controlled within the reactor via an external controller connected to the reactor 

thermocouple and heater. 

 

Figure 2-7: Reactor setup for Raman measurement. Depiction of the Harrick Praying 
Mantis reactor setup under the Raman spectrometer optics for in-situ and controlled 
environment Raman measurements. The diagram shows the key components of the setup: 
optical window, gas inlet and outlet, thermocouple, and Raman objective lens. 
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In reactor studies presented herein, a sample of plasmonic particles and dye on a 

silicon chip was placed inside the chamber, with the transparent reactor window allowing 

Raman spectra to continue to be collected. The temperature of the sample within the 

reactor could then be controlled, and select gas (usually pure nitrogen to provide an inert 

atmosphere) could be flowed through the reactor. The longer focal length10x objective 

lens was used to allow focusing on the sample within the reactor through the window. 

Raman spectra were collected as described in Section 2.4.2.     

 

2.5 Raman data analysis 

The raw Raman spectra collected via the methods described in Section 2.4 contain 

a multitude of invaluable data that aided in illuminating the mechanisms of charge 

transfer in plasmonic systems. Unlike most Raman studies that focus entirely on Stokes 

scattering, since it is the much stronger of the two in terms of signal strength, the Raman 

studies in this dissertation analyzed the information contained in simultaneous anti-

Stokes and Stokes Raman spectra from the same experimental run. Special attention was 

paid to the relationship between anti-Stokes and Stokes peaks within a single spectrum, 

as there is a direct relation between the ratio of a given anti-Stokes and Stokes peak in a 

spectrum and the apparent vibrational population distribution within molecules on the 

surface.11  

The most important single piece of data for the analyses in these studies is the 

anti-Stokes to Stokes peak ratios from a single spectrum. The first calculation to perform 

with this data is the deviation of the ratio from what is expected based on an equilibrium 

vibrational population distribution in the sample. Deviation from the expected anti-Stokes 
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to Stokes ratio forms the basis for the evidence of charge transfer presented in Chapter 4 

of this thesis. Using this information and further calculation, it is possible to derive a 

“vibrational temperature” of an ensemble of adsorbates on the surface of plasmonic 

particles. The same anti-Stokes spectrum used in these calculations provides important 

information about the substrate, i.e., the plasmonic particles themselves, in its 

background signal. Usnig this background signal, it is possible to calculate an “electronic 

temperature” of the particles. This gives us the ability to calculate and compare two 

different temperatures using a single Raman spectrum, and forms the basis for the 

conclusions to studies in Chapter 5 of this dissertation.    

Careful analyses of the data using the methods described in the following sub-

sections provide the backbone for the conclusions drawn from the studies in this 

dissertation. While many general inferences can be made from a qualitative analysis of 

Stokes and anti-Stokes data, the studies performed focused much more on quantitative 

analysis of Raman data, as it provides a more robust understanding of the data and can 

uncover trends in the data that would otherwise go unrecognized.  

2.5.1 Calculation of deviation from expected anti-Stokes/Stokes ratios (K) 

In Raman scattering processes, energy is conserved in the inelastic photon 

scattering through the transfer of energy between the photon and the vibrational modes of 

a molecule. It is through this process that a Raman spectrum can provide valuable 

information about the vibrational structure and population distribution in a molecule. Of 

particular importance to the studies in this dissertation is the vibrational mode population 

distribution within a molecule, which is heavily influenced by occurrences of charge 

transfer.12  
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In a vibrationally equilibrated molecule, the fraction of molecules that will have a 

particular vibrational mode excited at any given time can be related to the temperature 

and the energy of the vibrational mode through the Boltzmann distribution, given in 

Equation 2-1: 

𝜌 =  𝑒
−𝐸𝑣𝑣𝑣𝑣

𝑘𝐵∗𝑇�
                     (2-1) 

 

where ρ is the fraction of molecules in which a particular mode is excited, Evibr is the 

energy of the mode, kB is the Boltzmann constant (8.617*10-5 eV/K), and T the 

temperature. Because Raman scattering probes the vibrational energy landscape of a 

sample, the ratio of anti-Stokes to Stokes peak heights for a given vibrational mode is 

determined by population distribution and can, when the molecule is in vibrational 

equilibrium, be predicted by the Boltzmann distribution ρ.13 

In some instances, e.g. when the system is undergoing charge transfer from 

plasmonic particle to attached adsorbate, the vibrational energy distribution deviates from 

the Boltzmann distribution, and thus the anti-Stokes to Stokes peak ratio is altered. This 

deviation is a key signature of charge transfer in plasmonic systems, and can be 

quantified. 

To eliminate factors affecting the anti-Stokes to Stokes ratio that are not caused 

by changes in the vibrational population distribution (which are discussed in detail in 

Chapter 3), the anti-Stokes to Stokes ratio for a sample molecular vibration is not 

compared directly to the Boltzmann distribution, but instead to a standard “expected” 

ratio that is experimentally measured from a molecule on an identical SERS platform and 
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with a known equilibrium vibrational population distribution. The degree to which the 

anti-Stokes to Stokes ratio exceeds the expectation of an equilibrium vibrational 

distribution is described through the quantity, K, and is calculated using the Equation 2-2: 

 

𝐾(𝜈𝑚) = 𝜌𝑠𝑠𝑠𝑠𝑠𝑠

𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐
(𝜈𝑚) =  𝐼𝑎𝑎

𝑠𝑠𝑠𝑠𝑠𝑠(𝜈𝑚) 𝐼𝑆
𝑠𝑠𝑠𝑠𝑠𝑠(𝜈𝑚)�

𝐼𝑎𝑎
𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝜈𝑚) 𝐼𝑆

𝑐𝑐𝑐𝑐𝑐𝑐𝑐� (𝜈𝑚)
  (2-2) 

 
 

where 𝐼𝑎𝑎
𝑠𝑠𝑠𝑠𝑠𝑠and 𝐼𝑆

𝑠𝑠𝑠𝑠𝑠𝑠are the measured anti-Stokes and Stokes intensities, 

respectively, for the molecule being measured at a given vibrational mode energy (νm). 

𝐼𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐 and 𝐼𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐 are the anti-Stokes and Stokes intensities, for the similar vibrational 

mode in the control molecule known to have be vibrationally equilibrated. By this 

calculation, molecules with higher than expected anti-Stokes peak signal will have K 

value greater than one, while a molecule with vibrational energy distributed according to 

the Boltzmann distribution will have a K value equal to one. Using Equation 2-2, each 

individual vibrational mode within a sample Raman spectrum can have a unique K value, 

provided that the mode exhibits a measureable anti-Stokes peak.  

2.5.2 Calculation of adsorbate vibrational mode temperatures 

While the K value for a given vibrational mode in a sample can tell us the 

deviation from the expected value of an anti-Stokes peak, it is often useful to perform a 

different quantitative calculation to compare the extent of vibrational excitation in a 

molecule compared to its surroundings. For this purpose, we can calculate, using the 

same anti-Stokes to Stokes peak ratios in a given spectrum, the temperature of the 

vibrational mode.14 This temperature is then compared to the actual temperature of the 

surrounding environment or other temperature values calculated using the Raman data.  
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The vibrational temperature of a specific mode can be calculated based on the 

anti-Stokes to Stokes ratio for that mode, similar to K, because it is based on the same 

Boltzmann distribution (Equation 2-1). In this case, Equation 2-1 is rearranged as shown 

in Equation 2-3 to calculate temperature as a function of anti-Stokes to Stokes ratio: 

 

𝑇𝑣𝑣𝑣𝑣 = − 𝐸𝑣𝑣𝑣𝑣
𝑘𝐵∗ln(𝐼𝑎𝑎 𝐼𝑆𝑆� )

                    (2-3) 

 

where Tvibr is the calculated temperature of the mode, Evibr is the energy of the mode, and 

IaS and ISt the anti-Stokes and Stokes intensities (properly calibrated as described in 

Chapter 3) of that vibrational mode, respectively. 

2.5.3 Calculation of Ag nanoparticle electronic temperatures 

 In addition to the behavior of the probe molecule in instances of Raman 

scattering, in SERS, where the probe is anchored to a plasmonic metal surface, the 

Raman spectrum can be used to study the response of the plasmonic substrate to laser 

illumination. Hugall and Baumberg showed recently that the background SERS signal, 

present in all SERS measurement and independent of the probe molecule attached, 

provides important information about the temperature of the plasmonic substrate.15 This 

is because the electrons within the plasmonic particle can participate in Raman scattering 

on their own. 

The local nanoparticle temperature can be measured based on the intensity of the 

SERS anti-Stokes background signal.16 The central concept is that the anti-Stokes 

background intensity measures the rate of emission of anti-Stokes shifted photons in 
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response to the photon-induced relaxation of electrons within the metal nanoparticle from 

the occupied electronic states just above the Fermi level to the unoccupied states just 

below the Fermi level. The electrons follow a Fermi-Dirac distribution within the 

nanoparticle based on their temperature. The local equilibrated electronic temperature of 

the metal can be derived from a rearrangement of this distribution through the 

relationship in Equation 2-4:   

𝐼𝑎𝑎, 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑛𝑛 =  𝐼𝑎𝑎,0 �𝑒
𝐸𝑅𝑅𝑅𝑅𝑅

𝑘𝐵∗𝑇�
+ 1�

−1

            (2-4)  

 

where IaS,background is the intensity of the anti-Stokes SERS background at a given energy 

of Raman shift, ERaman, and IaS,0 is the intensity of the anti-Stokes SERS at ERaman = 0. 

Equation 2-4 can easily be rearranged to a linear form: 

ln �𝐼𝑎𝑎,0

𝐼𝑎𝑎 
− 1� =  1

𝑘𝐵𝑇
∗ 𝐸𝑅𝑅𝑅𝑅𝑅    (2-5) 

 

We calculate the theoretical IaS,0 by looking at the anti-Stokes background signal at high 

Raman shifts, where: 

𝑒
𝐸𝑅𝑅𝑅𝑅𝑅

𝑘𝐵𝑇� ≫ 1      (2-6) 

and therefore: 

𝐼𝑎𝑎,0 �𝑒
𝐸𝑅𝑅𝑅𝑅𝑅

𝑘𝐵𝑇� + 1�
−1

~ 𝐼𝑎𝑎,0 ∗ 𝑒
− 𝐸𝑅𝑅𝑅𝑅𝑅

𝑘𝐵𝑇�  
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𝐼𝑎𝑎 = 𝐼𝑎𝑎,0 ∗ 𝑒
− 𝐸𝑅𝑅𝑅𝑅𝑅

𝑘𝐵𝑇�  

ln (𝐼𝑎𝑎 ) = ln (𝐼𝑎𝑎,0) − 𝐸𝑅𝑅𝑅𝑅𝑅
𝑘𝐵𝑇

    (2-7) 

 

Here, the intercept of the best fit line when plotting ln(IaS) versus ERaman is equal to 

ln(IaS,0). Once this is calculated, we can more accurately determine the local metal 

temperature by now including lower energy Raman shifts and plotting ln(IaS,0/IaS – 1) 

versus ERaman as Equation 2-4 would suggest. The slope of the best fit line will be equal to 

1/kBT. In this way, the electronic temperature of the plasmonic SERS substrate can be 

calculated and compared to both the actual ambient temperature and the probe molecule 

vibrational mode temperatures.  

 

2.6 Plasmonic particle and platform characterization 

In addition to Raman spectroscopy, there were secondary characterization 

techniques used in the studies of this dissertation to learn about the properties of the 

plasmonic Ag metal nanoparticles being used.  The optical response, i.e., the interaction 

of the plasmonic nanoparticles in response to light, was probed using UV-vis 

spectroscopy. Additionally, structural information on individual nanoparticles as well as 

how large numbers of them aggregated in the SERS samples described in Section 2.4.1 

was obtained with SEM and TEM microscopy. A brief description of those techniques as 

well as the methods by which data were obtained using them is given in the following 

sub-sections.  
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2.6.1 UV-vis spectroscopy 

UV-vis spectroscopy is a simple yet highly useful technique that can give 

information on how plasmonic particles are interacting with light across the entire visible 

spectrum. The key concept is the measurement of the percent transmittance of light from 

a scanning monochromated source as it passes through a sample to be measured. Because 

any light that is scattered or light that is absorbed by the sample does not make it to the 

detector, UV-vis spectroscopy measures extinction due to plasmon resonance where the 

sample is plasmonic particles. As explained in Chapter 1, the UV-vis extinction from 

plasmonic particles tracks the electric field enhancement that is key in Raman 

measurements, and thus UV-vis spectroscopy is a useful supplemental characterization 

tool for the studies in this dissertation. 

UV-vis extinction spectroscopy was conducted using a Thermo Evolution 300 

spectrophotometer. For liquid samples, a dilute solution of the sample in water was 

placed in a cuvette for spectral measurement. In the case of solid samples, such as those 

used in Raman studies, the substrate for plasmonic particles was a glass slide which could 

be placed in the path of the UV-vis light source for spectral collection.  

2.6.2 SEM and TEM characterization 

Scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) are two common techniques for visualization of objects with sizes well below the 

diffraction limit of light. They both beam electrons toward a sample and measure the 

electrons after they are scattered by the sample (SEM) or transmitted through the sample 

(TEM) to a detector. By measuring the variation of electron response over an area, the 

microscopes can create an image of the sample. SEM can measure a wide variety of 
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samples as long as they are not damaged by high vacuum or the electron beam, while for 

TEM, which has a higher resolution, samples must be specially prepared to be ultra-thin 

and allow electron transmission. 

TEM samples for images presented in this dissertation were prepared by 

depositing ~2 μL of the colloidal nanoparticle solution on a carbon film TEM grid (the 

amount deposited was chosen to mimic the density of particles used in optical and Raman 

studies). Aberration corrected TEM (JEOL 3100, accelerating voltage 300 kV) was used 

to characterize the Ag nanocubes prior to their placement on Raman-ready silicon chip 

samples. 

The samples used for SEM images were simply the samples prepared for Raman 

spectroscopy measurements as described in Section 2.4.1. SEM images were gathered 

using an FEI Nova 200 nanolab SEM/FIB.  Accelerating voltage for the measurements 

was between 5 and 30 kV depending on the sample in order to get optimal resolution for 

the images. 

