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Abstract

Thedevelopmenof plasmonic nanostructures as ligigtivated photocatalysts has
proven to bea promishg research avenudue to their ability to access and drive
unfavorable chemical reactionBheseschemical reactions are fueled by the presence of
surface plasmons, which are the collective oscillation of the free eled#rgityon the
mat er i al Orge assurfade gplasenon is photoexcited, their initial energy rapidly
decays into multiple diffieent pathways, such as enhanced electromagnetic fields, an
abundance of hot carriers, and dramatically elevated local thermal environhoenétter
understand thevarious chemistries that are enabled by plasmonic materials and the
associated mechanisnariving these processesve have employed surfaemhanced

Raman spectroscopy taterrogatea plethoraof plasmommoleculecoupledsystems.

Our initial studies investigated thelationship between the plasmonic local fields
and a weHestablished plasmedriven photachemical reaction. We found that there were
no observable correlations between the two in our studies and identified a competing
degradation pathway for the studieghalytes. h addition to exploring weltudied
plasmonrinduced chemical photoreactionse ilave highlighted two new reactions that
were accessed dhe gold film-overnanosphere substrates. First, we were able to énduc
and subsequently monitoa selectie intramolecular methyl migration on -N
methylpyridiniumusing surfacenhanced Raman spectroscoplyis work emphasizes the
growing potential of initiatinghighly-selective chemistriewith plasmonic materialor
synthetic or redox purposeshe secongreviouslyunreported plasmedriven reaction

involvesthe double cleavage of tl&N bondon a pair of viologen derivative$Vhile
il



these viologens have traditionally been employed as robust redox species, the unique and
highly-powerful plasmonic local fiekl allowed the viologens to access an entirely new

reaction pat hway-bipymdind. r ansform into 4, 46

Lastly, we discuss our experimental approaches towards transiently studying the
mechanismbehind plasmormediated hot electron transfedsing ultrafast surface
enhanced Raman spectroscopy, we interrogated the transient dynamics that occurred
between surface plasmons and a bevy of electron acceptoigemical adsorbates
Ultimately, the primary goabf this work is to povide a quantitativedescription of the
transieninteractionswhich will assist inncreasng thereportedefficienciesand yieldsof
plasmonmediated chemical reacticand inspire the rational design of plasmonically

powered devices
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Chapter 1

Introduction



1.1 Motivation

The recent development pfasmonic materialas lightactivated photocatalysts
has proven to be promising due to their ability to duwéavorable chemical reactions.
Plasmormediatedohotochemistry relies otne presencef surface plasmon® generag
highly localized fielg!? hot electronsand holes,* dramatically elevated thermal
environments;’ and/or modified potential energy surfad@sSignificant progress has
been made in recent years towards successfully using plasmonic materials as a tunable
solardriven photocatalytic devic€:'®* However, while there has been a concerted effort
towards accessingindustriallyrelevant plasmonicallypowered catalytic reactions, the
corresponding efficiencies and yields have been suboptimal. To fully realize the true
potental of plasmonic materials, we believe ththe plasmonics communityeed to
collectively develop a better understanding of the underlying mechanisms fueling

plasmonic photocatalysis.

One of the more encouraging applications of plasmonic materialgrisftigude
to achieve a highevel of chemical selectivity when inducing certain chemical reacttons.
16 1t is our belief that further expanding upon the list of accessible selective plasmon
mediated chemical reactions is of high importance. While there have been recent advances
in plasmoAmediated selective chemistry, there is still a subistialatck of precedent in
using plasmonic photocatalysts as an alternative tool to carry out relevant synthetic or

redox chemistries with a high level of selectivity.



To provide a more detailed understanding of these plasmonrpalgred
processes, we bele that approaching them from a molecular perspective may prove
fruitful. Surfaceenhanced Raman spectroscopy (SERS) is a vibrationally selective
technique that exploits the fundamental principles of plasmonics, as it is intimately
dependent on the locfields produced by the plasmonic materfdISERS is capable of
spectroscopically monitoring the structure of a chemical adsorbate as it undergoes a
plasmonmediated transformation. As the reaction proceeds, the resulting SER spectra
contains a bevy of information related to the reactant and comésy photoprodudt?®
Throughout this thesis, we have employed SERS as our definitive experimental method to
initiate and spectroscopically characterize both sseltied and unreported plasmon

mediated eactions.

Additionally, to further understand the underlying transient mechanism behind a
hot electrordriven photochemical reaction, we have employed ultraBiSRS to
interrogate plasmonic systemslltrafast SERS is an ultrafast pumyprobe Raman
technique thatcollectsan evolving molecular fingerprint during a piedo femtosecond
timescale’! Theoretically this experimentatechniquewill be capable of tracking the hot
electrons as they transfer to a targeted molegeleerating a transient anionic intermediate
speciesWith a better understanding of ttransienthot electron transfer mechanisthe
plasmonic community can begin to acreea rational design of plasmonicappwered

photocatalysts.



1.2 Outline

Throughout this thesis, weaveprovided a detailed description of our attempts of
using both steadgtate and ultrafasSERS to better understand plasmarediated

photochemical reactions.

Chapter 2 is an extensive review discussing the prelsgnstate of plasmen
mediated catalysis. We higght the noteworthy findings in the field and provide a
detailed commentary on where the collective understanding is most lacking. Furthermore,
we provide a robust description of the multiple experimental approacies used to

develop aletailed mechastic description of plasmedriven catalytic reactions.

In Chapter 3, we usé8ERSto examine the relationship between the local electric
fields found in plasmonic materials and their ability to drive a-steitlied photochemical
dimerization reaction. Wiund that there was no observable correlation between the local
fieldds intensity and the reactionds rate
between the photoreaction pathways with a destructive photodegradation pathway. The
results in this wik highlight the importance of carefully considering the relevant rates and
accessibility of the various photoinduced processes when initiating plasmonic chemical

conversions.

Chapter 4discussesour work towards usingERSto mediate a new selective
chenical reaction on plasmonic materials. Specifically, we were able to induce an
intermolecular methyl migration on-Methylpyridinium to form 4methylpyridine on a

gold film-overnanosphere substrate. This work further demonstrated the untapped
4



potential ofusing plasmonic materials as a means to carry out selective synthetic and/or
redox reactions and serves as an additional contribution to the repository of plasmon

mediated chemical reactions.

Our work presented in Chapter 5 introduces an unreported qhecnven N
bound substitute cleavage on viologen derivate. WRBRS we were able to
spectroscopically ob dipyridine. Hérdy &y irftraducmag the o n
viologen derivatives to the unique local fields provided by plasmonic goldofien
nanospheres, we were able to access an entirely new reaction pathway for the viologen

species.

In Chapter 6, we shift our focus towards employing ultr&8&RSto transient track
the generation of hot electrémduced intermediate species. We detail pumpprobe
spectroscopic attempts towards studying this ultrafast phenomenon and provide a brief
discussion pertaining to the transient photophysical responses we saw in the plasmon

molecule systems that we experimentally interrogated.

Lastly, in Chapgr 7 we provide a discussion on promising experimental
modifications that may prove to be instrumental for advancing the work presented in
Chapter 6. Here, we introduce our attempts of developing a modified sample holder that is
capable of rapidly displaeg our norsolution phase substrates during an ultra&&RS
experiment. Additionally, we present our preliminary work towards the development of an
alternative titanium nitride filmovernanosphere substrate for ultrafast surackanced

Raman spectrospic measurements.



Chapter 2

Toward a Mechanistic Understanding of PlasmorMediated Photocatalysis
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2.10verview

One of the most exciting new developments in the plasmonic nanomaterials field
is the discovery of their ability to mediate a number of photocatalytic reactions. Since the
initial prediction of driving chemical reactions with plasmons in the 1980s, tliehaes
rapidly expanded in recent years, demonstrating the ability of plasmons to drive chemical
reactions, such as water splitting, ammonia generation, aadedQOction, among many
other examples. Unfortunately, the efficiencies of these processesrarglgisuboptimal
for practical widespread applications. The limitations in recorded outputs can be linked to
the current lack of a knowledge pertaining to mechanisms of the partitioning of plasmonic
energy after photoexcitation. Providing a descriptind guantitative mechanism of the
processes involved in driving plasmomuced photochemical reactions, starting at the
initial plasmon excitation, followed by hot carrier generation, energy transfer, and thermal
effects, is critical for the advancement thie field as a whole. Here, we provide a
mechanistic perspective on plasmonic photocatalysis by reviewing select experimental
approaches. We focus on spectroscopic and electrochemical techniques that provide
molecularscale information on the processesttloccur in the coupled molecuar
plasmonic system after photoexcitation. To conclude, we evaluate several promising
techniques for future applications in elucidating the mechanism of plasradiated

photocatalysis.



2.2 Introduction

The growing necessitfor clean and renewable forms of energy production has had
a significant effect on developing new technologies capable of achieving environmentally
conscious and energeticallyficient methodologies for driving industrial catalytic
reactions. Photocatadis, which relies on harvesting an abundance of photons from an
external source, has been repeatedly demonstrated as a plausible option for driving
energeticallydemanding chemical reactions. The concept of directly converting solar
energy to chemical engy has proved promising, as it negates the need of devoting a high
amount of electrical or other forms of energy to carry out the prétdsitially, the
groundbreaking research performed by Fujishima and Honda in 1972 ushered in a wave of
studies focused on implementing semiconducting materials for -choven
photocatalyst$3 However, semiconducting neatals generally absorb in the ultraviolet, a
relatively inefficient region in the solar spectrum, and despite extensive research,
photoconversion efficiencies have remained below the limit needed for widespread
application. Present day catalyst design haen focused on implementing materials
capable of harvesting the most abundant region of the solar spectrum, the visiblé*region.
Still, the current options for photocatalysts leave much to be desired regarding their

efficiencies and energetic demands that are required to power them.

In the development of industriathglevant photocatalytic processes, challenges
impeding their progress must be considered. Many of the desirable catalytic processes have
large energetic barriers, require the transfer of multiple electrons, and flgqeepire

bimolecular collisions on the catalyst surface. Therefore, these reactions typically require
8



high temperature, high pressure, and lots of time to produce desired products. For example,
steam methane reforming, a key method in hydrogen produwatidthe Fischefropsch
process, is highly endothermic and requires reaction conditions exceeding 1000 K at high
pressure (180 atm)2® Other key industrial catalytic reactions requiigh specificity to
produce products with high purity, as in the hydrogenation of acetylene to ethylene, a key
feedstock for many industrial products. In addition to meeting strict reaction conditions,
the scale of such processes must continually risett imcreasing global demandsble

2.1 provides a glance at thelative scale of several important industrial catalytic processes,
which reflects the vast amount of capital invested in the development of the necessary
infrastructure for their implementation. In view of these challenges, for photocatalytic
processesotbe competitive with standard industrial practices, highly efficient and robust
catalysts that can maintain their catalytic activity under harsh reaction conditions are
required. The application of photocatalytic processes will likely require integiation
existing infrastructure and must prove to be financially viable at large scales to be
competitiveand comply with ever expanding global consumer demands. Additionally,
significant research effort has been directed toward implementing photocatatgsts in
energyd e mandi ng si t urequifeanass schald praductdimmexample,
photocatalystdhave the potential tde utilizedin the productionof electricity on an
individual household scale. Regardless, the development of plasmonic photazatalyst

could eventually leave a dramatic impact on both leagd smaliscale catalytic processes.



Table 2.1 List of plasmon-mediated industrially-relevant catalytic processes

Approx. Production Scale Plasmon-mediated

Process Endo/Exo Standard Catalyst ~ (Megaton per year) (Prominent Catalyst)
Acetylene Exothermic Pd/ALO, N/A Yes, AINC-Pd NP
Hydrogenation

Haber-Bosch Process  Exothermic Fe/K 0 200 % Yes, Au NP coupled
(Ammonia Generation) systems 278
Reverse Water-Gas Endothermic Cu N/A Yes, Au NP/Ti0216

Shift Reaction

Steam Methane Endothermic NI/ALO, 215 (H)*" % Yes, Au-Pt NP *!
Reforming
Water Electrolysis Endothermic Ni & Pt 20 (H,) * Yes, AuNR/Ti0,"

Significant progress has been made in the recent years towards the application of
plasmonic materials as catalysts for driving chemical reactions, highlighitegamples
in Table 2.15 10 14,16, 228, 3136 Thege materials are considered promising candidates for
driving highly selective chemical processes due in part to their ability to host surface
plasmons. The extinction spectrum of a plasmonic material can be finely tuned to match
the output of the solaspectrum by changing the size or shape of the nanomaterial.
Plasmonic materials harvest energy from resonant photons and partition it into multiple
different pathways. Onceegerated, the surface plasmproduces highly enhanced
localized electromagnetifields, creates elevated thermal environments, ejects highly
energetic hot carriers, and/or modifies the potential energy landscape of a nearby molecular
species’®® Each of these possible pathways of energy partitioning may contribute to
mediating a catalytic process, with tpeeferential pathway heavily dependent on the
targeted chemical reaction and the plasmon

these potential pathways, designing a plasmonic system capable of achieving optimal
10



turnover numbers and yields is anAoivial task. Ultimately, to make a significant leap in
device fabrication, in the absence of an unpredicted technological development, it is
imperative to study the individual mechanistic contributions and dynamics during the
energy transformation poptasmon excitation. Witlthis highly pertinent information in

hand, plasmonic substrates may be designed to preferentially dictate the flow of energy as
the surface plasmon decays and efficiently channel it into mediating a chemical reaction.
Herein, we hae thoroughly discussed and reviewed the leading spectroscopic and
electrochemical techniques used to explore the mechanism behind plaEdated
photocatalysis.