 

2.7 Theoretical techniques 

To supplement further the experimental results of this dissertation and to better 

understand the physical underpinnings of them, a number of theoretical calculations were 

carried out. Finite-difference time-domain (FDTD) simulations were used to predict the 

optical response and near-field electric field enhancements at the wavelengths used in the 

Raman studies for the plasmonic Ag nanoparticles. The combination of the simulation 

results with the UV-vis spectra from the prepared plasmonic nanoparticle samples was 

used to support the Raman results and conclusions regarding plasmon-induced charge 
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transfer. Density functional theory (DFT) calculations were performed to learn about the 

interaction of the probe molecules with the plasmonic surface. The simulations served to 

show the nature of chemisorption between the probe molecules and the plasmonic 

nanoparticles. The methods by which all theoretical calculations for this dissertation were 

performed are given in the sub-sections below. 

2.7.1 Finite-difference time-domain (FDTD) simulations 

Finite-difference time-domain (FDTD) simulations were carried out using the 

Meep simulation package.17  The simulations were performed in a three-dimensional grid 

measuring 294 nm x 294 nm x 294 nm.  An additional 50 nm of perfectly matched layer 

was added to all sides of this grid.  The space between grid points was 1 nm for all but 

one simulation in which the much more computationally expensive 0.5nm mesh was used 

to ensure that a shrinking mesh size did not change significantly the behavior of the field 

intensities within gaps between particles.   The dielectric function for silver was obtained 

from data published by Rakic et al18  Nanocube dimers were arranged in a number of 

orientations, including face-to-face, face-to-edge, edge-to-edge, and corner-to-corner; 

each dimer system was tested with inter-particle separations of both 1nm and 

2nm.  Additionally, Ag nanocube trimers were also simulated in edge-face-edge and 

edge-edge-edge orientations with 1nm separations. The source wavelengths studied 

matched those of the laser in the Raman setup, 532nm and 785nm. The energy from the 

source propagated perpendicular to the interparticle axis; the polarization of the source 

was alternately perpendicular and parallel to the interparticle axis in separate simulations.  

Field enhancement data was visualized on the x-y and x-z planes. Integrated field values 
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were calculated by finding the average value of the electric field data points located on 

the nanoparticle surfaces only. 

2.7.2 Density functional theory (DFT) calculations 

Density Functional Theory (DFT) calculations were performed using real space 

grid-based projector augmented wavefunction DFT implemented in the GPAW software 

package.19 The exchange-correlation interaction was approximated using the revised 

Perdew-Burke-Ernzerhof (RPBE) functional.20,21 The Ag[100] and Ag[211] surfaces 

were modeled using 3 x 3 slabs and 2 x 3 slabs, respectively. All systems used 4-layer 

slabs, with 10 Å of vacuum space. Pyridine molecules were adsorbed vertically over a top 

site [100] or above a step site [211] to match the predominant facets present in the 

synthesized Ag nanocubes. Multiple adsorption configurations were tested for the 

molecules on the Ag surfaces. 
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Chapter 3 

Corrections to the Raman anti-Stokes Data to Accurately Reflect the 

Vibrational Population Distribution of the Sample Molecule 

 

 

3.1 Summary 

In this chapter, one of the pivotal processes for accurate analysis of anti-Stokes 

Raman data is laid out in detail. In full anti-Stokes and Stokes Raman spectral data the 

raw signal is not a direct representation of the vibrational population distribution within 

the sample molecules being measured. The two main physical underpinnings of this 

discrepancy are first introduced and fundamentally discussed. The method for correcting 

Raman data for these confounding factors, both individually and in a single control 

measurement, is then explained. Finally, the results of this correction factor measurement 

specifically for the Ag nanocube-methylene blue (Ag-MB) samples used in Chapters 4 

and 5 of this dissertation are given, along with details on how they were used in further 

experiments.   
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3.2 Introduction 

In full anti-Stokes and Stokes Raman spectral data the raw signal, that is what the 

charge coupled device (CCD) measures and translates to counts of signal within the 

software, is not a direct representation of the vibrational population distribution within 

the sample molecules being measured.1 This is problematic in studies that use the 

quantitative anti-Stokes and Stokes Raman data to draw conclusions about the vibrational 

population distribution of a system. Chief among these studies are those that deal with 

charge transfer from plasmonic nanoparticles to attached adsorbate molecules, where one 

of the main characteristics of such a system is a non-thermalized population distribution 

of vibrational molecular modes.2 

The vibrational population distribution of thermally equilibrated molecules 

follows a Boltzmann exponential decay. It has been established that in such a thermally 

equilibrated system (i.e., one without charge transfer), the surface-enhanced Raman 

scattering (SERS) anti-Stokes to Stokes signal ratio should therefore follow the 

Boltzmann distribution that is dependent on the temperature of the system and the energy 

of the Raman shift. However, in the case of SERS studies (such as those featured in this 

dissertation) the measured anti-Stokes to Stokes ratio at a given frequency deviates from 

the Boltzmann distribution even for a thermally equilibrated system. These deviations are 

the result of two key factors that can be corrected for in order to discern the true 

vibrational population distribution from the SERS data.  
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3.3 Physical causes of anti-Stokes signal error 

3.3.1 Charge-coupled device (CCD) error 

The first factor contributing to error in the measured anti-Stokes/Stokes intensity 

ratio is attributed to the Raman signal detector (a charge-coupled device image sensor, or 

CCD) that detects Stokes and anti-Stokes Raman scattered photons for a given incident 

laser. The CCD (Horiba Synapse Model #354308, 400-1000 nm range) used in the 

studies of this dissertation is not equally sensitive to photons of all wavelengths, 

especially near the edge of its detection range. Because of this, when using the 785nm 

laser in the Raman experiments the CCD is more sensitive to the anti-Stokes scattered 

photons, which come off at shorter wavelengths nearer the center of the CCD range, than 

the Stokes scattered photons, which come off at longer wavelengths. For larger Raman 

shifts (larger νm), the difference between frequencies of anti-Stokes and Stokes scattered 

photons is larger resulting in a greater difference in CCD sensitivity. 

3.3.2 Unequal SERS enhancements of Stokes and anti-Stokes photons   

The second factor causing deviations in the measured anti-Stokes/Stokes intensity 

ratio from the actual vibrational mode distribution is unique to SERS measurements (i.e., 

it doesn’t play a role in non-surface enhanced Raman). It is due to the wavelength-

dependent electromagnetic enhancements of Raman Stokes and anti-Stokes shifted 

photons on SERS substrates.3 Without a charge transfer process, SERS enhancements in 

Raman scattering are caused by high electric fields present around plasmonic 

nanoparticles such as silver.4 The intense electric field increases Raman scattering rates. 

This enhancement factor (Σ) can be approximated by: 

𝛴 = (|𝑬(𝜈𝑖)|2 ∗ |𝑬(𝜈𝑖 ± 𝜈𝑚)|2)                             (3-1) 
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where E(ν) is the local electromagnetic field enhancement at a photon frequency ν. νi
 and 

(νi±νm) are the frequencies of the incident (i.e., laser) photon and scattered (i.e., Raman 

shifted) photon, respectively. 

Equation 3-1 shows that this electromagnetic enhancement for a particular Raman 

event is dependent on the local value of electric field intensity at the frequencies of both 

the incoming and the exiting (Raman-shifted) photons and this behavior has been shown 

experimentally.5 FDTD simulations show that the local electric field intensities around a 

single particle or cluster of particles are highly wavelength-dependent.6,7  The difference 

in wavelengths of Stokes and anti-Stokes scattered photons associated with the same 

vibrational mode νm can lead to unequal electromagnetic enhancements in Stokes and 

anti-Stokes intensities due to unequal electric field intensities at the frequencies of Stokes 

and anti-Stokes scattered photons.3  

It is important to recognize that the electromagnetic SERS mechanism is 

dependent only upon the location of the adsorbate and not the chemical structure or 

nature of adsorption, and also it does not alter the actual vibrational mode population 

distribution, characteristics untrue of charge-transfer enhancement.8 The extent of 

electromagnetic enhancement is effectively a function of the plasmonic SERS platform 

rather than the specific molecule being tested. The following sections outline how to take 

advantage of this fact to measure the extent to which unequal electromagnetic 

enhancements at different wavelengths of Raman shifted photons alter measured anti-

Stokes/Stokes intensity ratios. 
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3.4 Experimental methods for determining the anti-Stokes correction factor 

3.4.1 Non-SERS method for correcting CCD error 

To quantify the difference in anti-Stokes and Stokes signal ratios purely due to the 

properties of the detector, a previously used procedure was followed.9,10 In this 

calibration process, Raman experiments measuring anti-Stokes and Stokes scattering 

intensities from a molecule (in this case liquid toluene) that exhibits no charge excitation 

(due to a large HOMO-LUMO gap) and no surface Raman enhancements (liquid phase 

with no Ag)  were performed at the same conditions as the SERS experiments of this 

dissertation. This data allowed for the measurement of the ratio of anti-Stokes to Stokes 

intensities for all the vibrational modes within toluene. These ratios are then compared to 

the Boltzmann distribution prediction for each mode to determine the necessary 

correction factor due to the CCD. From the discrete data, an equation is empirically 

derived such that the correction for any vibrational mode within the measurement range 

can be calculated. 

3.4.2 Non-charge transfer SERS method for correcting unequal EM enhancement  

Correcting for the unequal electromagnetic enhancement of anti-Stokes and 

Stokes photons emitted from the sample is accomplished by using a probe molecule 

(Rhodamine 6G, R6G) that has been shown previously to not undergo charge-transfer 

SERS at 785nm on Ag SERS platforms.11 In these studies, it was shown that while the 

R6G exhibited higher anti-Stokes to Stokes ratios than the Boltzmann distribution would 

predict (even with detector correction as described in Section 3.4.1), the molecule did not 

exhibit the other key signatures of charge transfer in the SERS experiments.10 Because, as 

mentioned earlier, the electromagnetic SERS enhancement mechanism is dependent on 
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the electromagnetic properties of the plasmonic nanoparticle substrate but not the 

nanoparticle-adsorbate interaction, putting R6G on the same Ag nanoparticle SERS 

platforms used for MB experiments provides a baseline anti-Stokes to Stokes ratio. This 

ratio, dependent on vibrational mode energy, represents the expected anti-Stokes/Stokes 

ratio for a thermally equilibrated molecule (i.e., one whose vibrational mode energies 

obey the Boltzmann distribution) located specifically on the Ag nanoparticle SERS 

substrate used for later charge transfer experiments.  

 

3.5 Determination of the correction factor from toluene and Ag-R6G samples 

Data in Figure 3-1 show the full anti-Stokes and Stokes spectrum of liquid toluene 

measured using the 785 nm Raman laser. As expected, the Stokes signal is stronger than 

the anti-Stokes, with relative strength of anti-Stokes signal decreasing with increasing 

(negative) wavenumber as the Boltzmann distribution predicts. Each large Stokes peak is 

accompanied by a measureable anti-Stokes peak, the combination of which is used to 

calculate the experimental anti-Stokes to Stokes ratio. 
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Figure 3-1: Full Raman spectrum of liquid toluene. The anti-Stokes and Stokes spectrum 
of liquid toluene measured with the 785 nm laser. Though the peaks are too small to see 
in the figure, measurable anti-Stokes signal exists out beyond -1200 cm-1. 

Data in Figure 3-2 show the comparison between measured anti-Stokes and 

Stokes ratios for vibrational modes in toluene and the expected ratios from a Boltzmann 

distribution. The measured anti-Stokes/Stokes ratio for toluene is consistently higher than 

the Boltzmann prediction for a given vibrational mode. While the toluene anti-Stokes to 

Stokes intensity ratio still follows an exponential decay with respect to the energy of 

vibrational modes, it is less rapid than the predicted Boltzmann decay. The reasons for 

the differences in the measured anti-Stokes to Stokes intensity ratios compared to the 

ratio predicted by Boltzmann distribution is the different sensitivity of CCD to photons of 

various energies (i.e., Stokes and anti-Stokes photons) described in Section 3.3.1. This 

calibration procedure allows for the correction of CCD detection sensitivity on 

measurements through the use of a correction factor KCCD, obtained by dividing the 
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measured toluene anti-Stokes/Stokes ratio at a given Raman shift by the predicted 

Boltzmann ratio.  

 

Figure 3-2: anti-Stokes/Stokes ratios of liquid toluene. Measured anti-Stokes to Stokes 
Raman intensity ratios for liquid toluene (blue diamonds) measured using the 785nm 
laser, showing deviation from the  ratio predicted by the Boltzmann distribution (black 
line). Error bars represent the standard deviation of the ratios from all experimental 
collections. 

 

Data in Figure 3-3 show the Raman spectrum for the Ag-R6G system taken with 

the 785nm laser. From the data, the height of individual peaks and thus the ratio of anti-

Stokes/Stokes signal intensities for a given peak are measured.  
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Figure 3-3: Raman spectrum of Rhodamine 6G on Ag nanocubes under the 785 nm laser. 
Anti-Stokes and Stokes spectrum of Rhodamine 6G on Ag nanocubes collected using the 
785nm laser. 

 

 

In this Ag-R6G system the observed variations in the anti-Stokes/Stokes ratios, as 

a function of wavenumber, from the Boltzmann distribution come from a combination of 

the CCD sensitivity (discussed previously) and wavelength dependent electromagnetic 

enhancement. Here the correction factor is defined, Ktotal, and it quantifies the deviation 

of the anti-Stokes to Stokes ratio from the Boltzmann distribution:9 

𝐾𝑡𝑡𝑡𝑡𝑡(𝜈𝑚) =  𝐼𝑎𝑎
𝑆𝑆𝑆𝑆(𝜈𝑚) 𝐼𝑆𝑆

𝑆𝑆𝑆𝑆(𝜈𝑚)�

𝑒
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where IaS / ISt is the anti-Stokes to Stokes signal intensity ratio for a given Raman shift 

(νm) measured in a SERS experiment while the denominator is the expected ratio based 

on the Boltzmann distribution, calculated at the experimental temperature of 298K. 

Data in Table 3-1 show the average values and standard deviations of Ktotal for 

specific Raman shifts in the Ag-R6G spectra collected with the 785nm laser. The values 

for Ktotal are further broken down into their components, KCCD and KEM, to show the 

relative contribution of each above-described factor. The combination of the CCD 

sensitivity and wavelength-dependent electromagnetic enhancement yields relatively high 

values of K, especially at higher wavenumbers. It should be noted that in other studies, 

additional molecules other than R6G which exhibit no resonant charge transfer were 

measured using this same procedure and calculated similar values for KEM and Ktotal.11 

From this we can be certain that any dye molecule, including MB, placed on our SERS 

substrate will experience the same wavelength dependent electromagnetic SERS 

enhancement. 