One of the most promising aspects of plasmmdiated photocatalysis is the
ability to achieve a high level of chemical selectivity. Chemical selectivity is used to
guantify how successful a given catalytic system is at producing the desired product over
undesired byproducts. In many commercial catalytic systems, the chemical selectivity of
the catalyst can be quite poor due to the existence of a number of competing chemical
processes, requiring expensive separation processes. However, plasmonic materials are
suitable materials for achieving high selectivity as compared to most thesantdgted
catalytic processes, as they may be specifically designed to selectively generate charge
carriers containing the required enerditdt. is crucial to employ a system capable of
producing highlyselective products to reach a level of optimization for achieving practical
applications of plasmonic photocatalysts. Once fully optimized, one can envision the
prospect of a tunable soldriven photocatalytic device capable of selectively driving a

wide range of chemical reactions
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Throughout this review, we have provided a dgsion and critique of the current
literature that is focused on studying plaspmoediated photocatalysis from a molecular
viewpoint. Probing the interactions between strongly coupled molptagenon systems
may help provide a beneficial insight into leettinderstanding the ndrivial mechanism
driving fundamental plasmonic processes. While a singular technique may not entirely
provide a definitive description of plasmamolecule interactions on its own, the collective
knowledge garnered from various expnental approaches may produce a cohesive
picture of how surface plasmons and molecules behave as the plasmon decays, leading to
arational design of highly optimized and selective plasmonic photocatalysts.

The goal of this review is to provide a namwratcentralized on highlighting the
capabilities and future promise of a number of advanced experimental methods employed
to study the transient energetic dynamics of plasmonic materials and their effect on
mediating catalytic processes. Ultimately, we tormecognize the current challenges found
in the field of plasmomediated photocatalysit discuss the notable scientific efforts to
better understand the interactions between plasmons and molecules, and to provide an
evaluation on the future landscdpe applied plasmonic photocatalysts. We begin with a
review of the relevant plasmon dynamics and possible energetic decay pathways, highlight
a number of exceptional experimental studies that were successful in further explaining the
intricate details fand in plasmonic systems, and conclude with an outlook on the future of

plasmonmediated photocatalysis.
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2.3 Fundamentals of Plasmon Generation and Decay
2.3.1 Surface Plasmons

Plasmons are the collective oscillation of the free charge dewityy a material
with negative real and small positive imaginary dielectric components, which include
materials such as gold, silver, aluminum, titanium nitffdeetal oxides$! and copper
chalcogenide®? among a growing list of many others. Surface plasmons are confined to
the surface of anostructured materiatd After photoexcition, the free electron charge
density begins to oscillate at the surface of the plasmonic material, leading to the focusing
of the farfield radiation to highly localized and dramaticalighanced nanoscale
electromagnetic fields. Materials that supmantface plasmons have the ability to amplify
an electromagnetic wave from free space within an effective volume well below the
diffraction limit,** allowing for a widerange of applications, including fueling
photocatalytic reactiors 0 14 325 4547 ncreasing the efficiecy of photovoltaic®>* and

serving as vehicles for photothermal theraphy.
2.3.1.1 Plasmonic Energy Partitioning

A coherent surface plasmon can be generated by introducing an incident photon
sourcethatiseon esonant with t he naumoTfhawavelemgthefo s e x
light used to interact with the particles is much larger than the size of the material itself and
produces a coherent oscillation of the electron density locally confined to theinado
particle. After the surface plasmon has bphlotoexcited, its energy may rapidly decay

through either radiative or naadiative pathways. The surface plasmon only maintains its
13
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coherence for-10 fs and begins to convert its energy into multiplaways as it decays.

However, depending

on the substrateos

C O mj

chemical and physical processes may be triggered as the plasmon relaxes. The following

sections will detail the various decay Ipabys the plasmon may undergo as it loses
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coherence and relaxes. Once the plasmonic energy is dispersed through the preferential

pathways, the energy can be used to power a plethora of applic&igue (2.1).

2.3.12 EnhancecElectromagnetic Fields

Surface plasmons give rise to
dramatically enhanced
electromagnetic fields near the
surface of the nanostructufeThe
plasmonic nanoparticles can be
specifically engineered to host
various nanoscale phical structures
that allow for extreme light
concentration to subwavelength

dimensions, resulting in highly

localized electric fields. Resonant

interactions between the oscillating
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z—axis [nm)]

. 0
free electron density near the surface

of the nanostructure and the inefd  Figyre 22 Calculated  electd field

enhancements for gold JA nanoparticle
oligomer$® and (B bowtie antenna& The
maximized field enhancement for both syste
is produced at the interfaces between
nanoparticles and the regions containing st
structural features. Part A reprinted wi
) . permission fron ref 63. Copyright 2013
fields, typically form between the american Chemical Society. Part B adapted v

. . the permission from re64, OSA Publishing.
crevice of two or more physical
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feature or at a sharp, distinct edge on the surface. Examples of a plasmonic field
enhancement can be seen in constructs such as the nanoparticle oligomer drmed bow
antenna substrates shown Figure 2.2.5%%% When positioned within a region of
dramatically enhanced electromagnetields, a molecule may experience dramatically
enhanced scattering due to the subwavelength confinement of electromagnetic light. This
phenomenon led to the development of multiple surthgendent processes and
applications, such as surfaeehanced Ramati®® infrared®”%® and fluorescené&’
spectroscopies, and the invention of liglarvesting plasmonic photovoltait®* Once
photoexcited, the coherent electromagnetic field decays rapidly and effectively acts like an
AC field being driven by the photoexcitation source, making it unlikely to have a direct

impact on the photocatalytic reaction pathway.
2.3.1.3 Hot Caier Generation

After the surface plasmon loses coherence, theradiative decay pathway
produces a distribution of hot carriers that may be utilized in initiating photocatalytic
reactions. This multistep decay process occurs primarilyareaudamping’® where
energy is transferred from a coherent plasmon to individual elelati@npair excitations.
Initially, the hot carrier distribution is nonthermal and contains charged species far from
the Fermi level of the materi&l’? Then, hot electrons and holes rapidly thermalize,
reaching a FermDirac distribution that corresponds to a high effective electron

temperature. This initial thermalization is carried out through a redistribution of the energy
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reaction.

The ultrafast time scales describeﬁ
above can present challenges using
plasmonic substrates to drive photocatalyti
processes. A large majority of industrialg
significant catalytic processes rely on bimolecular reactions that are induced through

collisions in the gas phase. However, due to the extremely short lifedgailasmonic hot
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carriers, current reaction activities and turnover frequencies are limited by the low
probability of interactions between molecules in free space and the hot carriers generated
near the surface. Plasmarediated catalysis would be mord&i@ént if the reactants can

be preloaded onto the surface, as is common in most heterogeneous catalytic processes,
dramatically increasing the likelihood of inducing the interactions between the hot carriers
and targeted reactants. Unfortunately, achigziontrolled prdoading is quite difficult for

the most prevalent plasmonic materials (Au and 2@dupling these plasmonic materials

with more reactive metals may be the most promising route for achieving high efficiency

catalysist*
2.3.1.4 Localized Heating

After the electrons have undergone the fast elealectron and elemin-phonon
scattering events (10 4.0 ps) and have reached a thermalized distribution, the remaining
energy is transferred to the localized environment (both solvent and adsorbed molecules)
in the form of heat’*® Plasmonic photothermal heating has received a considerable
amount of attention in the past due to its potential of utilizing plasmonic nanopatrticles as
an excellent agent for delivering thermal energy in a highlglioed manner® ”In fact,
an exciting field utilizing photoinduced plasmonic heating is plasmonic photothermal
therapy?>®! This form of cancer therapy employs nanoparticles with plasmons specifically
tailored to the neainfrared to minimize absorption by any tissue above the nanoparticles.
The particles aréargeted at cancerous cells and irradiated with an externainfieaed
light source to initiate a phase of cell death via localized thermal heating and induce tumor

remission. In addition to photothermal therapy, localized plasmonic heating haseaiso be
18



applied in other applications such as drug delivery and reféateam generatioff

photothermal therapeuti€8and growth manipulation of nanoscale struct§tés.

Localized plasmonic heating has also been demonstrated as a fundamental
mechanism fo carrying out or assisting certain catalytic reactidor’S.A surplus of
localized heat is typically a vital condition for a variety of endothermic reactions. During
the plasmon decay process, the formation of hifgitalized tlermal environments, both
on the nanoparticleds surface and surroun:
thermal heat transferred to a nearby molecular species. In fact, localized heating is one of
the few benefits of the lossy nature of plasnmiridlhile working in tandem with the
plasmonic hot carriers, the released thermal energy could play an integral role in reducing
energetic barriers preventing a reaction from taking place. A consideratianiofdiplay
between local heating and hot carrier generation is necessary for successfully mediating a

photocatalytic process.
2.3.1.4 Modified Molecular Potential Energy Surfaces

Another aspect of plasmonic photocatalysis is the formation of new enggly le
as a molecule adsorbs to the surface of a plasmonic material. In this scenario, the strong
coupling between the plasmon and molecule may lead to an alteration to the molecular
resonances. An analogous effect was discussed by Boatgten 2016%%Boer i gt er 0 s
work described new hybridized metadsorbate states that form as a result of molecular
chemisorption to a metal surface, producing a new chargefdrgoathway from the

nanoparticle to the molecule. These chemical interactions on the surface resulted in a
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highly-modified coupled system that allowed for resonant energy transfer between the
plasmon and adsorbate. A more detailed discussion of thisistpryided in the surfaee
enhanced Raman spectroscopy section further on in this review. This proposed pathway
was successful in providing empirical evidence of the effects of molsadilace
interactions on plasmonic photocatalysis. In 2018, Kazeinal. were successful in
identifying a plasmofinduced single molecule dissociation of dimethyl disulfide
((CHsS)) on Ag and Cu surfaces with scanning tunneling microscopy ($TMgre, the
authors found that the dissociation was mediated by an energy transfer from the localized
surface plasmon to the adsorbed molecular spetiwsdirect adsorption of the (G8le

onto the metal substrates resulted in the LUMOs of:83Ho be weakly hybridized with

the metal. The weak hybridization significantly reduced the likelihood of excited state
relaxation to the ground state, which gage to an accessible dissociative potential energy
surface. There is a substantial literature within the surface science community that has
detailed the interactions between molecular adsorbates and surfaces, which may be quite
helpful for further underanding the interplay between surface and plasmonic effects on
the electronic states of adsorbed molectit€$The resulting from these studies ultimately

laid a goundwork for understanding surface and molecular plasmonic effects. However, a
discussion into these interactions is beyond the scope of this review. Due to this complexity
of the coupled moleculgslasmonic system, a variety of technical approaches adede

to examine the transient mechanisms relevant to plasmonic photochemistry.
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2.4 Select Methods to Elucidate the Mechanism of Plasmdediated Photocatalysis
2.4.1 Spectroscopy
2.4.1.1 Surfac&nhanced Raman Spectroscopy

One of the moreeffective and frequently used techniques to explore plasmon
molecule interactions is surfaemhanced Raman spectroscopy (SERS). SERS is a
vibrationally-sensitive technique that exploits the fundamental nature of plasmonic
systems by enhancing the Ranmsaattered signal generated by molecules positioned
within the substrateds regions of most dr al
spots in the SERS community.®© SERS is an excellent method for probing and
monitoring plasmofmediated photor@sions in situ and in redglme due to its remarkably
high signal enhancement, which can enable microsecond acquisition®timkese
experiments are typically highly sensitive to the signal arising from the most enhanced hot
spots on the plasmonic substrat€raditionally, the nanostructures are noble metals (e.g.
gold and silver) that have been specifically fabricabedsynthesized to host sharp,

nanoscale features that couple together to form hot spots.