 

 

 

 

 

Table 3-1: Calculated correction factor (K) at prominent R6G Raman peaks. Values for 
the correction factor, K, at given Raman shifts corresponding to the prominent peaks in 
the Ag-R6G Raman spectrum. The K values are broken down into individual corrections 
for the CCD sensitivity (KCCD) and wavelength dependent electromagnetic enhancement 
(KEM), with Ktotal = KCCD* KEM. 

Raman Peak (cm-1) KCCD KEM Ktotal  Std. Dev 

612 3.2 1.2 3.8 0.4 

772 3.7 1.8 6.5 1.4 

1313 5.6 2.1 11.6 3.7 

1361 5.7 2.7 15.3 1.9 

1509 6.2 3.4 21.4 4.4 
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Fitting the values of Ktotal versus Raman shift empirically fits an exponential 

decay and yields Equation 3-3: 

𝐾𝑡𝑡𝑡𝑡𝑡(𝜈𝑚) = 1.49 ∗  𝑒0.0017∗𝜈𝑚         (3-3) 

 

where νm is the Raman shift in cm-1. Any value for an anti-Stokes signal at a given 

Raman shift can now be “corrected” for the two factors discussed above to give a value 

for the anti-Stokes/Stokes ratio that accurately represents the vibrational population 

distribution. Dividing the measured anti-Stokes signal by Ktotal(νm) calculates a corrected 

anti-Stokes signal that can be used to accurately calculate both nanoparticle electron-

phonon and molecular vibrational temperatures. All quantitative values gathered using 

the 785nm laser reported later in this dissertation were subjected to this numerical 

correction when appropriate.  

 While all correction factor calculations carried out thus far apply only to the 785 

nm laser, it should be noted that a smaller correction factor also needs to be applied to 

data taken with the 532 nm laser. Calculating this correction factor was done using the 

same method described in detail above using the 532 nm laser instead of 785 nm. The 

data from Raman spectra of toluene show that the correction attributed to CCD is 

negligible near 532 nm. This is not surprising since 532 nm lies very near the center of 

the calibrated range of the CCD and thus the wavelengths surrounding it are not subject 

to measurable changes in sensitivity. There is however a contribution to the correction at 

532 nm from the second factor, the wavelength-dependent electromagnetic enhancements 

of Raman Stokes and anti-Stokes shifted photons on SERS substrates. 
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Figure 3-4: Raman spectrum of R6G on Ag nanocubes under the 532nm laser. Anti-
Stokes and Stokes spectrum of Rhodamine 6G on Ag nanocubes collected using the 
532nm laser. 

 

Data in Figure 3-4 show the anti-Stokes and Stokes spectrum for the Ag-R6G system 

taken using the 532 nm laser. It is clearly seen that measurable anti-Stokes peaks only 

extend out to 800 cm-1. Rather than attempt to fit empirically a correction factor as a 

function of wavenumber for the entire spectrum, values of Ktotal were instead calculated 

for peaks within this small range (400-800cm-1) and found Ktotal to be approximately 

constant with a value of 0.68 ±0.03 for all peaks. In the case of 532 nm, opposite that of 

785 nm, the anti-Stokes photons are less enhanced by the electromagnetic field than the 

Stokes photons and anti-Stokes values must be shifted upwards to reflect the true 

vibrational population of adsorbed molecules being measured.  This correction value of 
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0.68 was applied to all anti-Stokes peak data gathered using the 532 nm laser and 

presented in this dissertation. 

 

3.6 Conclusions and outlook 

The major works presented in this dissertation rely on accurate quantitative 

analysis of anti-Stokes to Stokes Raman signal ratios, specifically as they relate to the 

vibrational mode population distribution in a sample of molecules. This chapter showed 

that using the anti-Stokes to Stokes ratio as a proxy for the vibrational mode population 

distribution within a sample of molecules is not as simple as finding the raw data ratio 

and comparing it to the Boltzmann distribution. Instead, a series of control measurements 

were performed to establish a baseline for systems in which there is no SERS and no 

charge transfer. This allowed for accurate measurement of the deviation of the anti-

Stokes to Stokes ratio from the Boltzmann distribution as a result of two key factors: 

CCD error, and unequal SERS enhancements of Stokes and anti-Stokes photons. From 

these measurements, a correction factor was formulated that can be applied to all anti-

Stokes measurements so that the anti-Stokes to Stokes ratio will accurately reflect the 

vibrational mode population distribution.  For systems in which there is resonant charge 

transfer, the anti-Stokes/Stokes ratio is expected to be significantly higher than the 

Boltzmann distribution predicts, even after the application of the correction factor, due to 

significant changes in the vibrational mode population distribution as a result of the 

charge transfer.  
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Chapter 4 

Evidence and Implications of Direct Charge Excitation as the Dominant 

Mechanism in Plasmon-mediated Photocatalysis 

 

 

4.1 Summary 

Plasmonic metal nanoparticles enhance chemical reactions on their surface when 

illuminated with light of particular frequencies. It has been shown these processes are 

driven by excitation of localized surface plasmon resonance (LSPR). The interaction of 

LSPR with adsorbate orbitals can lead to the injection of energized charge carriers into 

the adsorbate, which can result in chemical transformations. The mechanism of the 

charge injection process (and role of LSPR) is not well understood. In this chapter, we 

shed light on the specifics of this mechanism by coupling optical characterization 

methods, mainly wavelength-dependent Stokes and anti-Stokes SERS, with kinetic 

analysis of photocatalytic reactions in an Ag nanocube-methylene blue plasmonic system. 

We propose that localized LSPR-induced electric fields result in a direct charge transfer 

within the molecule-adsorbate system. These observations provide a foundation for the 

development of plasmonic catalysts which can selectively activate targeted chemical 
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bonds, since the mechanism allows for tuning plasmonic nanomaterials in such a way that 

illumination can selectively enhance desired chemical pathways. 

 

4.2 Introduction 

Numerous studies have shown that plasmonic metal nanoparticles can drive 

photochemical reactions directly on the surface of the nanoparticles when illuminated 

with relatively low intensity light of particular frequencies.1–4 It has been proposed that 

these processes are driven by the excitation of localized surface plasmon resonance 

(LSPR) on the metal nanoparticles.4,5 LSPR is the resonant collective oscillation of 

valence electrons, established when the frequency of an incident electromagnetic field 

matches the natural frequency of surface electrons oscillating against the restoring force 

of positive nuclei.6 It has been proposed that the interaction of LSPR with energetically 

accessible adsorbate orbitals can yield a charge injection process, where the energized 

charge carriers (electrons or holes) transiently populate otherwise unpopulated electronic 

states (orbitals), centered on the adsorbate molecule.7–9 In this process, the adsorbate 

(more specifically, the entire adsorbate-nanoparticle system) is moved to a different 

potential energy surface and forces are induced on atoms in the adsorbate. These forces 

lead to nuclear motion of atoms in the adsorbate, which can result in the activation of 

chemical bonds and chemical transformations.10 This mechanism of charge-driven 

chemical transformations is known by its original name “desorption (reaction) induced by 

electronic transitions (DIET)”. 

The mechanism of the charge injection process on excited plasmonic metal 

nanoparticles and the role of LSPR in the process are not well understood. The 
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illustration in Figure 4-1 outlines the two potential microscopic mechanisms by which 

charge injection can occur:  indirect and direct. The indirect mechanism assumes that 

charge carriers are excited from occupied states to higher-energy unoccupied states 

within the metal nanoparticle yielding an excited electron distribution. Subsequently, 

charge carriers of appropriate energy from this distribution can scatter through the 

adsorbate states (orbitals) forming transiently charged adsorbates. The role of LSPR in 

this process is to increase the rates of charge excitation, and the energetic electron 

distribution associated with this mechanism is very similar to the one obtained if a high 

intensity laser was illuminated on an extended metal structure. On the other hand, the 

direct transfer mechanism assumes the direct LSPR-induced electron excitation from 

occupied to unoccupied orbitals of the molecule-nanoparticle complex (i.e., the excitation 

process) is not mediated by the formation of an excited electron distribution within the 

metal nanoparticle. Instead, the decay of an oscillating surface plasmon results in the 

excitation of an electron directly into an unoccupied adsorbate orbital of matching 

energy. The direct and indirect charge excitation processes as well as nanoparticle 

heating due to photon absorption can all theoretically result in photo-chemistry, and it is 

not clear which of these processes is dominant.11 

The identification of the dominant mechanism of charge excitation and the impact 

of LSPR is highly consequential in answering the question whether plasmonic 

nanostructures can be tuned in a way that under illumination they selectively enhance 

particular chemical pathways, while suppressing other chemical pathways. As illustrated 

in Figure 4-1b, if indirect charge transfer plays the dominant role then the steady state 

concentration of energetic electrons is the highest close to the Fermi level (i.e., similar to 
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Fermi-Dirac electron distribution) and therefore the electron-driven chemical 

transformation would preferentially proceed through the adsorbate orbitals closest to the 

Fermi level. This mechanism does not offer much opportunity to tune the chemical 

pathways by tuning the plasmonic properties of nanostructures since LSPR would only 

enhance the rates of electron excitation without impacting the electron distribution. On 

the other hand, the direct mechanism assumes that the LSPR-mediated photon absorption 

occurs through the creation of electron-hole pairs of specific energy that are localized on 

the adsorbate as illustrated in Figure 4-1a. The direct mechanism offers an opportunity to 

affect chemical selectivity by creating plasmonic nanostructures with the LSPR 

characteristics that enhance the rates of targeted electronic transitions and therefore the 

rates of chemical transformations that proceed through only those specific transitions.  

In this chapter, the underlying physical mechanisms involved in the LSPR-

induced charge transfer and chemical transformations on optically excited plasmonic 

metal nanoparticles are illuminated. To accomplish this, we have coupled optical 

characterization methods, mainly wavelength-dependent Stokes and anti-Stokes surface 

enhanced Raman spectroscopy (SERS) of probe molecules chemisorbed on plasmonic Ag 

nanostructures, with the kinetic analysis of the rates of photo-catalytic reactions of these 

molecules in otherwise inert environment. We demonstrate that on optically excited 

plasmonic nanoparticles, the direct charge transfer mechanism plays an important role 

and that it results in accelerated rates of chemical decomposition (or desorption) of a  
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Figure 4-1: Illustration of LSPR-mediated charge excitation mechanisms. Incident 
photons excite oscillating surface plasmons on an adsorbate-covered Ag nanoparticle 
surface. These surface plasmon oscillations decay through the formation of energetic 
electron-hole pairs. In the direct process (inset (a)), the electron is excited directly into an 
unoccupied orbital of matching energy within the adsorbate. In the indirect process (inset 
(b)), the energetic electrons formed by decaying plasmons form a distribution within the 
metal nanoparticle. Electrons with proper energy can then scatter into available adsorbate 
orbitals. Because of the nature of the electron distribution formed in the indirect 
mechanism, more electrons will scatter into lower energy orbitals (II) and chemical 
transformation will preferentially proceed through that lower energy activated pathway. 
In the direct mechanism however, the electrons can potentially excite into higher energy 
orbitals (III) when that energy matches the incident photon energy. This opens the 
possibility for selective chemical pathway targeting that is impossible in the indirect 
mechanism. 
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probe molecule in an inert atmosphere. We propose that strong localized LSPR-induced 

electric fields result in photon absorption through the direct excitation of an electron from 

specific occupied to unoccupied orbitals of the molecule-nanoparticle complex (i.e., at 

the surface of the nanoparticle). This can induce photo-chemical transformation of the 

chemisorbed molecules via a DIET mechanism described above.7 We also discuss the 

potential impact of these findings and suggest ways to develop plasmonic catalysts that 

can potentially selectively activate targeted chemical bonds.  

It is important to put our results in the context of numerous previous SERS studies 

of probe molecules on plasmonic nanoparticles. These previous studies have given us a 

wealth of information about various mechanisms and consequences of surface 

enhancement in Raman spectroscopy, even demonstrating that laser induced electron-

driven reactions on plasmonic metals are possible.9,12,13 The results presented herein build 

upon these findings by focusing on the missing link between LSPR and charge excitation. 

We distinguish between the above-discussed two LSPR-mediated mechanisms of charge 

excitation by analyzing the unique anti-Stokes spectral behavior that is interpreted in 

terms of LSPR-mediated vibro-electronic excitation. 
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4.3 Experimental and theoretical Methods 

4.3.1 Ag particle synthesis, sample preparation, and SERS studies 

The plasmonic nanoparticles in these Raman studies were silver nanocubes, 

synthesized via the modified polyol method.14 All aspects of this synthesis are described 

in detail in Chapter 2, Section 2.3.1. Synthesized cube samples were characterized by 

STEM imaging and found to have an average size of 71 ± 9nm. Figure 4-2 shows an 

STEM image of a nanocube sample, giving evidence of their uniform size and shape. 

 

Methylene blue (MB), Rhodamine 6G (R6G), and Acridine Orange (AO) were 

used as probe molecules in model systems. After synthesis, the cubes were washed 5x by 

centrifugation and re-dispersion in a combination of acetone and ethanol. After washing, 

the cubes were dispersed in ethanol and small amount of NaCl was added to aid 

Figure 4-2: STEM image of Ag nanocubes. STEM image of Ag nanocubes 
demonstrating the cube shape and size uniformity among the synthesized sample. The 
Ag nanocubes measured 71 ± 9 nm in edge length. 
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aggregation of Ag nanoparticles during the drying process. One of the dye molecules was 

added to the liquid solution at a concentration of 40µM and allowed to incubate for 

several hours to ensure full equilibrium adsorption of the dye onto the silver surface.15 

Adding the dyes while the particles are still in liquid solution allows the molecules to 

access all available adsorption sites on the Ag particles. Solid samples for spectroscopic 

studies were prepared by drop coating the solution onto a glass or silicon chip and 

allowing the ethanol solvent to evaporate, leaving behind a thin layer of silver-dye 

aggregates. UV-vis spectra were gathered using samples on glass slides and a Thermo 

Evolution 300 spectrometer. Stokes and anti-Stokes Raman spectra were gathered using a 

Horiba LabRAM HR system under excitation from either a 532nm diode-pumped solid 

state laser, or a 785nm diode laser. The acquisition time for the spectra was 2 seconds to 

negate heating effects due to prolonged laser exposure. In solid samples, the laser was 

focused on nanoparticle aggregates visible through a 50x microscope lens. 