The magnitude of a collected signal can be quantified by calculating a SERS
enhancement factor (EF) for the plasmonic substrate used in the experiment. The SERS EF
can be calculated by the following equat®én

O I (1]

00 —/—/——
‘O 10
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where’'O and’O are the Raman intensities on the SERS substrate and under normal

conditions, respectively is the number of molecules probed on the substraté and

is the number of molecules probed during the normal Raman collection. This equation is
evaluated at a set excitation wavelength for a specific Ractare vibrational mode.
Multiple assumpt n s , such as the molecul ar probeods
Raman crossections, can be made during these calculations and may lead to discrepancies
in the values reported throughout literatutinderstanding SERS EFs is essential for
appropriatelyevaluating the work performed within this field, as it can be a useful metric

of the localized electric fields experienced by the molecular prSbidswever, it is
important to note that the EF in nearly all SERS experiments are enssrebdged. This
ensemble averagg can include contributionsdm hot spots with EFs ranging acre<s

orders of magnitude, although the strongest enhancing sites produce a vast majority of the
collected Raman signal. Fareg al. published an exceptional study that examined the
distribution of individual hot spots and how they contribute to the overall SERS intéhsity.
They found that fewer than 0.01% of probed hot spots in a single SERS exposure account
for nearly 25% of the collected SERS signal. Therefore, the reported SER®B Eost
publications are typically a lower bound to overall signal magnitude due to the assumption
that every adsorbed molecule contributes to the SERS signal. There is currently a huge
focus in the literature on developing new SERS substatésbut until atomically

defined nanostructures are available in geometries large enough to support a surface
plasmon, they will fundamentally be limited by this enseraveraging, making absolute

quantitative analysis difficult.
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In fact, SERS has a myriad of advantages for examining the mechbeisnd
plasmonmediated photocatalysiBeing a vibrationalhsensitive spectroscopic technique,
a SER spectrum offers much more detail an
strucure than electronic spectroscopic techniques. SERS is capable of discerning any
mi nor alterations to the molecul eds orient
the spectra. Also, the rapid decay of the electromagnetic fields near the plasmonic
nanostructureds surface ensures that "the si
10 distance dependence for spherical nanoparticles) the stfféé’2 making it a highly
selective technique. The selectivity of SERS ensures the probed molecules are the most
susceptible to interactions with any plasrioduced effects.

However, the inherent limiteons of SERS must also be addressed. The selectivity
of this technique comes with a cost: the molecular probe typically contains specific
functional groups that have a strong affinity to the surface. Certain chemical moieties
(thiols, amines, Mheterocydc carbenes) undergo chemisorption on to the surédce
traditional plasmonic metals and may be confined within the intense electromagnetic fields
produced during excitation. Another constraint is the limited options currently available
for surface plasmehosting substrates. The most commonly used substrates are gold (Au),
silver (Ag), copper (Cu), and more recently, aluminum (Al) due to their enhancement
capabilities which cover most of the visible and Ae&iared spectrum. Nevertheless, the
dramatic ggnal enhancement found in a widenge of Au and Ag substrates has resulted
in these metals being the leading materials for exploring plasnaoiated reactions with

SERS.
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One of the most interesting aspects of using SERS to study surface plasmons and
their subsequent dynamic processes is how the technique is capable of simultaneously
initiating a photocatalytic reaction while also probing the vibrational features of reacting
adsorbates. The most meticulously studied chemical reaction using SERS is the
dimerization of both 4nitrobenzenethiol (NBT) and 4aminothiolphenol (4ATP) to
4 |, -dimercaptoazobenzene (DMAB), 123199 which will beacommon reaction discussed
throughout this review. Most variants of SERS techniques collect signals that effectively
describe how the molecules are behaving intéedystate regime, which can contain data
rich with information about reaction vyields, efficiencies, and rates. However, this
experiment al constraint may be viewed as
pertaining to the transient dynamicatloccur during a chemical reactidfio address this
concern, multiple research groups are aggressively attempting to develop ultrafast SERS
techniques that can monitor the stgpstep mechanism of various plasmonic dynamics.

An elegant study published by Boerightetr al. used SERS to erdine the
mechanism of charge transfer from a plasmonic system to adsdtiFates. findings
suggest that by considering the effects of molecular adsorption on the flow of charge within
the plasmonic nanostcture, the yield of extracted hot electrons potentially could be
substantially higher than the theoretical yields derived from traditional cexédlic
models. The conventional models describe the process of charge excitation in plasmonic
nanopatrticles rad the subsequent transfer to an adsorbed species, which disregards any
potential influence the adsorbate may have on the transient dynamics. Here, the authors

propose an alternative mechanism for charge transfer that introduces a new pathway
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capable of alirect and ofresonant charge transfer into the hagtergy adsorbate states
(Figure 2.4A-B). This alternative mechanism circum
the electrorelectron and electrephonon thermalization pathways that are present in the
presertday mechanisr®® The experimental work to support this proposal examined the
antiStokes and Stokes scattered photons to simultaneously measure the vibrational
temperatures within the chemical adsates and metal nanoparticleiqure 2.4C-D).

During these studies, they found that methylene blue experienced an elevated vibrational
temperature when excited by 785 nm photons and not 532 nm photons. These results hint
at the possibility of an observetiarge transfer between the metal and adsorbate during
785 nm excitation, which is resonant with the proposed hybrid radtalrbate states that

are formed upon chemisorption.

The conclusions proposed in this work suggest that the community may need to
direct more attention towards the effects of molecular adsorption and hybridized states on
plasmonic charge transfer leading to photocatalysis. The hybridizedadstabate states
formed during chemisorption may give rise to the possibility of a direcafadtr pathway

from the metal to the adsorbate at the interface between the two materials.
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Figure 2.4 The formation of an alternative pathway of resonant energy transfe
plasmonic charge carriers into the high energy states of the molecular adsorba
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me t al 0 s ndsanrcifcanvent the thermalization of hot electrons before tra
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collected with (3 785 nm and (D) 532 lasers. There is a noticeable increase in tr
nm antiStokes signal due to a resonant charge transfer into the adsorbates.
reprinted with permission from re8. Copyright 2016 American Chemical Society.

Initiating and monitoringhemical reactiosiacross a wideange of localized field
enhancements may provide helpful insights towards optimizing plasmediated
photochemistry. Recently, Broolkd al. publisheda study that looked into the effect of
field enhancement on the plasmmediated dimerization reaction ofNBT to DMAB.?°

The ensemblaveraged field enhancement was effectively tuned at multiple different
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spatial locations across a heterogenous gold-diernanospkre substrate. Changes in

the localized surface plasmon resonance (LSPR) for each probed region were present due
to the random variation of nanosphere packing defects, producing a range of EFs from
5x1 to 3x10. Interestingly, no identifiable correlatisnvere found between the reaction

rate or yield with an increased plasmonic field enhancement, suggesting that plasmon
driven processeare notratelimiting for this reactionFigure 2.5). The photoreaction rate

is likely limited by the locaktoncentration of protons used in the initial reduction-of 4

NBT. Additionally, this work found that the presence of alternative plasnuurced
processes, such as a molecular degradation and/or deweicsubstrate alteration, may
dramatically impede the eact i onods rate or potentially

conversion.
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These findings argue that plasmmediated chemical processes are not always
most effectively powered in the strongest regions of field enhancement. Having a firm
grasp on the energy partitioning after plasmon excitation for a specific plasmonic system
is a necessity for optimizing the targeted output. Redirecting the flow of energy away from

the undesired pathways (e.g. local environmental heating, molecular cleavage/dissociation,
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alternative chemical reactions, etc.) and towards the preferred chemictbrrear
catalytic process is the ideal, yet nontrivial, solution for producing plasmonic systems
suitable for integration into energeticathgmanding industrial processes. SERS can also
guantify the spectral relationship between thefiild LSPR and narfield Raman
scattering events that occur during the typical SERS experiment. Work performed by
Kleinmanet al. provided a unique viewpoint on how to consider the interplay between far
field and neafiield scattering in hot spot dominated SERS collestfiThey found that
the presence of hot spots in single particle SERS studies can clearly modify thal optim
excitation wavelength for maximized SERS enhancement. To study thefsedfaand
nearfield interactions, they developed a correlated LSRIRsmission electron
microscopy surfacenhanced Raman excitation spectroscopy technique. Their results
clearly identify that the spectral dependence in individual nanoantennas, which are
aggregated nanoparticles encapsulated within a silica coating, and their SERS intensity is
dramatically dominated by nefield Raman scattering produced within the hot spots
between the two or three aggregated Au nanospheres. In fact, they found that the maximum
enhancement was completely independent of thédiakr LSPR spectra of both individual
Au nanoantennas and an ensenr@eraged collection in their experiments. The maxim
ensembleaveraged EF of .B x 10’ peaked at an excitation wavelength of 830 nm, even
though the faffield LSPR scattering intensity was most intense at ~600 nm.

This report is an excellent example of carefully evaluating hot spot dominated
systems and identifying how they can be optimally utilized for future experiments. As the

authors appropriately describe, the commonly accepted assumption that-tieéd far
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spectral scattering determines the ideal excitation wavelength for SERS enhancement may
not always hold true. This work clearly demonstrates the importance of utilizing
complimentary computational modeling methods and experimental techifiqtes
develop a full description of the plasmonic modes, both bright and dark, for any given

system.
2.4.1.2 SinglMolecule SERS (SMSERS)

The preceding section evaluated several SERS experiments that were all performed
with a monolayer orneanonol ayer of mol ecul es residing
surface. Results collected with this level of molecular concentration have clearly béen use
to construct fullydeveloped and highlympactful conclusions pertaining to a wicenge
of photochemical and catalytic reactions. However, as the name implies, an ensemble
averaged measurement can only describe the physical nature of the adsorbel@sradecu
a whole, which can hinder identification of clear structiumgction relationships. For
instance, ensembleveraged studies are limited to gathering information that is generated
from a remarkably wideange of localized field enhancements, rathantexploring the
sensitive behavior of individual molecules as they interact with their hggdgific and
unique local environment. Singlaolecule SERS (SMSERS) was first reported in two

pioneering articles in 198% *%and the field has vastly grown since its discovéty:®
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Several studies have been key in the development of SMSERS over the last 20
years. A bianalyte method was developed by the Etchegoin lab in 20@8akigtically
comparing the unique spectral information collected from two distinct moleddkeyear
later, the Van Duyne group developed a similar method that used two isotopologues of a
single chemical specié$! When working in ultrdow concentrations of both molecular
species, on average only one variant of the isotopologweis@bed to the metal within
the effective probing area. Each isotopologue produces a vibrational spectrum containing
Raman bands that make it easily distinguishable from the other. Since then, similar
techniques have been used to study single molecuantigs on plasmonic substrates.
Recently, SMSERS has been utilized in the detection of plasimeen electron transfer.

In 2017, Spragu&leinetal.pr esent ed a -bipyudohe (BR¥-hgeanceits 4 , 4 6
deuterated isotope (BPRds) were adsorbed betweegold nanosphere oligomers and
subjected to a single particle pupmbe experimental probing technigitéThe single
particles were exposed to a 532 nm pump CW laser to excite the monomer plasmon while
simultaneously being probed by a 785 nm CW laser for the signal collection. They
observed a delayed (>2 min) plasmmoediated charge transfer of surface electrons from

the gold oligomers to produce lotiged BPY radical anion product$igure 2.6A-B).

The authors suggested an accumulation of surface electrons was required before a neutral
BPY molecule could successfully &gt a nearby hot electron. In fact, a low 3% vyield of
electron transfer to an adjacent BPY molecule was reported. A similar study was published
in 2017 and was also successful in identifying hot eleadroren redox chemistry at a

single molecule level irsg methyl viologent?
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Typical SMSERS signals are inherently intricate and difficult to analyze due to
dramatic temporal and spectral fluctuations. These fluctuations are caussvdrgl
sources, including variations of molecular orientation in an isolated hot spot, -@twatec
surface modifications throughout prolonged photoexposure, and possible Brownian
diffusion of the moleculé!* 119120 Recently, an innovative SERSsed method to
suppress these issues was published by @fadt'8Here they explored a singlmolecule
catalytic reaction of ANBT to DMAB in reattime by monitoring discrete stdixe
transitions of the reactionés prassdmbled s .
silver nanoparticlel-NBT-gold thin film substrate tomduce and monitor the dimerization
of 4-NBT to DMAB in the junctions between the nanoparticles and gold film, which were
capable of reaching a SERS EFs of 1.7 % Rather than attempting to isolate distinct
SERS signals from their collected spectra,atthors developed an innovative method to
identify discrete transitions tracking the formation and annihilation of individual DMAB
molecules within a single, intense hot sgeigure 2.6C depicts a timgesolved SERS
trajectory of the DMAB species as theact within the nanopartickhin film junctions.

In conjunction with computational modeling, the transitions present independent data
are clear spectral evidence of a siAglelecule plasmomnediated photocatalytic reaction.