4.3.2 Wavelength-dependent photo-catalytic degradation of methylene blue 

Photo-reaction studies were conducted in a temperature-controlled Harrick 

Praying Mantis reaction chamber designed for Raman spectroscopy. A sample of MB on 

silver on a silicon chip was placed inside the chamber, with the transparent reactor 

window allowing Raman spectra to continue to be collected.  The temperature of the 

sample within the reactor could then be controlled, and pure nitrogen could be flowed 

through the reactor to provide an inert atmosphere. Samples in MB degradation studies 

were heated to 373K under N2 atmosphere and subsequently exposed to one of two lasers 

(532nm or 785nm, at equal photon flux) or no light (control) for a measured period of 

time. Losses in Raman peak signal for prominent bands in MB were measured and 
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interpreted as decreases in surface coverage of MB due to chemical change 

(decomposition or desorption). 

4.3.3 Finite-difference time-domain (FDTD) simulations 

Finite-difference time-domain (FDTD) simulations were carried out using the 

Meep simulation package.16  The simulations were performed in a three-dimensional grid 

measuring 294 nm x 294 nm x 294 nm.  An additional 50 nm of perfectly matched layer 

was added to all sides of this grid.  The space between grid points was 1 nm for all but 

one simulation in which the much more computationally expensive 0.5nm mesh was used 

to ensure that a shrinking mesh size did not change significantly the behavior of the field 

intensities within gaps between particles.   The dielectric function for silver was obtained 

from data published by Rakic et al.17  Nanocube dimers were arranged in a number of 

orientations, including face-to-face, face-to-edge, edge-to-edge, and corner-to-corner; 

each dimer system was tested with inter-particle separations of both 1nm and 

2nm.  Additionally, Ag nanocube trimers were also simulated in edge-face-edge and 

edge-edge-edge orientations with 1nm separations. The source wavelengths studied 

matched those of the laser in the Raman setup, 532nm and 785nm. The energy from the 

source propagated perpendicular to the interparticle axis; the polarization of the source 

was alternately perpendicular and parallel to the interparticle axis in separate simulations.  

Field enhancement data was visualized on the x-y and x-z planes. Integrated field values 

were calculated by finding the average value of the electric field data points located on 

the nanoparticle surfaces only. 
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4.3.4 Density functional theory (DFT) calculations 

Density Functional Theory (DFT) calculations were performed using real space 

grid-based projector augmented wavefunction DFT implemented in the GPAW software 

package.18 The exchange-correlation interaction was approximated using the revised 

Perdew-Burke-Ernzerhof (RPBE) functional.19,20 The Ag[100] and Ag[211] surfaces 

were modeled using 3 x 3 slabs and 2 x 3 slabs, respectively. All systems used 4-layer 

slabs, with 10 Å of vacuum space. Pyridine molecules were adsorbed vertically over a top 

site [100] or above a step site [211] to match the predominant facets present in the 

synthesized Ag nanocubes. Multiple adsorption configurations were tested for the 

molecules on the Ag surfaces. 

 

4.4 Results 

4.4.1 Optical properties of the Ag nanocube SERS platform 

The SERS platforms (i.e., the model system) used in our studies contained small 

aggregate clusters of silver (Ag) nanocubes with the cube length of ~ 75 nm dispersed on 

a silicon substrate as shown in the optical micrograph in the inset of Figure 4-3. We 

performed SERS measurements of probe molecules using two different lasers with the 

wavelengths of 532 and 785 nm. The optical excitation of LSPR at these wavelengths 

results in high intensity electric fields at the surface of the Ag nanoparticles. Since these 

local fields facilitate the photo-physical and photo-chemical processes studied herein, we 

first employed classical FDTD electro-dynamics simulations to compute the local near 

field electric field intensities of Ag systems that modelled our SERS platform. These 
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simulations serve to provide part of the framework with which to interpret the key Raman 

results in this study.  

In our FDTD studies we used model systems consisting of two and three Ag 

nanocubes positioned at different configurations at 1 and 2 nm separations from each 

other. Not surprisingly, the FDTD simulations show that the highest plasmonic electric 

field intensities are generated in the gaps between the nanoparticles (see Figure 4-3). We 

find that for both laser source wavelengths, the field intensity enhancements in the 1 nm 

gap between the two nanoparticles are similar to each other ((|E|/|E0|)2  ~ 4 X 104). 

Furthermore, we have also integrated the field intensity enhancement across the entire 

surface of the two nanoparticle system to obtain the average surface field intensity 

enhancements (see Table 4-1). We find that the average field intensity enhancements are 

within an order of magnitude of each other for the 532 and 785 nm sources.  Similar 

analysis for the Ag nanoparticles separated by 2 nm from each other as well as for the 

systems containing aggregates of three Ag nanoparticles, showed very similar results.  

 Face-Edge Dimer Edge-Edge Dimer 
Source separation 1 nm separation 2 nm separation 1 nm separation 2 nm 
532 nm 153.92 600.78 172.43 787.61 
785 nm 23.56 87.99 27.2 199.63 

 
Edge-Edge-Edge Trimer Edge-Face-Edge Trimer 

Source separation 1 nm separation 1 nm 
532 nm 220.68 470.26 
785 nm 740.69 313.65 
Table 4-1: Average simulated field intensities around nanoparticle aggregates. Integrated 
average values of (|E|2/|E0|2) for dimers and trimers of silver nanocubes (side length 75 
nm) in various orientations, at inter-particle separations of 1 nm and 2 nm, under source 
wavelengths 532 nm and 785 nm.  The values in this table are the average of the 
integrated field intensity at points located on the nanoparticle surfaces in each system.  
For each geometry and separation combination, the average enhancements under 532 nm 
and 785 nm were within an order of magnitude of each other. 
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It should be noted that the geometries simulated in the FDTD studies are idealized 

representations of our SERS platforms, which in practice contain aggregates of multiple 

nanoparticles with varying orientations and separation distances. The effect of particle 

orientations and separation distances on the optical properties of collections of plasmonic 

nanoparticles has been studied extensively previously. These studies showed that the 

resonant wavelength of the coupled dimer plasmon resonance peak is dependent on the 

particle separation, moving to longer wavelengths and higher maximum field intensities 

for smaller separations.21,22 Therefore, due to the random nature of the Ag nanoparticle 

clustering in our system, we expect that there are different spots that support plasmon 

resonance peaks over a broad range of wavelengths. The data in Figure 4-3a, which show 

the UV-vis extinction spectrum of a sample of silver nanocube aggregates used in the 

SERS studies, show this precise signature with a very broad extinction peak ranging 

between 600-900nm and beyond. The slightly stronger and more confined extinction 

peak ranging from 450-550nm is the result of dipolar LSPR within single particles, while 

still higher energy peaks come from higher order multi-pole resonances within individual 

particles.23,24 The wavelengths of the Raman lasers used in our studies are overlaid on the 

spectrum.   

It is worth noting that in addition to the above described photo-physical 

properties, which can be captured by classical electrodynamics, there have been reports 

of quantum charge tunneling between optically excited plasmonic nanoparticles.25,26 This 

charge tunneling process has been reported for the particle separations smaller than ~ 0.3 

- 0.5 nm.27–29 It is a consequence of very large electric fields confined in the nanogaps  

 



78 
 

 

 

 

 

Figure 4-3: Optical characterization of Ag SERS platform. (a) UV-vis spectrum of silver 
nanocubes after deposition onto solid substrate. The two dashed lines show the 
wavelengths of the lasers used in this study and their overlap with the LSPR of the silver 
cubes (inset: optical micrograph of Ag-MB sample showing high levels of aggregation, the 
scale bar is 20μm). (b),(c) Simulated spatial distribution of electric field enhancement for a 
silver nanocube dimer (face-to-edge orientation) with separation distance of 1nm under (b) 
532nm and (c) 785nm photon excitation. 
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which force the movement of charge between the particles. At these extremely small gap 

distances the tunneling process broadens and slightly blue-shifts the LSPR resonance 

peaks while decreasing the maximum field intensity from the classical prediction. 

To summarize, our analysis of the photo-physical properties of the SERS 

platforms suggests that:  (i) there are sites in our system that can support LSPR with 

significantly elevated electric field intensities at both Raman laser wavelengths, (ii) while 

we know the field intensities are significantly elevated, we cannot know the exact 

intensity at each site due to the disordered nature of Ag aggregates in our SERS 

platforms, and (iii) potential quantum tunneling could be taking place in aggregates with 

interparticle gaps of 0.5nm or less. With regard to the final two points, our analysis of 

Raman results and the conclusions drawn are not affected by the lack of exact knowledge 

of field intensities at every site in the system. By focusing our analysis on the ratios of 

anti-Stokes to Stokes signals in a given measurement and probing the dependence of only 

these ratios on the incident photon intensity, we find the exact value of the electric field 

intensity to be irrelevant so long as it is strong enough to support SERS. 

4.4.2 SERS measurements for methylene blue on Ag 

There have been a few studies of the chemisorption of methylene blue (MB) and 

similar molecules on Ag surfaces.30–32 It has been suggested that MB chemisorbs through 

a covalent chemical bond between an Ag surface atom and the nitrogen atom in the 

aromatic ring of MB. We have also performed Density Functional Theory (DFT) 

quantum calculations of adsorbed thiazine on Ag model slabs. We use thiazine as a 

surrogate for MB since similar to MB, thiazine has an N- and S-containing aromatic ring 

and similar bonding conformations are proposed. Thiazine is smaller than MB and 
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therefore more easily handled computationally. Our DFT calculations, using the RPBE 

density functional, showed that the binding energy of thiazine to the Ag(100) surface 

facet is -0.29eV (exothermic) while on the under-coordinated Ag(211) surface the 

binding energy is -0.37eV. Since the RPBE functional in general underestimates the 

binding energy and neglects van der Waals forces, we suggest that in our systems MB 

chemisorbs on the surface sites of Ag nanocubes, essentially coating the nanoparticles.  

There are two established potential mechanisms by which LSPR can enhance 

Raman scattering. One mechanism involves the LSPR-induced enhancement of the local 

electric field intensity at the adsorbate (electromagnetic mechanism) leading to the 

enhancement of the Raman signal. The electromagnetic enhancement factor (Σ) of 

Raman signal depends on electromagnetic field enhancement at the location occupied by 

a probe molecule. It can be closely approximated by:  

𝛴 = (|𝑬(𝜈𝑖)|2 ∗ |𝑬(𝜈𝑖 ± 𝜈𝑚)|2)    (4-1) 

where E(ν) is the local electromagnetic field enhancement at a photon frequency ν. νi
 and 

(νi+νm) are the frequencies of the incident (i.e., laser) photon and scattered (i.e., Raman 

shifted) photon respectively.33,34  The other mechanism involves the LSPR-induced 

charge-excitation (or charge-exchange) mechanism.34 Charge-excitation SERS occurs as 

a result of the LSPR-mediated charge excitation from filled to unfilled electronic states of 

the nanoparticle-adsorbate complex (one or both of these electronic states are localized 

on the adsorbate). The propensity to undergo charge excitation is, among other things, 

determined by the local electronic structure of the adsorbate-metal complex.35  

Since we were interested in investigating the LSPR-induced charge excitation 

process and the chemical consequences of this process, we focused on identifying 
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systems where these two mechanisms can be separated from each other, centering our 

studies on the charge excitation mechanism and probing its effect on chemical 

transformations. Below, we demonstrate that MB on Ag exhibits a LSPR-mediated 

charge excitation only at specific excitation wavelengths and that this process increases 

the rates of chemical reactions (in this case the degradation or desorption of MB on the 

Ag surface). These observations allow us to conclude that in this case LSPR mediates the 

process of charge excitation into adsorbates via the above-discussed direct mechanism.  

The process of charge-excitation within the metal-adsorbate complex has some 

key experimentally distinguishable SERS signatures. These signatures are a consequence 

of the fact that the charge excitation process results in an elevated population of excited 

vibrational modes compared to the equilibrated, thermalized system. Therefore, a key 

signature of the charge transfer process is an elevated anti-Stokes Raman intensities 

compared to those expected for a thermodynamically equilibrated system. We note that 

Stokes scattering signal in Raman spectroscopy is the measure of the rate of transitions of 

a molecule from the ground to the first excited vibrational states, while the anti-Stokes 

scattering signal measures the reverse process. The ratio of anti-Stokes to Stokes 

scattering rates (intensity signals) for a vibrational mode can be related to the population 

of vibrationally excited molecules.36  
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Data in Figure 4-4 show Stokes and anti-Stokes SERS spectra for the Ag-MB 

complex at 532nm (3a) and 785nm (3b) excitation wavelengths. The spectra were 

collected using the same photon flux of 2.0 * 1020 cm-2s-1 for both lasers.  Visual 

inspection of the data in Figure 4-4 shows that the ratio of anti-Stokes to Stokes signals at 

785 nm is higher than when the 532nm laser source was used. To quantify these 

observations, the ratio of anti-Stokes/Stokes signal (𝜌𝑆𝑆𝑆𝑆) for specific MB vibrational 

Figure 4-4: SERS spectra of silver nanocube-dye structures. (a), (b) Stokes and anti-
Stokes spectra for silver nanocube-methylene blue (Ag-MB) structures gathered using a 
532nm (a) or 785nm (b) laser.  All experimental parameters other than the wavelength of 
incoming photons, including incident photon flux, acquisition time, and sample spot size 
were identical. It should be noted that Stokes shifts have positive wavenumbers (cm-1) 
while anti-Stokes shifts are negative. They are plotted on the same positive axis here to 
allow for direct comparison. 
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modes (υm) of the Ag-MB complex under 785 nm and 532 nm excitations was computed 

and compared with the ratio for a similar energy mode in liquid toluene (ρtol). Using 

toluene as an external standard corrects for any wavelength-dependent biases due to the 

sensitivity of the CCD detector, as demonstrated previously.37,38 Liquid toluene gives a 

basic non-SERS, non-resonant Raman spectrum at visible light excitation, and the anti-

Stokes to Stokes intensity ratios in toluene are consistent with those predicted by 

Boltzmann thermal distribution.37 The degree by which the SERS anti-Stokes signal 

exceeded the expectation of the Boltzmann distribution is described through the quantity 

(K), which was calculated using the following equation: 

𝐾(𝜈𝑚) = 𝜌𝑆𝑆𝑆𝑆
𝜌𝑡𝑡𝑡

(𝜈𝑚) =  𝐼𝑎𝑎
𝑆𝑆𝑆𝑆(𝜈𝑚) 𝐼𝑆

𝑆𝑆𝑆𝑆(𝜈𝑚)�
𝐼𝑎𝑎
𝑡𝑡𝑡(𝜈𝑚) 𝐼𝑆

𝑡𝑡𝑡� (𝜈𝑚)   (4-2) 
 

where 𝐼𝑎𝑎𝑆𝑆𝑆𝑆and 𝐼𝑆𝑆𝑆𝑆𝑆are the measured anti-Stokes and Stokes intensities, respectively, 

for MB on Ag at a given vibrational mode energy (νm). 𝐼𝑎𝑎𝑡𝑡𝑡 and 𝐼𝑆𝑡𝑡𝑡 are the anti-Stokes 

and Stokes intensities, for the similar vibrational mode in toluene. 