Developing new methadto monitor individual molecules as they undergo a
chemical transformation is ndrivial. Choiet ald anique approach of data analysis was
capable of extracting data rich with information describing the behavior of individual
molecules in a highly confgx environment!® They addressed the common difficulties

found in singlemolecule SERS experiments (spectral and temporal fluctuations) and
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designed a plasmonic system which systematically removed a majority of the randomness
by ensuring the adsorbed moleculesevgituated in the center of welharacterized hot
spots. If anything, these studies identify the need for a new class of intrdasétyned
plasmonic substrates that employ wadfined, easily accessible, and dramatically
enhancing hot spots. Recetidies have done an excellent jobutifizing cucurbitjn]uril
structures to generate weléfined hot spots for ensemBféand single molecuf®?SERS
detection. Constrting a system that directs the flow of hot electrons to these regions of
enhancement should provide a significant improvement to the pmsgntields and
efficiencies reported. This level of nanoscale design will allow the community to probe the
globally relevant photochemical and catalytic reactions, which are currently limited by
their low Raman crossections in the singimolecule regime.

The advancement of SERS and its ability to probe single molecules has left a clear
impact on the field of plasamics, and more specifically, plasmorediated photochemical
processes. Having a technique that is inherently linked to surface plasmon generation has
ignited a boom in publications heavily invested in better understanding the complex
moleculeplasmon inteactions. For example, SERS studies were crucial in the
identification of the role metaddsorbate hybridized states may play in modifying the
preferred pathway of charge transfer from a plasmonic surface to the molecular probe.
Implementing an equal levef well-defined experimental design may help in identifying
new phenomena and SERS can continue to be utilized as an excellent technique for further

elucidating the complex mechanism of plasrmoediated photocatalysis.
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2.4.1.3Tip-Enhanced Raman Spectcopy (TERS)

Another valuable vibrationallgensitive method used to explore plasmuediated
photocatalysis is tqgnhanced Raman spectroscopy (TERS). TERS is a spectroscopic
technique capable of imaging physr chemisorbed molecules with nanoscale @nev
submolecular spatial resolution, while simultaneously providing the ability to manipulate
the highlylocalized environment surrounding the molecules. The concept of coupling
scanning probe microscopy with surfem@hanced Raman spectroscopy (SERS)fuists
introduced in the 1980%3 This technique was successfully demonstrated in decades to
follow by multiple independent research groups, each reporting Raman signatures
belonging to surfacbound molecules positioned within plasmonicdighanced localized

fields 12126

The power of TERS lies in itsherent ability to provide spatialsesolved and
spectroscopic information pertaining to &té28 or many moleculegositioned on a
surface. TERS combines the advantages found in SERS and scanning probe microscopy to
produce dramatic electromagnetic field enchantments capable of amplifying the
chemicallysensitive Raman scattered photons while reachingdgfraction atial
resolution. This is achieved by replacing the nanoparticle substrates used in traditional
SERS experiments with a sharp tip made of or coated with a plasmonic metal. These tips
typically have an extremely sharp radius of curvature (below 50 nmamdjenerate
highly localized electromagnetic field enhancements in the effective volume between the
tip apex and substrate used to host the molecular pt&bEse sharp, needlike tip apex

serves as a physical poisurce for the surface plasmon generation and can generate a
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localized field that rapidly decays as it extends away from tHé%hen the tip is brought
within close proximity to a flat metal substrate, the higtyfined electromagnetic field

is further amplified due to coupling between the tip and surface. This phenomenon, which
is known as the gamode effect, is achievable when the tip is positioned approximately 1

2 nm away from the metal surface. The enhancement produced in this coafimaddge

effect experiences a'fldistance dependence, where d is the distance between the tip apex
and the flat metal surfadét*

One of the moraelpful aspects of TERS is its ability to selectively probe individual
or multiple molecules at wetlefined regions on a planar substrate, composed of both
metallic and normetallic material$23In fact, if the proper molecular analytes are selected,
TERS is capable of initiating and tracking plasamediated catalytic reactions in real
time in a similar manner as SERS®" However, if the goleof the experiment is to study
the effects of the tip alone, the technique can be modified to replace the metallic substrate
with a material that doesndédt have the prop
This removes the inherent requiremeathave the molecules locally adhered to the
plasmonic substrate and gives more flexibility in the experimental approaches the user may
explore.

One key difference between SERS and TERS is that SERS signal is typically
produced from the regions of highefeld enhancement and is generally ensemble
averaged and much higher throughput. In TERS, the dramatically high spatial resolution
provides a more detailed analysis of the studied environment. In a similar manner, the hot

electrons (or holes) can transte the excited state of the adsorbed molecules and drive a
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chemical reaction. In this configuration, the tip may be selectively positioned ovdicspeci
molecules or clusters faontrolled transport of hot carriers to the desired molecules. When
using €anning tunneling microscopy (STMERS, the tip can also be utilized as an
additional source of electrons with a tunable energy range, allowing for a more detailed
analysis of the studied material or chemical reaction.

Unfortunately, a handful of complitans may be present when attempting to
mediate and characterize plaswnven chemical reactions with TERS. One of the more
difficult challenges in performing TERS experiments is reproducibly fabricating the
nanoscale plasmonic tip¥ Presently, the most common method for tip fabrication is
electrochemically etching silver and gold wifé3A solution based etching method such
as this will produce tips that are higiigterogenous in shape, especially near the tip apex.
This lack of reproducibility introdces a widgange of local environments for enhancing
the collected Raman signal or mediating a chemical reaction, making it extremely difficult
to produce consistent results across multiple tips. The tip stability can even be quite poor
during the coursef a typical TERS measurement, resulting in data that is potentially
flawed or inconsistent in nature. Another challenge when approaching plasetated
photocatalysis with TERS is quantifying any contributions that may arise from electrons
tunneling fran the metal tip to the adsorbed molecule. To work around this issue, users
have also coated the plasmonic TERS tips with an ultrathin oxide film. The oxide layer
protects and isolates the plasmonic tip away from the probed surface and minimizes

undesirablénteractionst3’
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well-studied dimerization reaction of
4-NBT to DMAB.'®® Here, the
authors implemented a dual

wavelength approach to monitor the

photocatalytic Process. TheyFigure 2.7 Plasmonamediated photocatalyti

éeactions monitored with TERS. (A, left) Tim
dependent TERS measurements before and
irradiation with 532 nm laser light. Rame
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map of DMAB after inducing dimerization ¢
pMA. Part A reprinted by permigsi from
Springer Nature: Nature Nanotechnology.t
135 Copyright 2012. Part B reproduced from r
137 with permission of The Royal Society
eChemistry.

employed a 633 nm excitation sourc
to monitor the vibrational spectra
corresponding to both-MBT and
DMAB while short, discrete periods
of 532 nm laser light were directed
towards a silvecoated tip to initiate
the dimerization. Using the 532 nm
laser source alone to probe th
surfacebound molecules resulted in an instar@ous conversion to DMAB and no relevant
information could be extracted. However, by exciting the plasmon with short bursts of low
power 532 nm laser light, they could significantly slow down the rate of the ensemble

averaged reaction and monitor the neolar conversion during a slower timescale. By
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starting with a stable spectrum oNBT, the authors were ahie produce timalependent
TERSmeasurements that tracked the growth and subsequent decay of the DMAB and 4
NBT, respectively Eigure 2.7A). Ultimately, this study demonstrated the feasibility of
using TERS to study the molecular dynamics that are occurring at the nanoscale level,
clearly highlighting the potential to employ TERS to extract information that may help
describing the interactions betareplasmons and molecules.

Kumaret al.also reported an impressive study that experimentally mapped out the
catalytic activity in the photoinduced reaction with nanoscale spatial resolution using
AFM-TERS?!®” The authors studied a similar dimerization reaction, where they reacted
two p-mercaptoaniline (pMA) moieties together to form DMAB. @revent the molecules
from physically interacting with the tip, they protected a sit@ated tip with an ultrathin
layer of alumina film. The alumina film prevented any interactions between the silver tip
and thiolcontaining molecules, which include chisorption and unintentional
spontaneous catalysis, and allowed for the acquisition of chemical reactivity maps with
nanoscale resolution on nanostructured silver substrates. With the akoaied silver
tip, they were able to probe a nanostructurecesisubstrate and identify the regions of
greatest photocatalytic activity by monitoring the production of DMRB\re 2.7B). The
experimental design allowed for probing conditions capable of achieving a spatial
resolution of 20 nm, allowing the authorsrap the chemical reactivity on individual
plasmonic nanoparticles. This was the first reported publication that successfully mapped
the substratelependent catalytic activity of a reaction in a TERS configuration.

addition the TERS configuration alloxd the users to identify the catalytically active and

39



inactive regions on a plasmonic substrate with a 20 nm spatial resolution, which was
unprecedented in the field of plasmonics.

Both of these studies are excellent examples of using TERS to induceigalhe
process and monitor as the molecules undergo a physical transformation. The plasmonics
community stands to gain valuable insights once TERS is able to study industrially relevant
catalytic processes. However, it is clear that using TERS to reprbdstildy alternative
chemical reactions or heterogeneous catalytic processes will be challenging, and
improvements in tip fabrication methods would be extremely useful for quantitative

measurements.
2.4.1.4 Ultrafast SERS

Ultrafast SERS is a burgeoning lflethat combines plasmonic enhancements
discussed in the previous sections with ultrafasttieselved Raman spectroscopies to
investigate the dynamics of plasmomlecule coupled systems on picosecond (ps) and
femtosecond (fs) timescal@Sigure 2.8A). Here, in the first portion of this section, we use
the term ultrafast SERS to refer to all pupmobe plasmomenhanced Raman scattering

spectroscopies with time resolution in the ps to fs range.

In recent years, these techniques have been applied tovamdiamding plasmen
molecule interactiort$ 49142 and singlemolecule dynamic&**'4* The field of ultrafast
SERS has been discussed at length in recent rei&S. Here, to fit the scope of this
review,we will be highlighting and discussing the recent applications, developments, and

challenges in ultrafast SERS as applied to plasmonic photocatalysis.
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With a time resolution on the order of molecular vibrational periods, and thus the
timescale of the nuck motions involved in chemical reactions, ultrafast SERS has the
capability to monitor key photophysical processes and reaction dynamics of such
phenomena in real time, elucidating underlying mechanisms and providing a pathway
toward their optimization. Dinterest are the complex interactions between adsorbed
molecules and plasmon generated phenomena: hot electrons and localized hot spots, which
can be observed via transient changes in intensity and line shape in ultrafast SERspectra.
140, 143, 147|n conjunction with complimentary spectroscopic techniques and theoretical
modeling, ultrafast SERS has great potential as a tool for observing these interactions
across a complete reaction coordinate, monitoring how energy partitidnganiations in
environment and plasmonic substrate morphology. Ultimately, the transient data extracted
from ultrafast SERS studies may help to elucidate fundamental principles in plasmon
coupled systems, leading to improved photocatalytic technologiels pdasmonic
substrates, as well as providing empirical data toward the development of a unified

electromagnetic and chemical SERS thée6fy.
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A recent study by Kelleet al. has shown promise towards the tinesolved
quantification of hot electron generation at plasmonic surfd€ds. this study, Keller

obtained ultrafast SER spectra ofN8T reporter molecules on 70 £ 10 nm gold
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nanoparticles. Peak depletions frofBT ring breathing (1079 crf) and NQ symmetric

stretch (1343 cm) vibrational modes werobserved, maximized as the pump and probe
pulses overlap and decayed over a period of 5CFggure 2.8B). In accordance with
transient absorption, electrochemical, and theoretical models, it was determined that the
transient peak depletonswareaus ed by a red shift in the s
delocalization of the hot electrons. The calculations suggested thattige density shift
resulted in thalisplacement of approximately %lhee electrons in the metal. Whilleey

did not drectly observe the produot the hot electrofinduced LSPR shift, they proposed

that the charge delocalization may be due to a charge transfer between the hot electrons
and adsorbed molecules, uneven distribution of the hot elsamvasshe probed regns,

or potential electrophonon interactions thatsult in theheating of the metal lattice. This

study corresponds well with a similar study by Braatlal, which utilized the same
ultrafast SERS methodology to probe the plasmioven photochemicalimerization of

4-NBT to DMAB on silver nanoparticlé®. This study proposed a hot electron charge
transfer mechanism for the dimerizatiavidenced by transient Fano line shapes and
transient changes inMBT/DMAB signal amplitudes. Here, as seerfFigure 2.8C, the

Fano features are attributed to the coupling of the broad AgNP emission araalrtveer

SERS photons. The relevant amplitudéproduct and reactant in the transient spectra as
compared to the ground state spectra proved that the nanoscale regions generating the
broadband emission were most efficient at driving the photoreaction. Thus this work

indirectly proved the role of Iatized hot electrons in driving the plasmioduced process.
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Together, these studies utilize the time resolution of ultrafast SERS to provide a
description of charge delocalization and charge transfer from a plasmonic substrate to an
adsorbed molecule. Interestingly, the Fano line shapes observed by Btahdtere not
apparent in the study by Kellet al, suggesting a different mechanism of broadband light
emission in gold and silver nanoparticlébese results not only display the capability of
ultrafast SERS to observe and interpret changes to the coupled plamismule system
in real time, butalso highlights the dependence of ultrafast SERS measurements on the
substrate composition. This istaral to the development of application specific ultrafast
SERS substrates, where differentiation in the identity and morphology of the plasmonic
substrate may allow tuning of interactions between scattered photons and other light
induced processes. Unforately, due to the fact that collected SERS signal is
spontaneous, the aforementioned ultrafast SERS techniques are limited to probing transient
dynamics that occur on the picosecond timescale, as with spontaneous Raman, the spectral
resolution and tempal resolution are inversely related. This resolution is sufficient to
resolve many of the nuclear structural changes, but unable to track the early plasmonic
dynamics that occur after photoexcitation.

Other recent work has been devoted to the optimizatib ultrafast SERS
techniques that implement stimulated Raman spectroscopies to achieve femtosecond time
resolution for probing the effects of photoexcited plasmons on proximal adsorbates. This
is enabled through the use of surf@rdanced coherent as8tokes Raman scattering (SE
CARS) and surfacenhanced femtosecond stimulated Raman scatteringF$HS)

experiments?! 143 Both techniques are similar in experimental design, but involve
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different Raman scattering pathways to provide vibra information describing the
molecular analyte, optimally with time resolution in the 10L00 fs regime. Both
spectroscopic techniques emplo 2aser pulses that interact at the sample of interest to
produce the stimulated Raman signal. A CARS erpant is designed to generate a
stimulated beam of blughifted signalFigure 2.9A), while the fourwave mixing that is
dominant in FSRS stimulates Stolssfted photongFigure 2.9B). While both techniques

are excellent in producing stimulatsiginals useful for both molecular imaging as well as
time-resolved measurements, they are both generally limited to a high concentration of
molecules or materials with large Raman ciesstions. To bypass this issue, multiple
attempts have been made todlly enhance the Raman signal by the means of plasmonic
surface enhancement.

Cramptonet al. demonstrated the novelty of SEARS to study plasmonic
materials and their enhancement capabilitfés this study, the authors probedre-shell
Au-silica dumbbells (Au@SIi®NTs) with trans1,2-bis(4pyridyl)ethylene (BPE)
adsorbed at the nanojunction of the participating gold naeospltigure 2.9C). The
results highlight several conclusions regarding the development of surface enhanrced non
linear spectroscopies. The enhanced local electric field results in a limited accessible power
range between observation of signal and damatietsample. Also, the stimulation of the
Raman field in the SEEARS process is easily saturated using relatively low pulse energies
(100 fJ in a 100 fs pulseT.he authors also found that when working in a-fealecule

regime with SECARS, the timedomainand frequencylomain measurements are not
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direct Fourier transforms, with the tirglwmain measurements revealing moraépth

information on the molecular dynamics
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An alternative stimulated Raman technique isFRS, which was first introduced
in 2011 by Frontierat all*® The SEFSRS signals have Fatioe shapeswhich result
from coupling between the broadband plasmonic responsetitoidal nanoparticles and

the narrowband vibrational coherences in the molecular adsorBajese(2.9D).14" 15¢
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Blinterestingly, the vibrational coherence

coupling betveen the plasmon and molecitéThis initial study laid the groundwork for

the future attempts towards applying and further understanding the mechanism behind SE
FSRS. Followup work by Gruenket al described the optimal concentration of particles
and identified the path length depende in SEFSRS measurements: 46 They
emphasized that extinction and enhancement #rSIES, and other SE resooarRaman
techniques, must be appropriately balanced to achieve optimal signal intensity and signal
to noise ratios, particularly in the transmission geometry used here. These studies serve to
elucidate fundamental factors in designing efficient ultrafaBlRS experiments.
Understanding the factors that play a role in signal intensity, sensitivity, degradation, and
interpretation are key to the development of a technique that can be readily adopted and
applied by the scientific community at large. Howeverryently both the SEEARS and
SEFSRS studies have been primarily limited to Au@sSif@anoantennas, which has
limited applications. The continuation of such diagnostic work is key toward the
characterization and development of reliable ultrafast SERS exgraation.

Despite recent advances, some hurdles must still be overcome in the development
of femtosecond SERS techniques. Present studies have been limited to a narrow range of
model systems, which still require optimization for expansion into studyimg comnplex
plasmonmolecule interactions. Furthermore, numerous processes that occur within
plasmoniemolecular systems, particularly in the interrogation in the few molecule limit,
can greatly complicate data interpretattéft>® While the above techniques have come a

long way to understanding these interactions, there is still much fundamental work that
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needs to be done to make them more efficient and effective as analytical tools for
understandingplasmonmolecule dynamics. To date, there is no study that has been
successful in obtaining structural snapshots of evolving chemical reactants on plasmonic
surfaces. Although, once the technical hurdles are surmounted, these techniques should be
tremendosly useful approaches for identifying the vibrational character of a molecular
species as it undergoes a plasmuediated chemical reaction. Having the tools to
spectroscopically track the intermediate states as a molecular transformation takes place
would dramatically increase our understanding of thesetrnigial mechanisms involved

in plasmonic photocatalysis. However complicated in experimental design, the
advancement of ultrafast SERS has far reaching implications in fully realizing applications

of plasmonrelated processes and deserves continued attention in coming years.
2.4.1.5 Transient Absorption (TA)

The previous sections have contained numerous experimental examples where all
the significant data was collected by probing a set of moleculesindigitual species as
they interact with a photoexcited surface plasmon. However, to effectively probe and
understand the interactions between surface plasmons and the electronic states of a given
material, a different flavor of ultrafast spectroscopyeguired. Here, we discuss the
efficacy of TA spectroscopy as a tool to elucidate key parameters of plashoced
processes. The configuration @A spectroscopy used to study plasmonic materials
employs two femtosecond laser pulses: a pump pulse ftogtwtation, and a probe pulse
to track the subsequent plasmiaduced dynamics. For a more detailed description, Berera

et al. and Ruckebusclet al. have provided excellent reviews on the subjtt® By
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evaluating the entire collection of transient spectra, one can deduce the effect of plasmonic
excitation on adsorbed species. Specific parameters such as energy transfer rates and
efficiencies can be extracted by mimning the differential spectrao date, mosiTA
experiments on plasmonic systems have looked at the effect of plasmon excitation on
proximal semiconductor materials. Studies on transient plasnubecule dynamics are
challenging as the optical cross $&e$ of plasmonic materials far exceed the absorption
cross sections of molecules, meaning that the plasmonic response obscures the transient
molecular signal. Therefore, directing a concerted effort towards the development of new
plasmoniesemiconductor anostructures for TA studies may help with the pursuit of better

understanding the fundamental mechanism behind plasneciated photocatalysts®*>’

TA spectroscopy of plasmesemiconductor systems has been used to directly
probe interfacial charge transfer reactions, as seen bgt\aluin 2015°8 This alternative
route is plasmoinduced metato-semiconductor interfacial charge transfer transitions
(PICTT), which combines the strong lighlbsorbing power of a plasmonic transition with
the charge separation properties of a sentigcotormetal systenfFigure 2.10A). Due to
the strong coupling between the plasmonic
a new decay pathway is formed between the two materials. The first demonstration for the
PICTT pathway was provided by TAuslies involving colloidal quanturoonfined CdSe

Au nanorod (NR) heterostructures, where the plasmdaced hot electron transfer occurs
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within 20 fs Figure 2.10B).'*® The A
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plasmoninduced esonance energy transfer (PIRET) prodé<s: 15960 Here, rathethan
transferring electrons, the surface plasmon decays by donating its energy to a nearby
species, analogous to Forster resonance energy transfer (FRET). PIRET was first directly

observed by Cushinget al in 2012, where they monitored Au@S@CuwO
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hetepjunctions using TA® The spectral overlap between Au and@uallows for PIRET
through dipoledipole interactions even with the Si@arrier. By monitoring PIRET with

TA spectroscopy, they observed PIRET with Sifarrier thicknesses over which direct
electron transfer would not be possibl&e high energy transfer efficiency at and below
the band edge has the potent@ increase the GO photoconversion range, which is
independent of the charge transfer process. The ability to transfer plasmonicterergy
blue-shifted region opens up a wide possibility for improving Hghatvesting yields. Even

for the smallesD1.5 nm SiQ barrier, PRET excited at 650 nm creatéd .4 times the
number of charge carriers in &) as the abovbandgap excitation of the same incident
flux, with the enhancement spanning the entire plasmon distribution. With proper
modifications of the device aimed at miniimg the back transfer of energy by FRET, as
well as maintaining a sufficient spectral overlap between the plasmon and thin film
semiconductor, this method can be utilized in effective solar light harvesting devices over

a wide spectral range with high ide

These examples highlight the importance of employing TA to study plasmon
mediated processes to help elucidate the underlying mechanism for charge separation in
plasmonic systems. The use of semiconductors to separate plgememated charges may
lead to nore efficient harvesting of these charges for plasmonic photocatalysis. However,
with the scope of the review article in mind, it is likely that preskayt TA techniques will
not readily surpass ultrafast Raman approaches in determining chemical meshainism

catalytic steps in plasmonic photocatalysis. Yet, the results compiled with both of these
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highly-useful spectroscopic approaches could be further supplemented by employing or

integrating norspectroscopic methods, such as electrochemistry.
2.4.2 Electochemistry

A number of electrochemical techniques have recently been employed to examine
plasmoninduced processes, particularly with regards to understanding charge transfer and
heating processes in the coupled plasimatecule system. By monitoring oyetentials,
it is possible to determine energy levels of reactive intermedifabesaddition, scanning
electrochemical microscopy (SECM), which monitors the current at an ultramicroelectrode
as it is scanned across an active surface, has played a crucial role in determining the
contributions of heating during plasmarediated processg®¥1%2 Ultimately,
electrochemical techniques can be employed to provide a wealth of information about the
mechanism of plasmonic photocatalysis and hatextent electrons play a role in driving

reactions'®3

A common approach is to pair electrochemical potential control with dark field
microscopy which monitors the scattering from the plasmonic sam§fi€® This has the
advantage of providing precise control over the charge carrier density by altering the
applied potential as well as allowing for active monitoring of t8€R and its response to
charge density chang&8:1” Most of these techniques measure the charging of plasmonic
nanostructures by adsorbing them to a conductive subsiraieh is typically ITO>166
Upon manipulation of the charge density of a plasmonic nanostructure, various changes to

the plasmonic nanoparticle and the localvieonment can occur, including ionic
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rearrangement of the electrolyte solution, modifications to the particle morphology, and
the ability to mediate specific chemical reactions at the particle suffdé@As an
example of the sensitivity of this approach, Colktsal.correlated a @2 nm blue shift in

the LSPR to the addition of 110 electrons to a single gold nanorod in an ion gel*fivice.
Dark field microscopwsedin tandem with an applied electrochemical potential is clearly
a powerful tool for monitoring electron transfer events by closely tracking the LSPR, which
may allow for adeeper analysis of the rate limiting steps and catafystific reaction

mechanisms.

Additional modifications to this technique, such as including dynamic potential
control and achieving single nanoparticle analysis, has allowed for an increased
understanding of the electrochemical tuning of nanoparticles and the role of particle
heterogeneity in the various respon¥8s!®®Byerset al. used hyperspectral dark field
imaging to show that upon electrochemical tuning, a population of nanoparticles can
undergo several different processes ranging from nanoparticle charging, as described
previously, b electrochemical reactions, such as chloride ion oxidation and hydrogen
evolution reaction Kigure 2.11).1%8 These responses vary based on a combination of
nanoparticle or nanoparticle/substrate properties that either favor nanopdudicieng or
charge transfer. Depending on the local environment and nanopasdigbparticles also
undergo irreversible or reversible electrochemical reactions which may include hydrogen
evolution reaction under negative potentials or rAetdide formaton under positive

potentialst®® 1"OWhile there is still room for further understanding of the fundamental
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principles driving these phemena, it is clear that these techniques can be utilized to
illustrate a picture of the chemistry occurring around plasmonic nanostructures.
In addition to monitoring how

adding or removing charge can

manipulate lasmonic  behavior,
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plasmondriven or the device can be

modified to form a plasmonic photoanode where the oxidation reaction déctsor

example, Leet al. built a plasmonic photoanode capable of splitting water by modifying
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gold nanorods. In this device, they successfully separate the hot carriers and use the hot
holes to generate @rom water. When they compare the measured photocurrent of their
device with the production of Hthey can relate the various kinetics they observe to cell
efficiency® Since then, multiple groups have performed similar measurements where the
enhanced photocurrent ap illumination due to integrated plasmonic nanostructures is
used as a metric for device efficiency towards solar water spittihg’’® These efforts

are excellent demonstrations of the novelty and the potential impact of utilizing the power
of plasmonic photocatalysts to mediate chemical processes that are relevant to society

today.