 

The data in Table 4-2 show the calculated K values for various modes of the Ag-

MB complex at 532nm and 785nm excitation at the photon flux of 2.0 * 1020 cm-2s-1. The 

data show that the K values under 785nm excitation range between 4 and 34 for different 

532nm   785nm  
peak (cm-1) K  peak (cm-1) K 

482 0.63  447 3.91 
807 0.60  771 7.67 
914 1.24  1394 27.75 

1041 1.32  1621 34.45 
Table 4-2: K values in Ag-MB spectra. Calculated K values for selected peaks in the 
MB SERS spectrum excited by 532nm and 785nm lasers. 
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Ag-MB modes. On the other hand, the K values for the 532 nm excitation are close to 1. 

The elevated K values at 785 nm compared to 532 nm suggest that charge excitation 

might be taking place within the Ag-MB complex at 785 nm and that there is no charge 

excitation for 532 nm wavelength.  

We must note however that the SERS enhancement of Stokes and anti-Stokes 

scattering, in addition to the vibrational populations, also depends on the field intensity at 

the frequency of scattered (i.e., Raman shifted) photons as described in eq. (1). Different 

field intensities at the frequencies of Stokes and anti-Stokes scattered photons can 

contribute to the elevated K values even without charge transfer.39,40 To rule out this 

possibility we have performed SERS studies using the same Ag nanocube SERS platform 

with other probe molecules (Rhodamine 6G and Acridine Orange) which under 785 nm 

radiation do not exhibit charge excitation.38 These studies show that for these molecules 

the K values at 785 nm are significantly lower than the K values for MB, signaling that 

the elevated vibrational population observed for the Ag-MB complex at 785 nm is due to 

the charge excitation process.  

Further confirmation of charge excitation taking place at 785 nm comes from 

observing that the ratio of anti-Stokes to Stokes signal shows a positive dependence on 

incident photon intensity. This is another key feature of the charge excitation process.36,41 

As discussed above, charge excitation can lead to a non-thermalized population of 

vibrationally excited molecules (i.e., an elevated population of molecules in the first 

excited vibrational states, which are the initial states for υ = 1  0 transitions associated 

with anti-Stokes scattering). As the source intensity increases, probe molecules will have 

a larger fraction of modes that are excited to the first excited vibrational state and above, 
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thus increasing the anti-Stokes to Stokes signal ratio.36,37 This phenomenon is known as 

optical pumping, and in this regime the theoretically derived ratio (ρ) of anti-Stokes to 

Stokes signals is governed by the equation:36  

𝜌𝑆𝑆𝑆𝑆 =  𝐼𝑎𝑎
𝑆𝑆𝑆𝑆(𝜈𝑚)
𝐼𝑆
𝑆𝑆𝑆𝑆(𝜈𝑚) = 𝜎𝑎𝑎

𝜎𝑆
�𝜏𝜎𝑆𝐼𝐿
ℎ𝜈𝐿

+ 𝑒−
ℎ𝜈𝑚
𝑘𝐵𝑇�  (4-3) 

where  𝜎𝑎𝑎 and 𝜎𝑆  represent the cross-section for anti-Stokes and Stokes events 

respectively, τ the vibrational relaxation time constant for the molecule, 𝐼𝐿 the incident 

light intensity, ℎ𝜈𝐿and ℎ𝜈𝑚the energy of the incident photon and vibrational mode 

respectively, at T the sample temperature.   

The equation covers both the exponential dependence of the population of the 

excited vibrational states on temperature and the linear dependence on photon intensity 

(IL). In the optical pumping regime (i.e., when the linear term in Equation 4-3 is of the 

same order or greater than the exponential term) under constant sample temperature, 

𝜌𝑆𝑆𝑆𝑆 and thus K (as described above, the measure of the deviations in the anti-Stokes to 

Stokes ratios from the ratio predicted by the equilibrium Boltzmann distribution) will 

show a linear dependence on the photon intensity. The data in figure 4-5 show the K 

values plotted against incident photon intensity for some of the most prominent bands in 

the Ag-MB Raman spectrum under 785nm excitation. The intensity spans two orders of 

magnitude of photon flux, from 1.5*1019 to 2.0*1021 cm-2 s-1. The data show a linearly 

increasing K for all modes as photon flux increases, providing compelling evidence that 

the samples are well within the optical pumping charge excitation regime. This is in 

contrast to the other measured probe molecules which showed no linear increase in K 

values with increasing intensity. 
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Figure 4-5: Excess anti-Stokes signal as a function of incident photon flux. Excess anti-
Stokes signal ratio (K) dependence on the incident photon flux for multiple prominent 
bands in the methylene blue spectrum gathered using the 785nm excitation wavelength. 
The linear nature of the dependence is compelling evidence that optical pumping of the 
MB molecules is occurring. Error bars represent standard deviation of three separate 
experimentally gathered K values for a given band and photon flux. 
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4.5 Discussion 

The above discussed data represent evidence that Ag-MB complexes experience 

charge excitation resonance under exposure to 785nm incident photons, while the charge 

excitation process does not take place with 532 nm laser under identical photon fluxes. It 

is important to reiterate that these results cannot be explained only by the different values 

of the field intensities at these two wavelengths. If this was the case, any molecule could 

exhibit elevated anti-Stokes signals under 785nm illumination. We have ruled out this 

possibility in the above-mentioned SERS studies of other probe molecules (Rhodamine 

6G and Acridine Orange) which under 785 nm illumination do not exhibit charge 

excitation. Similarly, these studies of other probe molecules also rule out interparticle 

electron tunneling experienced at very small particle separations as the only requirement 

for the above mentioned charge transfer process, as if this were the case we would again 

expect no difference in the results when using other probe molecules.   

The data presented above shed light on some microscopic features of the charge 

excitation process, depicted in Figure 4-1. We have postulated that the charge excitation 

can take place following an indirect route where excited charge carriers are first formed 

within the nanoparticle in a process that results in an excited electron distribution. 

Electrons from this distribution that gain sufficient energy can scatter through the 

adsorbate states forming transiently charged adsorbates. Conversely, in the direct 

excitation process, the presence of unoccupied adsorbate orbitals at a specific energy 

allows for a direct, resonant transition from occupied to unoccupied orbitals of the 

molecule-nanoparticle complex. We suggest that the occurrence of charge excitation only 

by photons of specific energy (785 nm) and not by those of higher energy (532 nm) under 
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identical incident photon intensities shows that the mechanism of charge excitation in this 

system is direct. If the mechanism were indirect, one could expect to see evidence of 

charge excitation at any wavelength with photon energies at least as high as the 

difference between the metal Fermi level and the LUMOs of the adsorbate. Under the 

assumption of the indirect mechanism, as photon energies increased (e.g. from 785nm to 

532nm), the extent of charge excitation would be expected to rise, as the number of 

electrons within the metal that reached the requisite energy to scatter into the unfilled 

adsorbate states would increase. Because this does not occur and instead we observe 

charge excitation only under lower energy photon excitation, we suggest that the process 

of charge excitation is direct and it involves direct resonant single electron transitions 

from occupied to unoccupied states of the Ag-MB complex.   

The evidence that points toward a direct mechanism of charge excitation also 

serves to rule out plasmon-induced heating of the nanoparticles as an explanation for the 

high anti-Stokes data. The K values for the SERS data collected under 532 nm excitation 

are close to 1, suggesting that there is no significant laser induced heating of the entire 

system at this excitation wavelength. Equilibrated heating of the system would increase 

the population of excited vibrational modes of the molecule and result in elevated anti-

Stokes intensity and therefore elevated K values. Based on the fact that for identical 

photon fluxes, the energy dissipated into the system would be higher for the 532 nm laser 

compared to the 785 laser, we argue that equilibrated heating of the entire sample does 

not take place for the 785 nm laser either. This suggests that the process of charge 

excitation observed at 785 nm results in energy being selectively deposited into the 

adsorbed molecule, rather than into the entire system.  
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We can also speculate about the nature of the electronic states involved in the 

charge excitation process. The HOMO-LUMO energy gap in the free MB molecule is ~ 

1.86 eV (665nm), which is above the energy of the photons from the 785 nm (1.6eV) 

laser. An examination of the absorption spectrum of aqueous MB shows no interaction 

with light near 785nm.  This means that the electronic states involved in the charge 

excitation processes are associated with either strongly perturbed states localized on MB 

– these perturbations can be due to the chemisorption of MB in the Ag metal – or with 

hybridized Ag-MB electronic states.   

It is also important to discuss how LSPR could affect this process of charge 

excitation. As discussed above, our data point us in the direction of the direct one-

electron excitation by 785nm photons among the states within the Ag-MB complex. 

Clearly the existence of the electronic states that can be accessed by the 785 nm photon is 

a requirement for the observed charge excitation process. The SERS data suggest that 

there are high LSPR-mediated electron transition rates between these states. The high 

transition rates can only be observed under the following conditions: First, there is a large 

density of the electronic states corresponding to these transitions. Second, there is a high 

degree of overlap between the corresponding wave functions of the associated states 

(giving large oscillator strengths). Third, there must exist a high intensity electric field 

driving the excitation process (pushing electrons from the occupied to unoccupied states) 

at the location of the adsorbate. Whether the first and second requirements are fulfilled 

depends on the local electronic structure of the Ag-MB system, the properties of which 

are determined by the chemisorption of MB on Ag. We hypothesize that LSPR plays a 

role in the third requirement, i.e., LSPR is providing high intensity fields, particularly in 
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the small inter-particle gaps, at frequencies that can support the high rates of the 

electronic transitions between the states centered on the adsorbate.   

This hypothesis that the role of LSPR is somewhat decoupled from the role of the 

local electronic structure has far reaching consequences in the potential design of 

selective plasmonic catalytic systems. It suggests that by engineering plasmonic 

nanomaterials with plasmon resonances that match the charge excitation energies of 

adsorbates interacting with the plasmonic nanostructure, it is possible to engineer systems 

that can support higher rates of electronic excitations between electronic states of a 

particular energy (at particular wavelengths). A natural implication of this hypothesis is 

that plasmonic nanomaterials can be tuned in such a way that under illumination they will 

selectively enhance particular chemical pathways (those which are activated by the 

particular electronic transitions supported by plasmon-induced local fields) while 

suppressing other chemical pathways. One way to achieve this objective might be to 

combine plasmonic particles with more active metals in a single catalyst or have 

bimetallic nanoparticles which combine a plasmonic metal core and a more chemically 

reactive metal shell.42,43 In these systems the interaction of the chemically reactive metal 

with adsorbates allows for tuning of the electronic structure of adsorbates on the 

nanoparticle (based on the selection of the metal), while the optical properties are 

governed by the plasmonic metal. By matching these electronic and optical properties it 

could be possible to induce preferential selective charge transfer to a particular orbital, 

essentially guiding photochemical transformation toward the more selective pathway.  

A direct corollary of the hypothesis that nanomaterials with plasmon resonance 

wavelengths matching the charge excitation energies of surface adsorbates can accelerate 
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chemical reactions of the adsorbates at these wavelengths is that MB on Ag should be 

more reactive under 785nm illumination than under 532nm.  To test the corollary we 

measured the rates of decomposition/desorption of MB on the surface of the Ag 

nanoparticles illuminated with 2.0*1020 cm-2s-1 photon flux of the 785nm and 532nm 

light sources, under inert N2 atmosphere and at constant 100C reactor temperature. Data 

in Figure 4-6 show the differences in the extent of SERS signal degradation of the most 

prominent Raman mode in MB (447cm-1) over a given period of laser exposure. The data 

Figure 4-6: Methylene blue signal degradation by prolonged laser exposure. Normalized 
heights of the 447cm-1 Raman mode of Ag-MB gathered at 373K and in inert N2 
atmosphere after exposure to no laser (control, blue diamonds), 532nm laser (green 
squares), or 785nm laser (red triangles) for a given periods of time. The 785nm laser 
shows significant signal degradation enhancement compared to the 532nm and control 
samples. 
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show that under exposure to the 785nm laser, MB signal degradation occurs significantly 

faster than under exposure to the 532nm laser of identical intensity. The instantaneous 

rate (rate as time  0) of MB decomposition/desorption under 785nm exposure was 

calculated to be 4.8x higher than for MB under equal intensity 532nm exposure.   

It is worth noting that the signal degradation enhancement under the 532nm laser 

was not zero. The high electromagnetic fields formed on the Ag surface under 532nm 

irradiation can cause instabilities in surface adsorbates and localized heating of the 

samples above the controlled reactor temperature can potentially occur during the 

prolonged laser exposure required in these studies.44 Adsorbate instability due to high 

electromagnetic fields and heating cannot however explain the higher 785nm degradation 

rates compared to 532nm. The higher 785nm degradation rates suggest that the observed 

charge transfer, which we have shown leads to pumping of excited vibrational modes, 

yields more unstable and reactive adsorbate molecules. 

 

4.6 Conclusions and outlook 

In this chapter, we have coupled optical characterization methods with kinetic 

analysis of the rates of photo-catalytic reactions to study the interaction of a probe 

molecule with optically excited plasmonic Ag nanoparticles. Specifically, our 

measurements and analysis of wavelength-dependent anti-Stokes and Stokes Raman 

spectra and their connection to photocatalytic decomposition/desorption of MB on Ag 

provide unique insight into the specifics of the mechanism of plasmon-mediated 

photocatalysis. We demonstrated that in the systems where the LSPR-mediated charge 

transfer from nanoparticles to adsorbates takes place, this charge transfer process results 
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in elevated rates of chemical transformation. Furthermore, we showed that the 

mechanism of charge transfer involves the action of strong localized LSPR-induced 

electric field that results in an energy-specific direct electron excitation from occupied to 

unoccupied orbitals of the molecule-nanoparticle complex. Our findings suggest that the 

role of LSPR is somewhat decoupled from the role of the local electronic structure in 

plasmonic photocatalysis, and that by engineering plasmonic nanomaterials with resonant 

wavelengths matching the charge excitation energies of adsorbates interacting with the 

plasmonic nanostructure, it is possible to design systems that can support very high rates 

of electronic excitations between electronic states of a particular energy. These 

observations provide a foundation for the development of plasmonic catalysts that can 

selectively activate targeted chemical bonds since it is implied that plasmonic 

nanomaterials can be tuned in such a way that under illumination they selectively 

enhance particular chemical pathways. 
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Chapter 5 

Engineering the Efficient Flow of Charge and Energy from Plasmonic 

Nanostructures to Chemically Attached Materials 

 

 

5.1 Summary 

Plasmonic metal nanoparticles can efficiently convert the energy of visible 

photons into the energy of hot charge carriers within the nanoparticles. These energetic 

charge carriers can transfer to molecules or semiconductors, chemically attached to the 

nanoparticles, where they can induce photo-chemical transformations. Classical models 

of photo-induced charge excitation and transfer in metals suggest that the majority of the 

energetic charge carriers rapidly decay within the metal nanostructure before they are 

transferred into the neighboring molecule or semiconductor, and therefore the efficiency 

of charge transfer is low. Chapter 4 of this dissertation called into question this 

conventional picture, presenting experimental evidence that under specific conditions 

there can be direct, efficient charge transfer between metal and molecule. This chapter 

delves further into this finding, looking specifically into how this direct transfer 
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mechanism changes the flow of energy within the excited plasmonic system.  Evidence is 

presented that when the nanoparticle-adsorbate system experiences high rates of direct, 

resonant flow of charge from the nanoparticle to the molecule, the conventional charge 

excitation and thermalization process that typically takes place in the nanoparticle is 

bypassed. This picture of charge transfer and energy flow suggests that the yield of 

extracted hot electrons (or holes) from plasmonic nanoparticles can be significantly 

higher than the yields expected based on conventional models. This chapter includes a 

conceptual physical framework that allows for explanation of the experimental 

observations. This analysis points in a direction toward molecular control of the charge 

transfer process using interface and local field engineering strategies. 

 

5.2 Introduction 

Plasmonic nanoparticles are potentially useful in a number of critical 

technologies, including solar-to-chemical1–3 and solar-to-electrical4–6 energy conversion, 

molecular characterization,7–9 imaging,10–12 lasing,13,14and cancer tissue targeting.15–18 

These applications take advantage of a resonant interaction of photons with the collective 

motion of free charge carriers in a metallic nanoparticle, referred to as localized surface 

plasmon resonance (LSPR). LSPR is characterized by an elevated optical extinction 

coefficient at the resonant frequencies and the confinement and concentration of 

electromagnetic energy (in the form of electric fields) at the nanoparticle surface. The 

energy is dissipated through the formation of energetic charge carriers within the 

nanoparticle (accompanied by heating of the nanoparticle) or scattering of photons into 

the far field. 
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While in some of these applications it is critical to design plasmonic 

nanostructures that minimize the internal losses (i.e., the formation of energetic charge 

carriers) and maximize the plasmonic light confinement, other applications are based on 

taking advantage of the charge carrier formation and transfer processes. A question of 

critical importance for the applications that take advantage of energetic charge carriers, 

such as photovoltaic cells and photocatalytic systems, is related to the microscopic origin 

of the plasmon-induced hot carrier formation (hot being defined as having  energy >> kT 

above the Fermi level) on optically excited plasmonic nanoparticles and transfer of 

charge carriers to the medium where they perform a function.19,20 It should be noted this 

definition of charge extraction is not related to the photo-emission of charge into vacuum; 

rather, it refers to charge transfer from the nanoparticle to the chemically attached 

medium such as an adsorbed molecule or semiconductor.  

Most of our current understanding of the process of charge excitation in 

plasmonic nanoparticles and its transfer to a chemically attached medium is based on the 

physical models developed for extended metal surfaces. In this picture, the process of 

electronic excitation (i.e., the photon-induced formation of energetic charge carriers in a 

metal nanoparticle) takes place mainly in the metal and is not heavily influenced by the 

chemically attached medium. In this mechanism (see Figure 5-1a), a plasmon (i.e., 

photon interacting with a plasmonic nanoparticle) relaxes within a few femtoseconds by 

forming energetic an electron-hole pair in the metal. These energetic charge carriers 

“cool off” by colliding with other electrons within a couple hundreds of femtoseconds 

yielding a Fermi-Dirac distribution, albeit at an elevated temperature. This charge 

distribution further relaxes by colliding with phonon modes within a few picoseconds, 
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resulting in heating of the nanoparticle. Finally, the excited phonons further equilibrate 

with the environment at a time scale of hundreds of ps.21,22 In this conventional picture, 

hot charge carriers can potentially be extracted from these excited electron distributions 

(i.e., before they are completely cooled) to a chemically attached medium (the adsorbed 

molecule or a semiconductor). The corollary of this conventional picture is that the yield 

of extracted hot charge carriers is low,23 since a significant fraction of formed energetic 

charge carriers do not have sufficient energy to be transferred and most of the charge 

carrier energy is further lost through the interactions with electrons and phonons within 

the nanoparticle. 

While the above discussed conventional charge excitation/transfer mechanism 

has, to a large extent, guided the field, there have also been multiple experimental 

observations reporting that the presence of a chemically attached medium (an adsorbate 

or a material with a different dielectric function) on a plasmonic nanoparticle can lead to 

faster relaxation of LSPR compared to the free plasmonic nanoparticles.24,25 This 

surroundings–induced LSPR relaxation channel is generally referred to as chemical 

interface damping (CID). For example, it has been demonstrated recently that when a 

semiconductor is chemically bound to a plasmonic nanoparticle, plasmon relaxation can 

occur via the direct and efficient, simultaneous excitation and transfer of an electron or 

hole from the metal nanoparticle to the attached semiconductor (i.e., this process of 

excitation is not mediated by the electronic excitations within the nanoparticle itself).26 

Chapter 4 of this dissertation also showed that direct charge transfer from 

plasmonic Ag nanoparticles to strongly bound molecules can take place when the system 
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is illuminated with resonant light (depicted in Figure 5-1b).27 It was demonstrated in a 

case study of methylene blue (MB) adsorbed on Ag nanocubes by analyzing wavelength 

 

 

Figure 5-1: Modes of charge excitation and extraction in metals. (a) In the conventional 
picture of photomediated charge excitation in metals, (i) photon absorption generates hot 
electron−hole pairs within the metal. (ii) These electron−hole pairs initially form an athermal 
(i.e., cannot be described using Fermi−Dirac statistics) hot electron distribution. (iii) This 
athermal distribution thermalizes/cools through electron−electron collisions taking place on 
the order of ∼100 fs. (iv) The hot thermalized distribution cools further via electron−phonon 
interactions on the order of ∼1 ps. When an adsorbate is present, electron transfer from the 
metal to the adsorbate can theoretically take place at any point during this thermalization 
process. However, the probability of this transfer is low because of the rapid cooling process 
and the low number of high-energy charge carriers. (b) (i) The alternative mechanism for 
charge transfer presented herein is realized when an adsorbate or semiconductor chemically 
interacts with a plasmonic metal nanoparticle. Plasmon excitation of the nanoparticle 
produces strong field intensities at the interface, facilitating the formation of electron−hole 
pair at the interface. (ii) Density of states diagram reveals the formation of an alternative 
channel for direct, resonant transfer of charge carriers to high-energy adsorbate states, which 
bypasses the thermalization of hot electrons in the metal depicted in part (a) of this figure. 
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and intensity-dependent anti-Stokes and Stokes surface-enhanced Raman scattering 

(SERS) intensities of adsorbed MB. This direct charge transfer has also been postulated 

to explain enhancements of Raman signal that could not be explained through traditional 

electromagnetic SERS theory.28,29 These studies provide experimental evidence that 

ultrafast charge excitation/transfer at the interface of plasmonic nanoparticles and 

chemically attached mediums can take place, yet questions related to the exact 

microscopic origin of the charge transfer process and the driving forces that make this 

transfer possible persist.   

In this chapter, we attempt to further clarify the microscopic mechanism of the 

excitation and flow of energetic charge in plasmonic nanoparticle-adsorbate systems. We 

do so using anti-Stokes and Stokes SERS methods similar to Chapter 4. This time 

however, we use the data to simultaneously measure the vibrational temperature of the 

plasmonic metal nanoparticle and the attached adsorbates. We demonstrate that in the 

case of MB molecules chemisorbed on Ag, the high rates of direct flow of charge from 

the nanoparticle to the molecule, observed at resonant frequencies, result in the lack of 

thermal equilibrium between the adsorbate and nanoparticle i.e., the molecule is heated to 

a much greater extent than the nanoparticle. We also develop and discuss a conceptual 

physical model that allows us to explain our experimental observations and more 

generally shed light on the direct charge transfer mechanism of LSPR relaxation. This 

analysis points us in a direction of molecular control of the charge excitation and transfer 

process using interface and local field engineering strategies. This picture of charge 

transfer suggests that the yield of extracted hot electrons (or holes) on plasmonic 
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nanoparticles can be significantly higher than the yields expected based on the 

conventional models. 

 

5.3 Experimental methods 

5.3.1 Nanoparticle synthesis and Raman sample preparation 

The plasmonic nanoparticles were silver nanocubes, synthesized using the 

modified polyol method.30 . All aspects of this synthesis are described in detail in Chapter 

2, Section 2.3.1. After synthesis, the cubes were washed 5x by centrifugation and re-

dispersion in a combination of acetone and ethanol. After washing, the cubes were 

dispersed in 5 mL of ethanol. After synthesis and washing, both the colloidal suspension 

and the aggregates on a solid substrate were characterized by UV-vis spectrophotometry 

(Thermo Evolution 300). Samples for extinction measurements of dry Ag aggregates on 

solid support were prepared by drop coating ~200 μL of the colloidal solution onto a 1 in2 

glass slide and allowing the solvent to evaporate. Transmission electron microscopy 

(TEM) samples were prepared by depositing ~2 μL of the colloidal nanoparticle solution 

on a carbon film TEM grid (the amount deposited was chosen to mimic the density of 

particles used in optical and Raman studies). Aberration corrected TEM (JEOL 3100, 

accelerating voltage 300 kV) was used to characterize the Ag nanocubes, which were 

found to have an average edge length of 71 ± 9 nm.  

Methylene blue (MB) and Rhodamine 6G (R6G), were used as probe molecules 

in the Raman experiments. One of the dye molecules was added to a colloidal solution of 

Ag nanocubes at a concentration of 40µM and allowed to incubate for several hours to 

ensure full equilibrium adsorption of the dye onto the silver surface.31 Adding the dyes 

while the particles are still in liquid solution allows the molecules to access all available 
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adsorption sites on the Ag particles. Solid samples for Raman studies were prepared by 

drop coating ~ 30 μL of the Ag-dye solution onto a 1 cm2 silicon chip and allowing the 

ethanol solvent to evaporate, leaving behind a thin layer of silver-dye aggregates. The as-

prepared samples were, in addition to use to in Raman studies, also characterized by 

TEM as described in Chapter 2, Section 2.6.2. 

Figure 5-1 shows TEM images of Ag nanoparticles both before and after MB was 

added to the colloidal nanoparticle solutions. The micrograph for MB-free Ag nanocubes 

shows many individual nanocubes dispersed over the TEM sample grid. A few Ag 

nanowires and spherical particles are also formed during the synthesis. When MB is 

adsorbed on the surface of the nanoparticles, nearly all of the nanocubes aggregate into 

relatively large clusters. These aggregates are characterized by large numbers of 

plasmonic hot spots. 

Figure 5-2: TEM images of Ag cube samples. (a) TEM image of synthesized, washed Ag 
nanocubes with no added methylene blue. (b) TEM image of synthesized, washed Ag nanocubes 
with methylene blue added. Notice that while addition of MB does not change the morphology 
of individual cubes, which have ~71nm edge length, it does cause significant aggregation. 

(a) (b) 
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5.3.2 Temperature controlled Raman studies 

Raman studies were conducted in a temperature-controlled Harrick Praying 

Mantis reaction chamber designed for Raman spectroscopy. A sample of Ag-dye 

aggregates on a silicon chip was placed inside the chamber, with the transparent reactor 

window allowing Raman spectra to be collected.  The set temperature of the sample 

within the reactor could then be controlled, and pure nitrogen could be flowed through 

the reactor to provide an inert atmosphere and allowing for convective sample cooling, 

limiting oxidation of the Ag surface and photo-degradation of the dye. Stokes and anti-

Stokes Raman spectra were gathered using a Horiba LabRAM HR system under 

excitation from either a 532 nm diode-pumped solid state laser, or a 785 nm diode laser. 

The laser was focused on nanoparticle aggregates visible through a 10x confocal 

microscope lens. Full spectra were gathered at 15 K temperature intervals from 298 K to 

373 K, with time given in between each measurement for the sample temperature to 

equilibrate. 

5.3.3 Calculation of adsorbate vibrational mode temperatures 

While the K value for a given vibrational mode in a sample can tell us the 

deviation from the expected value of an anti-Stokes peak, it is often useful to perform a 

different quantitative calculation to compare the extent of vibrational excitation in a 

molecule compared to its surroundings. For this purpose, we can calculate, using the 

same anti-Stokes to Stokes peak ratios in a given spectrum, the temperature of the 

vibrational mode.32 This temperature is then compared to the actual temperature of the 

surrounding environment or other temperature values calculated using the Raman data.  
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The vibrational temperature of a specific mode can be calculated based on the 

anti-Stokes to Stokes ratio for that mode, similar to K, because it is based on the same 

Boltzmann distribution. In this case, the distribution equation is rearranged as shown in 

Equation 5-2 to calculate temperature as a function of anti-Stokes to Stokes ratio: 

 

𝑇𝑣𝑖𝑏𝑟 = − 𝐸𝑣𝑖𝑏𝑟
𝑘𝐵∗ln(𝐼𝑎𝑆 𝐼𝑆𝑡� )

                    (5-1) 

where Tvibr is the calculated temperature of the mode, Evibr is the energy of the mode, and 

IaS and ISt the anti-Stokes and Stokes intensities (properly calibrated as described in 

Chapter 3) of that vibrational mode, respectively. 