Many of these studies also use cyclic voltammetry (G¥)measure how
illumination may affect the oxidation or reduction reactions of a redox couples @v
electrochemical measurement in whtble currenis monitoredas the working electrode
is ramped linearly and cyclethrough a potential rand€® In plasmorenhanced
photochemical reactions, illumination of the cell leads to several deviations from
traditional CV characteristic traces, such as discrefesshithe onset potential for the half
reactions and an increase in the photocurrent, which provide useful information pertaining
to the energetic barriers for the reacttéhAdditionally, the redox energies for a studied
molecule can be significantly altered bgsorption to th@lasmonic material, which is
observable in thdistinct formation of new features in the ¢¥ Quantifying the changes

observed in CV pon illumination of a plasmonic electrochemical cell may help identify
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interfaces as compared to othe

electrochemical techniques. SECM probe

informaton regarding electron transfer
kinetics. For example, Yuet al.separated
the individual contributions of hot carriers
and thermal effects for the plasmdriven
oxidation of ferrocyanide to

ferricyanide!®® They controlled
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reaction by holding the electrodes at a fixed potential at various regimes where the hot
carriers and thermaffects worked synergistically or competitiveRigure 2.12). Using

this technique, they were even able to quantify the degree of heating that occurred during
the plasmondriven oxidation of ferrocyanid®? For many plasmoenhanced chemical
reactions, the ability to probe surface reactions and measure the sleferelent current
changes allow for a better understanding of the underlying mechanisms which influence

plasmonmediated photochemistry.

Although SECM probes a smaller population of a plasmonic system, it is still an
ensemble measurement due to the hgwrous nature of the plasmonic substrate. With
the heterogeneity of plasmonic nanostructures and the utility ofs#tefic catalytic
activity, techniques with higher spatial resolution may be necessary. One approach may be
to couple electrochemical taglques, such as sample biasing, with techniques like SERS
or TERS, which may aid the tracking of electron transfer events at the moleculdf9evel.
However, it is necessary to characterize the changes in TERS and SERS signals under these
conditions as shown by Kurousit al.and Di Martinoet al, where depending on changes
of the LSPR due to electrochemical tuning or changes between the redox couple, the
Raman signal magnitudes can diminish or disapffed.Ultimately, the development of
an electrochemical integrated TERS technique may be an optimal route for explaining
these phenomena.

Electrochemical teahiques hold promise for elucidating plasmmoediated
reactions especially with their ability to manipulate and monitor the flow of electrons and

the resulting chemical effects, as shown in the above examples. These techniques face some
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difficulties due tathe ensemble nature of these measurements and the fact that majority of
these studies are performed with watiderstood electrochemical reactions. Although
broader applications of these techniques to other plasnsaliated reactions may be
challenging, tk information that may gathered from such studies would greatly benefit the

understanding of plasmemediated processes and their underlying mechanisms.

2.5 Outlook

The maturation of the above experimental techniques, both spectroscopic and
electrochemida has been instrumental for the advancement of new applications and
fundamental insight in the plasmonics field. Enormous strides have been made in the past
decade, as evidenced by the exceptional growth in the number of plasmegmivedised
processes. blvever, there is still crucial quantitative information that needs to be extracted
to help propel plasmemediated catalysis towards becoming a competitive and rational
option for industrial applications. To help confront these elusive critical paranretars
collective knowledge, we would like to briefly highlight a few technical approaches that

clearly hold abundant promise or may be fruitful to explore.

The experimental approaches covered in this review have focused on spectroscopic
and electrochemal characterizations of interactions between plasmonic nanostructures
and molecular species. These techniques have a number of advantages which make them
well-suited for understanding plasmonic photocatalysis, particularly dueit@biky to
probe the molecular response of the evolving coupled system. However, there are a number

of other experimental approaches that have great promise for understanding the mechanism
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of plasmonic photocatalysis. Magnetic resonance approaches ltavdlydound great
success as a characterization technique for the growth and evolution of plasmonic
particles'™ and the molecular specificity could find great use in quantifying and tracking
the progress of some plasmdrven reactions. Other experimental approaches such as
EPR, timeresolved terahertz spectroscopy, or pypngbe infrared spectroscopy could
also provide new insight into the mechanism of plasmonic photocatalysis.

While this review has focused on experimental approaches to monitoring plasmonic
photocatalysis, theory and computational work has guided much of the current
understanding of the decay processes and branching ratios in mof#astapnic
systems, and marf the experimental interpretations presented here would not be possible
without theoretical support. A major challenge in furthering theoretical approaches to the
study of plasmordriven photocatalysis lies in the large scale of the system, coupled with
the importance of quantum mechanical effects and difficulties in determining the landscape
of highly reactive molecular potential energy surfaces. A 20 nm diameter gold sphere
contains ~60,000 gold atoms, some of which may be strongly coupled and h#iaasign
wavefunction overlap with adsorbed molecular species. High level quantum mechanical
calculations on a system of this magnitude are generally intractable with current processing
power. However, a number of reasonable approaches have led to sigiyificgroved
understanding of these large and complex systems. For example, work by the Nordlander
group has provided quantitative values for the hot carrier energy distrifuinh the
relaxation pathways and dynamics of these photoexcited caffiés. the other end of

the spectrum, work by the Carter grougs applied embedded correlative wavefunction
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approaches to calculate energy levels of adsorbed molecular species, which has been highly

effective at understanding the mechanism of some plasmooiced processgs ®and in

guiding the design of more efficient plasmonic photocatalysts. This appraackdently

been applied to complex multistep multielectron reactions such disdbciation8+182

Recent theoretical work aimed at understanding the complete and strongly coupled

molecularplasmonic system includes atomistic electrodynamicsoarashtum mechanical

models!®*®* mangbody Greends function f guamueal i s m

emitters coupled to plasmonic systelfisand conbination of Drude model plasmonic

systems with TEDFT molecular calculationf$® among many others. There are many

exciting possibilities for future directions for theoretical models of plasmonic

photocatalysis, particularly with the incorporation of methods to track reactilezuhar

potential energy surfaces, such asahénitio multiple spawning approa¢fi’ which has

been highly successful in looking at reaction dynamics of molecular species in vacuum.
Althoughthe recent focus has been directed towards engineering useful plasmonic

nanostructures to serve as catalysts, there is an immense amount of promise in integrating

traditional catalysts to enhance the practical usage of plasmdrated catalysis. With

this mindset, efforts are currently being made to develop plasnedal catalyst coupled

systems to effectively improve the metal ¢

et al.synthesized a heterometallic antemaactor complex composed of anmEnocrystal

(AINC) antenna and Pd catalytic nanoparticle to initiitghly-selective photocatalysté.
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The authors noted a remarkable 40:1 increase in the relative selectivity of ethylene:ethane
production Figure 2.13B). Ultimately, their work launched a new wave of studies tailored
towards engineering similar reactor complexes that are fueled by dieldaroupling

between a traditional metal catalyst and plasmonic material. Original and inventive design
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such as thigs essential for identifying new pathways for refining the predagtattempts
of selective plasmemediated photocatalysis.

A practical and rationaintegration of plasmomamediated photocatalysigito
widespread applicationsiay be on the horizon, abet recent findings and scientific
advancements have been heavily influential for highly efficient plasmonic catalytic
platforms. To achieve this goal, it is imperative to direct a united front towards
understanding the mechanism of plasmon decay and thsecuent preferential
partitioning of the desired energy. Throughout this review, we hope the readers have grown
aware of the nottrivial balance between this partitioning, as the plasmonicgdherated
hot carriers, thermal elevations, and enhanced leleatric fields can all play a role in
mediating a given chemical reaction. Once the necessary understanding of this dynamic
mechanism is obtained, we believe the field will find great success in designing highly
tunable and selective plasmonic catal\gisstems to carry out significant ligttiven

chemical reactions.
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Chapter 3

Competition Between Reaction and Degradation Pathways in Plasmddriven
Photochemistry

Reprinted with permission from the manuscript by James L. Brooks and Renee R.
Frontieral. Phys. Chem. 2016, 120(37), 208620876

Copyright 2016 American Chemical Society
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3.10verview

Plasmonic materials are exciting candidates for driving photochemical reactions, as
they couple strongly with light across a wide range of the electromagnetic spectrum and
can dramatically impact the photophysical properties of proximal molecular species.
Plasmons have been shown to drive a number of photochemical reactions, but a detailed
understanding of the mechanism is lacking in many cases. Here we investigate the effects
of plasmonic field enhancement of the plasrdonen conversion of -itrobenzenthiol
t o -dimerkc@yjtoazobenzene. By tuning the enserabéraged field enhancement of a
plasmonic substrate, we quantify how the reaction yield and rate depend on the magnitude
of the electric field. Surprisingly, we find no correlation of increasedimarate or yield
with greater field enhancement. Kinetic analysis of the reaction rate constants reveals a
wide range of values, indicating that plasmonic excitation is not thdimateang step in
this system. Additionally, we identify a competing detation pathway that significantly
contributes to the loss of reactant. This work identifies several factors that are critical in
determining the overall efficiency of a plasmdrnven process and should help to lead to

optimally designed plasmonic phoatalytic systems.
3.2 Introduction

The ability to focus and amplify a wide range of the electromagnetic spectrum
makes plasmonic nanostructures a powerful mechanism for driving photochemical
reactions’> 881%0\When adsorbed within highly enhancing@romagnetic fields, certain

analytes are capable of undergoing molecular conversions that are inaccessible in the
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absence of the plasmonic substrate. Recent studies have shown plasmonic materials can be
utilized as a photocatalytic platform to inducevide variety of photochemical reactions.
Work has been done toward optimizing specific photoreactions, such as water splitting,

34 dissociation of H2> °l and the photoreduction of GOnto hydrocarbon$? on
plasmonic nanostructures. These investigations emphasize théglakplasmordriven
photoreactions and their ability to trigger a variety of otherwise unfavorable chemical
reactions. However, the mechanism of plasfdonen photocatalysis is still unclear for a
number of systems. Plasmdnven photoreactions mayhbueled by a number of factors,

such as hot electron transfér® 191.19%n enhanced thermal environmé&nt?#1°>and/or
increased scattering. Because of the varying amplitude of plasmonic electromagnetic field
enhancements in a typical heterogeneous sathAplerking in concert with an additional
thermal enhancement phenomenon, quantitative asalgé the plasmordriven
photochemical reaction can be challenging. While the range of successful pldisneon
processes is continually expanding, detailed mechanisms of plasmonic photoreactivity are

lacking.

Surfaceenhanced Raman scattering (SERS) psaamnising technique for probing
the mechanism of plasmalriven catalysis, as it is a surfagpecific molecular technique
that is intrinsically sensitive to probing the regions of high field enhancement in a given
plasmonic substrate. Considerable evaesupports an electromagnetic enhancement as
the dominant component in the SERS enhancement mechanim®® This
electromagnetic enhancement is produced ftbenlocalization and amplification of an

incident electromagnetic wave. When working in tandem with a chemical enhancement,
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which involves changes to the ads%YSER%t es o
enhancement factors (EFs) are typically in the range of 108 for standard SERS
substrates and can be higher &1fbr well-constructed and higperforming SERS

substrate&®

The overall enhancement factor ofSERS substrate depends on the ensemble
averaged distribution of hot spdfsThese hot spots are nanoscale junctions or crevices
between particles or nanosized features, which serve to enhance the electromagnetic field
by seveal orders of magnitude. As the ensemderaged SERS enhancement factor
scales approximately as the increase in the electromagnetic field to the fourth power, or
|E/EOf,> 18 small changes in the fik enhancement can have a dramatic effect on the
overall SERS intensity. Tiny alterations to the structure of the plasmonic surface, down to
the atomiescale features, can affect the electric field enhancement and, thus, SERS signal
magnitudet®® Therefore, most plasmonic surfaces, when used for ensawiaged

measurements, exhibit a wide distribution of enhancement factors.