5.3.4 Calculation of Ag nanoparticle electronic temperatures 

In addition to the behavior of the probe molecule in instances of Raman 

scattering, in SERS, where the probe is anchored to a plasmonic metal surface, the 

Raman spectrum can be used to study the response of the plasmonic substrate to laser 

illumination. Hugall and Baumberg showed recently that the background SERS signal, 

present in all SERS measurement and independent of the probe molecule attached, 

provides important information about the temperature of the plasmonic substrate.33 This 

is because the electrons within the plasmonic particle can participate in Raman scattering 

on their own. 

The local nanoparticle temperature can be measured based on the intensity of the 

SERS anti-Stokes background signal.34 The central concept is that the anti-Stokes 

background intensity measures the rate of emission anti-Stokes shifted photons in 

response to the photon-induced relaxation of electrons within the metal nanoparticle from 
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the occupied electronic states just above the Fermi level to the unoccupied states just 

below the Fermi level. The electrons follow a Fermi-Dirac distribution within the 

nanoparticle based on their temperature. The local equilibrated electronic temperature of 

the metal can be derived from a rearrangement of this distribution through the 

relationship in Equation 5-2:   

𝐼𝑎𝑆, 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 =  𝐼𝑎𝑆,0 �𝑒
𝐸𝑅𝑎𝑚𝑎𝑛

𝑘𝐵∗𝑇�
+ 1�

−1

            (5-2)  

where IaS,background is the intensity of the anti-Stokes SERS background at a given energy 

of Raman shift, ERaman, and IaS,0 is the intensity of the anti-Stokes SERS at ERaman = 0. 

Equation 5-2 can easily be rearranged to a linear form: 

ln �𝐼𝑎𝑆,0

𝐼𝑎𝑆 
− 1� =  1

𝑘𝐵𝑇
∗ 𝐸𝑅𝑎𝑚𝑎𝑛    (5-3) 

 

We calculate the theoretical IaS,0 by looking at the anti-Stokes background signal 

at high Raman shifts, where: 

𝑒
𝐸𝑅𝑎𝑚𝑎𝑛

𝑘𝐵𝑇� ≫ 1      (5-4) 

and therefore: 

𝐼𝑎𝑆,0 �𝑒
𝐸𝑅𝑎𝑚𝑎𝑛

𝑘𝐵𝑇� + 1�
−1

~ 𝐼𝑎𝑆,0 ∗ 𝑒
− 𝐸𝑅𝑎𝑚𝑎𝑛

𝑘𝐵𝑇�  

𝐼𝑎𝑆 = 𝐼𝑎𝑆,0 ∗ 𝑒
− 𝐸𝑅𝑎𝑚𝑎𝑛

𝑘𝐵𝑇�  

ln (𝐼𝑎𝑆 ) = ln (𝐼𝑎𝑆,0) − 𝐸𝑅𝑎𝑚𝑎𝑛
𝑘𝐵𝑇

    (5-5) 
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Here, the intercept of the best fit line when plotting ln(IaS) versus ERaman is equal 

to ln(IaS,0). Once this is calculated, we can more accurately determine the local metal 

temperature by now including lower energy Raman shifts and plotting ln(IaS,0/IaS – 1) 

versus ERaman as Equation 5-3 would suggest. The slope of the best fit line will be equal to 

1/kBT. In this way, the electronic temperature of the plasmonic SERS substrate can be 

calculated and compared to both the actual ambient temperature and the probe molecule 

vibrational mode temperatures. 

 

5.4 Experimental results 

5.4.1 Simultaneous nanoparticle and molecule temperature measurement using SERS 

To perform the studies of charge flow in the systems, we used Stokes and anti-

Stokes surface-enhanced Raman spectroscopy (SERS), employing laser sources with 

photon wavelengths of 532 and 785 nm. We used clusters of plasmonic silver nanocubes 

with ~ 70 nm edge length supported on a silicon chip. A probe molecule, methylene blue 

(MB), was chemisorbed on the nanoparticles as described in Section 5.3.1. Figure 5-2 

shows TEM images of our model systems. The Ag clusters were characterized by large 

numbers of hot spots, the regions between two closely spaced plasmonic Ag 

nanoparticles. FDTD simulations for similar samples in Chapter 4 showed that the 

maximum electric fields in the hot spots for both 532 nm and 785 nm incident 

wavelengths were between 104 and 105 times higher than the source photon field 

intensities. Furthermore, calculations show that the average field enhancements over the 

entire surface of nanoparticle aggregates are approximately equal within an order of 

magnitude for both incident wavelengths.27 
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The highest photon flux produced by the continuous wave lasers used in the 

experiments was 2.0*1020 photons cm-2 s-1. For the cross-sectional area occupied by one 

Ag nanocube of ~70nm edge length, this is equivalent to ~ 1.0*1010 photons per second. 

Previous studies have shown that for clusters of plasmonic Ag nanoparticles, the optical 

cross-section is ~ 10 – 50 times larger than the geometric cross-section.35 Therefore, the 

average rate of photons interacting with a single nanoparticle is ~1.0*1011 to 5*1011 s-1, 

and it is proportionally larger for clusters of nanoparticles. This is the upper limit on the 

average rate of charge carrier formation in a nanoparticle. In practical terms, this means 

that we are operating at the ps time scale (i.e., the time between formation of charge 

carriers), and our Raman experiments are probing the behavior of the steady state system 

where energetic charge carriers have equilibrated with the phonon modes of the metal 

nanoparticles. We note however that the phonon modes of nanoparticles and adsorbates 

have not equilibrated with the environment (i.e., they may be at higher temperatures than 

the environment). As described further below, and depicted in Figure 5-3, by measuring 

Stokes and anti-Stokes SERS intensities we can concurrently measure the equilibrium 

(phonon) temperature of the metal nanoparticles and the vibrational temperatures of 

molecules adsorbed on these nanoparticles. These measurements allow us to follow the 

flow of excited charge carriers in the system as this charge flow directly impacts these 

temperatures.  
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As the laser source photons are absorbed by a nanoparticle, energetic charge 

carriers are formed. These charge carriers thermalize with the nanoparticle phonon 

modes. This process can lead to local heating of the nanoparticles. The local nanoparticle 

temperature can be measured based on the intensity of the SERS anti-Stokes background 

signal (subject to corrections for detector sensitivity and unequal electromagnetic 

enhancements described in Chapter 3)34. The central concept here, illustrated in Figure 5-

Figure 5-3: Measuring localized phonon temperatures of metal nanoparticles and the 
vibrational adsorbate temperature. (a) Raman excitation within the metal nanoparticle can 
excite electrons from states above the Fermi level, which can decay to states below the 
Fermi level. This inelastic excitation/relaxation process produces an anti-Stokes shifted 
photon that contributes to the background intensity in anti-Stokes Raman spectroscopy. 
The anti-Stokes background intensity can then be related to the electronic temperature 
through the Fermi−Dirac distribution function. (b) The ratio of anti-Stokes to Stokes 
Raman intensities of a particular vibrational mode of an adsorbed molecule depends on 
the relative population of the molecules in the vibrationally excited and ground state 
(represented by the shaded gray area). These mode-specific anti-Stokes and Stokes 
intensities give us the information about vibrational temperature of the mode through a 
Boltzmann distribution function. 
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3a, is that the anti-Stokes background intensity measures the rate of emission of anti-

Stokes shifted photons in response to the photon-induced relaxation of electrons within 

the metal nanoparticle from the occupied electronic states just above the Fermi level to 

the unoccupied states just below the Fermi level.34 The Fermi-Dirac distribution function 

is used to calculate the equilibrated (electron-phonon) temperature of nanoparticles, as 

shown in Section 5.3.4. 

Data in the inset of Figure 5-4a show the anti-Stokes spectra of Ag nanoparticles 

measured under continuous wave (CW) illumination by the 532 nm laser as a function of 

externally controlled reactor (nanoparticles) temperatures. The reactor temperature was 

controlled using an external heat source and measured using a thermocouple located 

directly underneath the sample chip within the reactor vessel. The measured background 

anti-Stokes intensities were fit to the Fermi-Dirac electron distribution function (as 

described in Section 5.3.4) to quantify the local nanoparticle temperature. Data in Figure 

5-4a show that the calculated local nanoparticle temperature scales linearly with the 

reactor temperature for both lasers measured at equal laser intensities (equal by measure 

of photon flux). The data show the local nanoparticle temperature under laser 

illumination is slightly higher than the reactor temperature for both lasers. The slightly 

higher values of the nanoparticle temperature are the result of light-induced local 

nanoparticle heating.36 Higher nanoparticle temperatures under 532 nm illumination 

compared to 785 nm are likely the result of the higher energy of 532 nm photons.   
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Figure 5-4: Measured nanoparticle and MB adsorbate temperatures and SERS spectra. (a) 
Temperature of Ag nanoparticles under illumination by the 532 nm laser (green circles) 
and 785 nm laser (red triangles). Error bars represent the standard deviation of all trial runs. 
The black solid line is used to guide the viewer, and it represents the measured nanoparticle 
temperature equal to set temperature. Inset: Anti-Stokes spectra, gathered using the 532 nm 
laser, of Ag nanocubes (no adsorbate) showing noticeable change in the exponential decay 
of the SERS background signal as the sample temperature is increased through external 
heating. (b) Temperatures of the most prominent vibrational modes of MB adsorbed on Ag, 
calculated using Equation 5-1. Under 532 nm illumination, the vibrational temperature is 
nearly equal to the set temperature (represented by the black line). We note that under 532 
nm illumination due to a very weak anti-Stokes signal, we could with confidence measure 
only the temperature of the 447 cm-1 mode. Under 785 nm illumination, the vibrational 
temperatures for all modes are significantly increased above the metal nanoparticle 
temperature, indicating a resonant, selective energy transfer into the MB adsorbate. (c,d) 
Raw data showing anti-Stokes (blue, representing blue-shifted photons) and Stokes (red, 
representing red-shifted photons) spectra for silver− methylene blue samples collected 
using a (c) 785 nm laser and (d) 532 nm laser, showing the exceptionally high anti-Stokes 
signal under 785 nm due to resonant charge transfer. 
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In addition to measuring the local nanoparticle temperature by focusing on anti-

Stokes background intensities, the analysis of SERS Stokes and anti-Stokes intensities of 

various vibrational modes of the molecules adsorbed on the surface gives us a measure of 

the molecular vibrational temperature.32 In a thermalized vibrational energy distribution, 

the ratio of the population of excited to ground state vibrational modes, and thus the anti-

Stokes to Stokes intensity ratio in Raman measurements, obeys a Boltzmann distribution 

(see Figure 5-3b). Using the SERS data, the effective temperature of a specific 

vibrational mode can be calculated as described in Section 5.3.3.  

Data in Figure 5-4c and 5-4d show anti-Stokes and Stokes SERS spectra for MB 

adsorbed on the surface of Ag nanoparticles obtained using the 532 and 785 nm laser 

sources. Both laser sources were set to deliver a photon flux of 2.0*1020 photons cm-2 s-1 

to the sample. We used Equation 5-1 to calculate the vibrational temperature of the 

various modes of the MB molecule based on these Raman spectra. Data in Figure 5-4b 

show the calculated vibrational temperature as a function of the reactor temperature for 

both lasers. The data show that the temperature of MB vibrational modes is significantly 

elevated for 785 nm laser compared to local nanoparticle temperature. This strongly 

elevated MB vibrational temperature under the 785 nm laser is a signature of charge 

transfer from Ag to MB at this frequency. The vibrational heating of the adsorbed 

molecule due to vibronic coupling is a side effect of the charge transfer to the molecule.27 

Data in Figures 5-4a and 5-4b also show that for the 532 nm laser, the local nanoparticle 

temperature and the MB vibrational temperatures are very similar, which suggests a 

thermally equilibrated system and the lack of charge transfer in the case of the 532 nm 

laser. 
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5.5 Charge excitation and transfer in plasmonic nanoparticle-adsorbate systems 

As discussed above, the SERS experiments showed that the process of charge 

exchange between the nanoparticle and adsorbate took place at when excited by 785 nm 

photons and not 532 nm photons, and that it led to the selective heating of the molecule.  

Since the lowest energy of photons absorbed by free MB is ~ 665 nm37 (higher energy 

than the 785 nm photons), it appears that the observed charge transfer must occur 

between the metal and molecule (rather than between states wholly within the MB). This 

charge transfer process most likely involves hybridized electronic states formed in the 

process of MB chemisorption on the Ag nanoparticles. We attempt to explain these 

experimental observations in terms of classical theories of photon absorption (i.e., 

plasmon relaxation) in metals. As discussed, due to a large number of electronic states in 

the metal, classical models assume that photons are absorbed by forming electron-hole 

pairs in the metal. This electron-hole pair formation process has been previously 

described and it proceeds via:38  

(i) Direct photon absorption (plasmon relaxation) by electron excitation from d 

states below the Fermi level vertically up to s states above the Fermi level, 

often referred to as interband transitions. In this process electron momentum is 

conserved. The probability for these transitions is γdirect ~ 1015 s-1 (this is the 

inverse of the plasmon relaxation time).39 We note that in Ag, the direct d to s 

excitations take place at a minimum of ~ 3.6 eV,40 well above the energy of 

photons used in these studies, so these direct, vertical absorption processes 

within Ag cannot be activated in our measurements.  
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(ii) Indirect phonon-assisted intraband transitions from s states below to s states 

above the Fermi level. In this process another body, a phonon, is required to 

conserve the momentum. The probability for this excitation mechanism is γph 

~ 1013 - 1014 s-1.41 

(iii) Indirect geometry-assisted intraband transitions from s states below to s states 

above the Fermi level. This process is known as Landau damping. Here, 

momentum is conserved by the electron collision with the confined surface 

modes.42 The probability for this excitation is dependent on the size of the 

particle, and it can be described using γgeo ~ vf/R, where vf is the Fermi 

velocity and R is the radius of the nanoparticle.  For silver nanoparticles the 

probability of these transition is ~ 1014 s-1 for nanoparticles with diameter of ~ 

10 nm, and ~ 1013 s-1 for nanoparticles with diameter of ~ 100 nm.38 

(iv) An Umklapp process, characterized by the momentum conserving formation 

of multiple e-h pairs from a single photon. The probability for this process is 

γUM ~ 1015(Eph/EFermi)2 s-1, where Eph and EFermi are the photon and Fermi 

energy, respectively. For visible photons impinging on an Ag substrate, the 

probability for this process is ~ 1013 – 1014 s-1, and this process becomes more 

relevant at higher photon energy.43 

This conventional analysis suggests that there are approximately equal 

probabilities for the three intraband s to s transitions (ii – iv above) for Ag nanoparticles 

between 10 and 100 nm. The net effect is that due to the broad and featureless s band in 

Ag, the probability distribution for the initial charge excitation within the Ag 

nanoparticles for both lasers is essentially a flat function spreading from (Efermi – Eph) to 
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(Efermi + Eph), yielding the electron energy distribution depicted Figure 5-1a. This is 

consistent with recently reported first principles calculations, accounting for all the (i) 

through (iv) transitions in metal nanoparticles.44 As described in the Figure, this initial 

electron distribution function changes as electrons and holes cool off, taking the shape of 

a Fermi-Dirac distribution. If we assume that energetic charge carriers are transferred to 

the MB molecule from this electron distribution, then due to the similar charge excitation 

probability distributions at a given intensity, we would expect that both lasers would 

induce similar rates of charge transfer into adsorbed MB. In fact, we would expect 

slightly higher rates of charge transfer for the 532 nm laser since more energy is collected 

by the nanoparticle at this wavelength. This is due to the higher energy of a 532 nm 

photon as well as the higher extinction coefficient for the Ag SERS substrate at this 

wavelength compared to 785 nm.27 This classical model of charge excitation and transfer 

cannot explain our experimental observations which, as described above, showed that the 

charge transfer from the Ag metal to the MB adsorbate, accompanied by non-thermalized 

vibrational heating of the molecule, took place with the 785 nm and not with the 532 nm 

laser.  

To explain our experimental results, it is imperative to move away from this 

classical picture where the process of photon adsorption is described by only considering 

the excitations in the metal nanoparticles, and ask a question about the role of adsorbates 

in changing the process of charge excitation and transfer. When an adsorbate chemisorbs 

on a metal surface, new hybridized metal-adsorbate states (bands) are formed. These are 

essentially bonding and anti-bonding orbitals shared by the metal surface atoms and 

adsorbate. Some of these orbitals are more centered on the metal while others are more 
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centered on the adsorbate. In the ground state, some of these orbitals (bands) are 

populated with electrons and some are not. The existence of these states gives rise to the 

possibility of the direct, vertical, momentum-conserving photon absorption process 

(similar to the above described interband transitions) where an electron from the 

populated hybridized state (centered on the metal)  is moved vertically up to the 

unpopulated state (centered on the molecule). This process effectively yields a direct 

photon-induced charge transfer from the metal to the adsorbate at the adsorbate-metal 

interface. Since the probability for these interfacial charge transitions is proportional to 

the coverage of the adsorbates (more specifically the ratio of the hybridized adsorbate-

metal states to metal bulk states), on large non-plasmonic nanoparticles and on extended 

metal surfaces (which have a low fraction of adsorbate states compared to metal bulk 

states) these transitions are infrequent. Most of the energy is dissipated through the metal 

states as described above in mechanisms (i) – (iv).   

On the other hand, we argue that when plasmonic nanoparticles are involved, this 

direct charge transfer process involving localized metal-adsorbate orbitals can be the 

fastest and most probable mechanism for the dissipation of electromagnetic energy. Our 

results indicate that this is the case for the Ag-MB system at 785 nm excitation. This 

phenomenon can be explained by two critical factors acting in concert. The first factor is 

the above-mentioned presence of newly formed electronic states at a particular energy 

that allow for the ultrafast, direct, momentum-conserved charge transfer process. The 

second factor is the presence of the elevated LSPR-induced electric field intensity at the 

given energy, which stimulates these surface charge transfer processes (we note that the 

rate of optical charge excitation at any point will be proportional to the field intensity, 



119 
 

|E|2).45 As we described above, the intensity of the electric field in some hot spots 

between two nanoparticles can be amplified by ~ 105 times compared to the incoming 

photon field. This high field intensity can compensate for the relatively small density of 

surface electronic states involved in the charge transfer process. We note that the ratio of 

bulk states to surface states in a 100 nm metal nanoparticle is ~ 50, with the ratio 

decreasing as nanoparticles get smaller.46 This essentially means that the LSPR effect can 

move the optical charge excitation process almost completely to the hot spots. 

The proposed model is supported by two recent reports; one showed that very 

small non-plasmonic Pt nanoparticles (less than 4 nm diameter) exhibited high rates of 

charge transfer to adsorbed molecules,47 and another showed that Au nanorods 

surrounded with CdSe nanoparticles exhibited a high degree of charge transfer to CdSe.26 

Our analysis can describe both observations. In the first case, as described by the authors, 

the charge transfer was driven by a large number of surface-adsorbate states compared to 

metal bulk states, which gives rise to rapid direct charge transfer at the surface (even 

without high field intensity). In the second case, the charge transfer process was most 

likely driven by the LSPR-induced strong electric field enhancements at the interface of 

the metal nanoparticle and semiconductor. 

 

5.6 Conclusions and Outlook 

In the introduction it was suggested that various technologies can benefit from 

high rates of hot carrier transfer from illuminated plasmonic metal nanoparticles to a 

chemically interacting medium (an adsorbate or a semiconductor) and that served as 

motivation for the discussion. The data suggests that the high rates of hot carrier transfer 
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can be stimulated by engineering interfaces that are characterized by the existence of 

donor and acceptor electronic states of a particular energy and high electric fields that can 

support the transitions at this particular energy. Normally in these systems, the injected 

charges are “transient” since they remain in the hybrid states for only a few femtoseconds 

before relaxing back into the metal, following one of the many available dissipative 

pathways.48 While this transient charge transfer is sufficient to drive chemical 

transformations on adsorbates (via the above-described vibronic coupling),49–51 it might 

not be sufficient for some other applications such as photo-chemistry on attached 

semiconductors or charge harvesting for solar applications. Improving these systems will 

require designing interfaces that optimize the harvesting of these energetic carriers once 

they are formed outside the nanoparticle and prevent them from simply relaxing back into 

the metal. One way to potentially achieve this is to manipulate the local electrostatic 

fields, making them work to extract these hot carriers away from the metal and into the 

desired material once they are formed.  
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Chapter 6 

Conclusions and Future Outlook 

 

 

6.1 Summary 

This dissertation set out to use a combination of novel and established 

experimental techniques, theoretical simulations, and quantitative analysis to shed light 

on the fundamentals of LSPR-induced charge transfer in plasmonic nanoparticle-

adsorbate systems. Chief among the experimental tools used was Raman spectroscopy, 

which was shown to be able to probe the vibrational mode energy distribution of a 

collection of molecules on the surface of plasmonic Ag nanoparticles. In probing the 

energy landscape of these plasmonic systems, the anti-Stokes portion of the Raman 

spectrum, which is typically very weak and often ignored, proved to be crucial data in the 

quantitative analysis. Deviations in the (corrected) anti-Stokes to Stokes signal ratio from 

the predicted Boltzmann distribution in a Ag-MB plasmonic system specially designed 

for SERS measurements led to the discovery that under resonant conditions, it is possible 

to induce high rates of efficient, direct charge transfer from plasmonic nanoparticle to 
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adsorbate. In this chapter, the conclusions from the studies of this dissertation are 

summarized and the next steps for future researchers are outlined. 

 

6.2 Conclusions 

This dissertation set out to take advantage of the capabilities of surface enhanced 

Raman spectroscopy (SERS) to probe the vibrational energy landscape in plasmonic 

nanoparticle-adsorbate systems. The experiments carried out used these capabilities to 

develop a fundamental understanding of the mechanisms of photo-induced charge 

transfer in these systems. While SERS experiments formed the backbone of the studies of 

this dissertation, a number of other important experimental characterization techniques 

and theoretical simulations supplemented the results to provide a complete picture of the 

microscopic mechanisms of charge transfer. The major conclusions from the studies of 

this dissertation are discussed individually and collectively in the following subsections.  

6.2.1 Corrections to anti-Stokes raw data to accurately reflect vibrational populations 

Before Raman spectroscopy studies delved into the mechanisms of charge 

transfer, the issue of ensuring the quantitative comparison of the anti-Stokes and Stokes 

peak data accurately represented the vibrational population distribution within the 

systems measured needed to be addressed. Chapter 3 began with a look into the two 

causes of deviations of the measured anti-Stokes signal strength from the actual 

vibrational population distribution: instrumental CCD error and unequal electromagnetic 

SERS enhancements of Stokes and anti-Stokes photons. Using a non-SERS system 

(liquid toluene) and a Ag-probe molecule (R6G) system known to NOT undergo charge 

transfer,1,2 a baseline anti-Stokes to Stokes ratio was established to correct for these 
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causes of deviation. The correction factor calculated in this chapter was used for the 

studies on charge transfer systems in the following chapters.  

6.2.2 Evidence of direct charge transfer as the dominant mechanism 

The introductory chapter of this dissertation alluded to two potential charge 

transfer pathways in plasmonic nanoparticle-adsorbate systems: indirect and direct. Using 

a Ag nanocube-MB system designed for SERS measurements, it was shown that under 

resonant conditions (i.e., the correct wavelength of light to excite charge transfer 

transitions) direct charge transfer took place. Under 785 nm Raman laser illumination, the 

Ag-MB system showed a highly elevated anti-Stokes Raman signal compared to the 

Stokes signal, and this deviation was shown to be laser intensity dependent. At laser 

wavelengths of higher energy, the same result was not observed. Additional optical 

characterization of the plasmonic systems and finite-difference time-domain (FDTD) 

simulations of the electric field enhancements around Ag nanoparticle aggregates 

confirmed the only possible cause of the anti-Stokes results was an elevated population of 

vibrationally excited modes in MB.  

The wavelength dependent nature of the occurrence of charge transfer (it only 

occurred at the lower energy Raman laser used) led to the conclusion that the charge 

transfer occurring in such cases was of the direct mechanism. In an indirect mechanism, 

higher energy photons (shorter wavelengths) would cause charge transfer to a greater 

extent. Because the 532 nm laser showed no signatures of charge transfer, it was 

concluded that the dominant mechanism under 785 nm illumination was direct.  
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6.2.3 Engineering the efficient flow of energy via direct charge transfer 

With direct charge transfer established as the dominant mechanism under resonant 

condition in a plasmonic nanoparticle-adsorbate system, this dissertation next looked at 

the flow or charge and energy all the way from the photon to the adsorbate (i.e., out of 

the plasmonic particle). To do so, methods for simultaneously measuring nanoparticle 

and adsorbate temperatures using Raman spectroscopy were adapted from previously 

published studies.3,4 The same Ag-MB system, under the same conditions, in which direct 

charge transfer was observed showed that as a result of direct transfer, the energy of the 

photon was, upon plasmon relaxation, selectively deposited in the adsorbate and not the 

nanoparticle. The evidence to support this assertion was that the measured adsorbate 

temperatures under 785 nm illumination were hundreds of degrees above the ambient 

atmospheric temperature, while the nanoparticle exhibited no such heating. The important 

conclusion was that direct charge transfer bypasses many of the inefficient energy 

dissipation pathways within a plasmonic nanoparticle, instead efficiently transporting 

energetic charge out of the particle in attached media.  

 

6.3 Future outlook 

This dissertation showed conclusive evidence of direct charge transfer as the 

dominant mechanism for LSPR-enhanced photocatalytic and charge transfer processes in 

plasmonic systems. It further showed how direct charge transfer efficiently funneled 

energetic charge carriers out of plasmonic nanoparticles into attached materials, where 

they could potentially be used in a number of ways. While the fundamental understanding 

of charge transfer mechanisms in plasmonic systems is invaluable, the specific systems 
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studied in this dissertation have very limited use in the fields of photocatalysis, photo-

electrochemistry, or photovoltaics. 

Moving forward and building off of the findings presented herein will require the 

design of plasmonic systems that allow for the use of energetic charge carriers transferred 

out of a nanoparticle for more than just adsorbate heating. While it was mentioned that a 

large number of studies have already demonstrated photocatalytic reaction enhancements 

due to what is now known to be direct charge transfer,5 the findings of this dissertation 

allow for the rational and predictive design of reaction systems, through plasmonic 

particle tuning, and illumination-photon frequency selection. The biggest potential 

breakthrough will be the tuning of a reaction system for direct charge transfer to alter 

significantly the selectivity toward desired products. A recent study on non-plasmonic Pt 

nanoparticles exhibited analogous results as it showed photo-induced charge transfer to 

bound CO altered the selectivity to CO oxidation over H2 oxidation when both reactants 

were fed with oxygen.6 

In plasmonic systems, much attention has recently been paid to the combination 

of Ag and Au nanoparticles with para-aminothiophenol (PATP) as a reactive adsorbate.7–

9 This particular molecule can undergo charge transfer, as evidenced by Raman studies. 

The charge transfer, rather than heat the adsorbate as this dissertation showed in Ag-MB, 

causes the coupling of adjacently adsorbed PATP molecules to form 

dimercaptoazobenzene (DMAB), as shown in Figure 6-1. This system provides an 

excellent example of using direct charge transfer to drive a photochemical transformation 

on a plasmonic surface. While the specific reaction, PATP coupling, is again limited in 

its potential applications, similar molecules or chemistries can be modeled and studied to 



131 
 

expand the number of chemical reactions that can take advantage of direct charge 

transfer. 

 

Beyond the field of photocatalysis, the potential of harnessing LSPR-induced 

direct charge transfer hinges on the design of a system that couples plasmonic 

nanoparticles with a semiconductor acceptor of charge. In this way plasmonic particles 

could be used to increase efficiencies of photo-electrochemical cells such as water 

splitters or photovoltaic solar cells. The work in this direction will need to focus first on 

designing a plasmonic particle-semiconductor system that undergoes direct charge 

transfer at visible wavelengths. The system will also need to allow for efficient transport 

of energetic charge carriers away from the nanoparticle-semiconductor interface, so 

relaxation of the charge carriers back into the nanoparticles is prevented. While there 

have been some initial studies that demonstrate small enhancements in solar cell 

Figure 6-1: PATP coupling reaction scheme. When adsorbed to a Ag or Au nanoparticle, 
adjacent PATP molecules can be coupled as a result of charge transfer. The photon 
excited the plasmon within the particle, which causes an energetic electron injection into 
the molecule, providing the energy necessary to oxidize the amino group and couple two 
molecules. 
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efficiency after addition of plasmonic nanoparticles, there is still much work to be done 

and improvement to be made.10–12 Engineering plasmonic nanoparticle-semiconductor 

interfaces for efficient charge transfer should be a very important focus of future work as 

the potential for solar energy conversion it presents is both vast and promising. 
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