The SERS substrates used here, fabricated through nanosphere lithography
methods’®®?°* have been previously characterized in terms of the hot spot distribution and
the contribution of varies hot spots to the overall sigfaBurprisingly, fewer than 1% of
the hot spots account for more than 25% of the overall SERS signal, because of the
extremely enhancing nature of these regions. Therefore, the resulting Raman scattering is

genergéed from an ensemble of the most enhancing hot spots.
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In this study, we investigate the effects of field enhancement on the plakmen
photoreaction of itrobenzenethiol N B T )  tdonerdaptegadjbenzene (DMAB), as
depicted inFigure 3.1a. When 4NBT is adsorbed to the surface of a plasmonically active
material, its photoconversion to DMAB is accessible with several plasmonic materials,
such as gold, silver, and copp€t,1%1% and a wide range of excitation wavelengths and
laser powers?® Previously published research has tracked this photoreaction with SERS,
tracking the growth of the DMAB photoproduct and decayhe 4NBT reactant as a
function of timet% 202203 These studies have typically been performed on aggregated
colloids in solution, in which it can be challenging to tune the field enhancement without

changing other fundamental characteristics efghbstrate.

Here, we use a gold filravernanosphere (AuFON) substrate to probe tiNBT
photoreactiondés rate and yield as a functi
perception for plasmedriven photoreactions is that more fiddhancement should lead
to a higher reaction yield or efficiency. However, this assumption has yet to be conclusively
demonstrated in practice. Our work shows that competing processes, like molecular
degradation, can play a significant role in the depecelenthe reaction yield on electric
field magnitude. Quantifying the rate and yield of various processes that adsorbed
molecular species may undergo upon plasmon excitation should ultimately help in the

rational design of highly efficient plasmonic cataysystems.
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3.3Methods
3.3.1AuFON Substrate Fabrication

AUFON substrates were prepared by following previously published procegtres.
First, glass coverslips (Fisherbrand, 18 mm) were thoroughly cleaned with an acid piranha
solution followed by base piranha treatment. The solutions ¢edsi$ a 3:1 mixture of
concentrated H2SO4 and 30%@d, and a 5:1:1 mixture of #, concentrated N4OH,
and 30% HO,. After being cleaned, the glass substrates were rinsed thoroughly with

deionized water.

Polystyrene microspheres 800 nm in diameter (Siéidach, LB8) were diluted
to 5% by volume in Millipore ultrapured® ( 18 Mq); 7.5 eL of the
was dropcoated and manually dispersed across the surface of the glass coverslip. The
solution was allowed to evaporate under ambient camditi and the polystyrene

microspheres formed into a clepacked monolayer.

Approximately 200 nm of gold was deposited (5'A 4.5 x 16° Torr) on the
polystyrenecoated substrates using a PVD sputtering system (AJA ATC 220). The
substrates were rotated at 16 rpm during the deposition process. Following gold deposition,
asaturatedj2 0 0 & M) s -oitrobenzerethiol BNBT) 4h deionked (DI) HO was
drop-cast onto the AUFON substrates and allowed to dry. The AUFON substrates were not
rinsed after incubation to avoid any delamination of the polystyrene monolayer from the
glass slides. Because of the high concentratiorB# depositd on the substrates and

the strong affinity of the thiol for the gold surface, we assume that the molecules undergo
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close packing in a near monolayer (surface coverage of 3.2mad e ¢ u?),?&with ¢ m
additional 4NBT molecules present in a hydration layer on the surface of the gold

substrate.
3.3.2Visiblel Near-Infrared (Visi NIR) Spectroscopy

Localized surface plasmon resonance (LSPR) extinction measurements were taken
with a homebuilt system. LSPR measurements were taken at a range of sample positions,
to quantify the heterogeneity in field enhament across the relevant optical range used
in Raman experiments. Light from a quartz tungdtatogen lamp (Thorlabs, QTH10)
was directed through an uncoated aspheric condenser collimating lens toward the
substrates. The white light was focused onto thestsate with a 60 mm focal length lens
at a 90° geometry. The resulting scattering light was passed through a 25 mm focal length
lens, followed by collimation (Thorlabs, F240SMA8 0) i nt o a 50 em cor
NA optical fiber (Thorlabs, M14L05). A@cean Optics USB4000 spectrometer was used

for detection. The data acquisition time for each collection was 4 ms.
3.3.3Raman Spectroscgop

Raman spectra were recorded by using a 785 nm Innovative Photonic Solutions
diode laser. The beam was directed tigloa 30/7®eam splitte(CVI Laser) and focused
t o a 2$6tsize mith a power of 40 mW onto the substrate with an infiitsected
objective (Olympus Ach 10x, 0.25). The collection was performed in a 180° backscatter
geometry, and the scattered radiation was redirected through the beam splitter and sent

toward the detection system, consisting of a spectrograph (Acton SpectraPro 2500i) with a
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CCD detector (Princeton Instruments, PIXIS 400BX). The acquisition time for each frame
ranged from 50 to 100 ms, dependingeasin t he

1000 consecutive frames were collected for each run.
3.3.4Characterization of AUFON Substrates

An enhancement factor (EF) was calculated for each sampled region of the AUFON

substrates. This value is calculated using the eqdtion

o T
O 7

00
where’'O and'O arethe Raman intensity ofM B T 6 s crir'GHhiftdecorded on the
AUFON substrate and in solution, respectivély. is the number of molecules adsorbed
on the substrate arid is the number of molecules in the sampled volume for the normal
Raman collectionRaman crossections for NBT andcyclohexane (reference standard)
were collected from literaturf@’ A surface correction factor of 2 was appliedito  in
order to account for the additional molecules adsorbed to the secrsarface area due to

the hemispherical shape of the AuUFONSs. Further details for calculating the SERS EF for

these substratesn be found iMppendix A
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34 Results and Discussion
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wavelength, any changes in the LSPR frequency, line width, or amplitude may affect the
observed enhancement factor.eTh85 nm excitation wavelength is indicatedrigure

3.1b, along with scattering wavelengths for two key vibrational modes monitored during

the photoreaction. By collecting numerous, discrete acquisitions at different spatial
positions across the AuFONIsirates, we sample a range of enseralikraged SERS

EFs that areised to drive the-MIBT photoreaction. Here, we usadange of EFs from

5.11 x 16t0 3.35 x 10.

Figure 3.2 displays tle time
/@/SH
resolved Raman spectra of the 40107 “S_Q_Nd Q N
plasmondriven ANBT
photoreaction. At the start of the
measurement, the observed Raman

peaks can all be assigned to the 4

Raman Amplitude
(cts/mW*s)

NBT reactant. In particular, we
focus on the 1338 c mode,

highlighted in red, which is assigd

to the ND> symmetric stretching

T T T T T
vibration of 4NBT.205206 During 1000 1100 1200 1300 1402 1500 1600
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irradiation, we  observe the
Figure 32 Time-resolved SERS

formation of new product peaks at measurements during the plasruriven
conversion of hi trobenezen

1140, 1388, and 1434 @, dimercaptoazobenzen@&he reactant pealat
1338 cm‘ decays and the product pestk 434

highlighted in green. These features cm™ grows in during the SERS measureme
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represent the rapid formation of DMAB, which is clearly visible in these traces after
irradiation for 1 s. No intermediates are olgérin our spectra. As the reaction proceeds,
the intensity of the DMAB peaks increases, while the intensity of thNBH peaks
decreases. We chose to use the 1434 peak as being representative of product growth
kinetics, as this peak has previouslgbeassigned to the symmetric azo bond stretch found

in DMAB.2%7

Because of small changes in the field enhancement across our substrates, we are
able to probe the ensemideeraged dynamics and yield of theNBT to DMAB
dimerization reaction as a function of the SERS EF. We used the SERS EF to estimate the
plasmonic feld enhancement, using the assumption that the ensendriaged SERS
enhancement factor scales as the electric field to the fourth po\By initiating and
monitoring the reaction at various sample positions, and using the overall SERSugeagnit
to estimate the field enhancement, we can determine the effect of field enhancement on the
photoreaction. We probed the photoreaction at 29 different locations across two separate

AUFON substrates.

Figure 3.3 shows the overall change in peak amplitudes during the decay and
growth processes as a function of the sampled SERS EF. The change in peak amplitude
was assigned as positive for any growth processes and negative for any decreases in peak
amplitude. The sipes of the product growth and reactant decay are (3.5 + 0.7} artD

(1 3. 6 x10* eespécively. The Rralues of the growth and decay processes are 0.48

73



and 0.63, respectivelfigure 3.3

proves that the changes in both the
reactant and product peak
amplitudes are correlated to the
localized SERS EF, as expected.
As the molecules are bound to the
gold surface, as the localized
SERS EF of the sampled region
increases, the magnitude of the
resulting Raman signal of both
product and reactant should also

increase.
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1 . >
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Change in Peak Amplitude
3
]

1.0:10" 1.5x107 2.0<10° 2.5x10° 3.0x10"
(562) (622) (669) (70.7) (74.0)

SERS Enhancement Factor
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Figure 3.3Total change in the reactant (red) a
product (green) peak amplitudes as a functiol
the SERS enhancement factor. Thaxgs for
reactant and product are different in order
clearly highlight the correlation to the SEF
enhancement factor.

Interestingly, the slopes for the reactant and product amplitudes as a function of

field enhancement are different. The slope for the reactant dosearly an order of

magnitude larger than that of product formation. This trend arises from both the reaction

stoichiometry and the difference in Raman cross sections for the monitored modes of

product and reactant. For the formation of a DMAB moleculectur, the reduction of

two adjacent NBT molecules is required. However, the overall change in amplitude for

each vibrational mode is heavily dependent on its Raman cross section. The loss or gain of

vibrational amplitude will be more dramatic for largeaman cross sections, which
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explains the large difference between the slopeBignre 3.3. Off-resonance Raman

measurements of the Ramanoss
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Figure 3.4(a) The final reaction yield, whic!
is the ratio between the final amplitudes of
product and reactant amplitudes, of |1
photoreaction and the dependence on
SERS enhancement factor. As tealized
field enhancement increases, the reac
yield stays between 107 40%. (b)
Dependence between the conversion
efficiency, defined as a ratio between 1
amplitude changes of the product and reac
amplitudes, othe SERS enhancement factc
As the field enhancement increases, t
reactant peak (1338 chh decays more
significantly than the formation of the produ
peak (1434 cm).

this reaction. IrFigure 3.4a, we show
the reaction yield for the system,
defined astte ratio of the final Raman
amplitude of the product to the final
amplitude of the reactant. This is
effectively a determination of the
percentage of molecules that reacted

out of the number of -ABT
75



molecules that remain on the surface at the end of #asunement. To accurately account

for the change in DMAB product amplitude, we subtracted away any signal that was
present before laser exposure, which was never greater than 20% of the total. These
reaction yields are plotted as a function of the SER&rer@ment factor arelectric field
enhancement. Interestingly, as the field enhancement increases, we do not see an increase
in the reaction yield. The reaction yield seems to be independent of the localized SERS EF
with values ranging between 10 and 4086 4dll sampled regions. In all sampled regions,

unreacted NBT molecules are clearly visible.

The incomplete conversion of this reaction can likely be explained through steric
hindrance. The-BT molecules are immobilized on the gold surface and mayiexge
a strong steric constraint during the photoreaction. For the reaction to occur, two adjacent
4-NBT molecules must be bound to the surface such that the nitro groups are in close
proximity. If not, the plasmonic field enhancement will not drive tkaction, thus
decreasing the overall number 6NBT molecules that undergo the photoconversion. A
101 40% reaction yield signifies that a majority of th&lBT molecules in the hot spots

are not undergoing photoconversion and remain bound to the goldesurfa

In contrast, the conversion efficiency as a function of SERS EF is not as
straightforward. Here, we define the conversion efficiency as the ratio of the total growth
of product divided by the total loss of reactant, in terms of tiespective Raman peak
amplitudes. Compared to the final reaction yield, the conversion efficiency focuses on how
much depletion occurs in the reactant signal, rather than recording the final amplitude after

the laser exposure is completed. As the locali@&dRS EF increases, the conversion
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efficiency decreasesigure 3.4b). The efficiency ranged between 20 and 100% for SERS

EFs below 10and is typically lower for larger electric field enhancements.

It is reasonable to believe that as the localized etefiéld increases, the-MBT
photoreaction should be more likely to occur and produce a higher yield and conversion
ratio. It is believed that greater electric field enhancements should lead to increased levels
of hot electron generation and transfer, @drothermal environment, and/or increased
scattering, all of which are potential mechanisms for tHdBZ plasmonrinduced
photoreaction. However, as showrFigure 3.4b, after a certain minimal SERS BP10)
is sampled, the conversion ratio rapidly aéeses. To explain this trend, andepth

analysis of the reaction kinetics is required.

Because of the great enhancing capabilities of the AUFONs substrates, we were
able to rapidly collect a large number afquisitions during the initial phase of the
photochemical reaction, which allowed us to closely follow the enseavielaged
reaction kinetics. Three independent kinetic measurements, all conducted with different
localized field enhancements, are displdyin Figure 3.5, with 26 additional
measurements displayed in the Supporting Information. In all measured spots, we see a
rapid growth of product features with a concurrent loss of Raman amplitude corresponding

to reactant molecules. The observed kinetiasy widely in different regions of the
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substrate. For example, in panels a andEgire 3.5, the growth of the product, colored

green, rapidly increases within the

first 10 s, while inFigure 3.5c,
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Figure 3.5 Reaction Kkinetics of the4-
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longer times, the reactant peak experience:
additional decay, while the product amplitu
remains constanib) Similar to a, but with &
slight decrease ithe product amplitude at long:
times (c) In this more weakly enhancing
environmentthe reaction occurs more slowly.

decreases rapidly bihe DMAB
amplitude is essentially
unchanged. We attribute the loss
of the SERS signal to an
additional pathway in the

plasmondriven reaction. The loss
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is likely due to degradation or desorption of a portion of thdB84 molecules, particularly

those thaare located in the highly enhancing regions probed by SERS. Because of the high
field magnitudes in these regions, the molecules can undergo degradative processes, such
as dielectric breakdown or molecular desorptiorfifure 3.5b, we also observe a stha
decrease in the amplitude of the DMAB product signal, indicative of a similar degradation
process. While the magnitude of the DMAB signal decreased forlair96o (5 of 29) of

studies, the ANBT reactant signal photodegradation was present for a magiritiye
experiments. The rapid decrease in the magnitude of-MBT4signal does not occur in

Figure 3.5c, which had a lower ensembdeeraged field enhancement. In this particular
region, 4NBT loss occurs at a much slower rate and closely matches t@BQvbduct

formation kinetics.

To investigate the effects of field enhancement on photoreaction and
photodegradation rates, we fit kinetic traces for 29 different regions, all with different
ensembleaveraged electric field enhancements. The DM#Bduct formation kinetics
were fit to a singleexponential curve, as any degradation was typically quite small and did
not affect the fit. The majority of theeMBT decay kinetics were fit to two exponential
functions, representative of loss due to phediotion and loss due to degradation. A small
fraction of the 4NBT kinetic traces were better fit to a single exponential, indicating either
that one of the pathways was not present or that the rate constants for degradation and
photoreaction were not wefleparated. These were not included in the analysis below

because of ambiguity in the assignment.
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Figure 3.6a shows the
field dependence of the rate
constants  attributed to the

photoreaction, as measured for
both the reactant loss and product
formation. The rate constants for
reactant loss are consistently
higher than those for product
formation, although both skv no

clear correlation with the SERS
enhancement factor. Therefore,
the ratelimiting step for the 4

NBT to DMAB photoconversion

is not dependent on the plasmonic
The

field enhancement.

photoreaction rate is likely

determined by a limited
concentration ofnearby protons,
which are required for the initial

reduction of the «NBT species.
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Figure 3.6 Rate constants for plasmamduced
processega) Comparison of photoreaction ra
constants for the loss of theNBT reactant (red
and formation of DMAB product (gregn(b)

Comparison of photoreaction rate forNBT

(red) and photodegradation rate efiBT (blue).

All observed ensemblaveraged ratesare
independent of field enhancement for the ra
of enhancement factors probed.

To reduce the nitro groups oANBT, several studies have shown that the system requires

protonation to generate the reaction intermedi#fesd®®?1° These protons likely come
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from the hydration layer on the surfaskthe gold?!! and their availability limits the rate
of the photoreaction. This implies that generatiminprotons is not driven by plasmon

excitation.

The hydration layer also is responsible for the differences in photoreaction rate
constants for the reactant and product. As
the reactant rate constant would be twice the value of the product rate consiiéathe/
reactant rate constant is consistently larger than that of the product, a quantitative 2:1
relationship does not hold. Fitting the kinetics with constrained exponentials based on this
relationship resulted in a number of poor fits. Given the higkecular concentration used
in these studies, we likely have formed a near monolayerNB® molecules on the
surface, with additional free-MBT molecules in the hydration layer above the gold
surface. It is possible that a fre&dBT molecule would rez with a surfacéound 4NBT
molecule to form DMAB. As the SERS intensity decays exponentially away from the metal
surface, any contributions to our SERS signal from frdd84 molecules in the hydration
layer will be negligible. In this scenario, the ebs=d photoreaction rate constants for the
product and reactant would be the same, barring any observable intermediates. Given the
heterogeneity of the sampled regions, the observed values for the enaeerblged rate
constants indicate that the dimetina occurs through both surfabeund and free-\BT

molecules.

In Figure 3.6b, we consider the fieldependent rate constants for degradation and
photoreaction for the-BIBT reactant. Rate constants were assigned to photoreaction when

they were within a factor of 5 of the product formation @estantsAgain, there is no
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observale correlation with field enhancement for the range of SERS enhancement factors
probed. Additionally, for all but two of the probed regions, the photoreaction rate constant
was approximately an order of magnitude larger than the degradation rate cdrsgant.
implies that reaction is typically much faster than degradation, and that prolonged
irradiation leads to photodamage. Thus, a careful consideration of the rate constants of
desired plasmodriven photochemical pathways is critical in evaluating therall yield

and efficiency of a given pathway.
3.5 Conclusions

In this work, we have investigated the electric field dependence on the pltasmon
driven photoconversion of-ditrobenzenethiol (NB T ) t-dimerdaptdaijbenzene
(DMAB). We usedblasmonic substrates with a range of enserabbraged enhancement
factors to determine how the catalytic reaction rate and yield depend on field enhancement.
Surprisingly, we found that over the range of electric field enhancements probed, there was
no rdationship between the reaction rate and the localized field enhancement. Instead, the
ratelimiting step in the 4ANBT reduction is not limited by plasmonic processes, but likely
the accessibility to protons to create the necessary intermediates. Adigitiova
identified a photodegradation pathway that may compete with 488T4to DMAB
plasmonrinduced photochemical reaction. We see a decrease in-MBT4SERS
amplitude indicating photodegradation with rate constants typically on the ordef bf 10
10° s, Fortunately, for a majority of sampled regions, this degradation typically occurs

after the reaction has been driven to completion.
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These results identify several factors critical when fabricating plasmonic catalysts
designed for high yield and setsity. Consideration of rate constants of competing
processes is important, as degradation effects are generally more significant in regions of
high field enhancement. For the particular reaction studied here, the photoreaction is
typically faster than dgadation, but in nearly all regions, loss of reactant due to
degradation occurred. Additionally, the role of proton availability in the hydration layer is
a key factor in the rapid photoreactivity. Thus, an ideal plastnwmen reaction will
optimize theorientation of all reactants in or near the plasmonic hot spot so that the
photoreaction can occur before photodegradation. A careful consideration of the relevant
rates of various photoinduced processes may be helpful when optimizing pldswam

proceses for a number of different chemical reactions.
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Chapter 4

PlasmonMediated Intramolecular Methyl Migration

Reprinted with permission from manuscHigyt James L. Brooks, Dhabih V. Chulhali,
Jason D. Goodpaster, and Renee R. Fronflerdbe submitted
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4.1 Overview

Plasmonic materials interact strongly with light focus and enhance
electromagnetic radiatiotownto nanoscale volumes. Due to this localized confinement,
materials that support localized surface plasmon resonances are capable of driving
energetically unfavorable chemical reactiong certain cases, & plasmonic
nanostructures are able to preferentially catalyze the formation of specific photoproducts,
which offers an opportunity for the development of sdlidawven chemical synthesis. Here,
we present the first report of using plasmonic environmenitsdicce an intramolecular
methyl migration reaction, forming-dhethylpyridine from Nmethylpyridinium. Using
both experimental and computation methods, we were able to confirm the identity of the
N-methylpyridinium by making spectral comparisons againssipte photoproducts. This
reaction involves breaking a-i€ bond and forming a new-C bond, highlighting the
ability of plasmonic materials to drive complex and selective reactions. This work provides
a new class of reactions accessible by surface plasswitation, and further adds to the

growing library of accessible plasmomediated chemical reactions.

4 2 Introduction

Plasmonic materials are proving to be a promising platform for initiating and
carrying out a wideange of unique catalytic reactiohg!2?1* The optical excitation of a
surface plasmon, which is the collective
density, gives rise to the generation of dramatieaifanced electromagnetic fields on the
nanost r uc t*Suriad plassanintéracith incident radiation and aable to
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take that energy and partition it into multiple decay pathwhySThese pathways, in
addition to the generation of the highdphanced local fields, include the A@diative
conversion of energy to an abundance of harvestable hot carriers and elevated thermal
environments: > 2>When molecular species amroduced to the surface, all of the
possible decay pathways may interact with the analyte and initiate a chemical
transformationIn fact, researchers have been successful in achieving significant light
activated plasmonic reactions, such as hydrogesodiatiors®> water splittingt® 34 216
carbon dioxide reductioft; 1% and the generatidhand decompositidf of ammonia.
These exampldsighlightthe potential for integrating plasmonic materials into industrial
significant catalytic processddowever, these reactions are generally limited to achieving
modest chemical reactions, such as chemical Hmedking or performing singistep

reactions.

One of the more exciting aspects of using plasmonic materials astt\ated
catalysts is their ability to achieve a hilgivel of chemical selectivity. Onexeellent
example of noteworthy chemical selectivity is the hydrogenation of acetylene using
plasmonic antenneeactor complexe¥.In this study, Swearest al.were able to obtain a
maximum ethylene:ethane product ratio of ~35 with high laser densities. When compared
to a traditional thermal heating production mechanism, which peaked a maximum
selectivity of ~10, it is clear that plasmonic materials can prowidenique conditions to
more effectively initiate certain selective chemical reactions, possibly through the role of

hot carriers in the catalytic reaction.
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Ultimately, a key goal in the advancement of ligltivated plasmonic catalysts is
developing pretical applications of carrying out selective synthetic or redox reactions.
Having direct control over the ligltriven formation of a highkgelective final product,
and bypassing unnecessary experimental steps, would be beneficial for portable energy
conversion applications. As an example, alkyl migrations reactions serve as a common
chemical process used to obtain the desired products in numerous selective synthesis
procedurest’ 220 Currently, there have been no reports of using plasmonic materials to
initiate and carry out an alkyl migration. In this study, we examine actsele
intramolecular methyl migration that is activated by introducing an organic heterocyclic
amine to strongly amplified plasmonic environments. The heterocyclic amine of interest
contains a cationic pyridinium species, which has been demonstrateg tokag role in
catalyzing CQ reduction in electrocatalysté+?%® Studying carrier transfer rates and
lifetimes on reactive surface marove to be relevant for better understanding its role in
similar chemical reactions. Here, we use both spectroscopy and theory to identify the

photoproduct structure, and to track kinetics following plasexuitation.

Surfaceenhanced Raman spectrosgofSERS) is a valuable spectroscopic
technique that isnherently sensitive tdhe intense local electric fields produced by
plasmonic material® °°SERS provides an amplified Raman spectrum of analytes that are
chemt or physisorbed within the electric fields on the surface of the substrate. When
exposed to an excitation source, the incidenfiédd electromagnetic radiation is tightly
focused down toa nanoscaWevel confinement in the ne#ield. These regions of

amplified local fields are commonly referred to as hot spots. Hot spots typically form at
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the juncture between two nanoscale structures or at the crest of sharp, discrete features.
fact, it has been reported that mefdin-overnanospheres (FONjhe substrates used
during this studygcan generate individual hot spots with enhancement faetbish is a
guantitative description of the substrates ability to amplify the Raman scattenngt$
adsorbed analyteseaching values >10% 224With its signal originating from the most
intense hot spot¥ SERSis an exceptional technique to induce a plasimediated

chemicalreactionin the mosenhanced environments on the plasmonic substrate

Multiple studies have utilized the amplified SER spectra to identify the formation
of new chemical species and better understand the mechanism fuelntgstnendriven
processA majority of these reaicins have been focused on a bimolecular dimerization of
4-nitrobenzenethiolor<«a mi nobenzenet hi ol t o20#39%1% &% mer ca
118 |n addition to this dimerization reaction, other studies have identified plagdmaean
cleavage reactions, such thedimethylatiorof methylene blu&®and the decarboxylation
of 4-mercaptobenzoic acfd® Ultimately, the reports have been limited to the chemistry
occurring at a single functional group or atom on the targetéeloue and have primarily

tracked bonebreaking processes

Here, wefollow the chemicallyselectiveplasmonmediated methymigrationon
N-methylpyridinium (NMP) using AuFON substrates. By monitoring this reactiibin
SERS, weaareable to identify and track the subsequent growtthefproduct speciess it
was generated on the surface. To determine the chemical identity of the plpameoated
photoproduct, we collect the SER spectra of possible product species and compared their

vibrational modes to the NMP photoproduct. We observe that the plasmon excitation is the
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ratelimiting step behind the production ofrdethylpyridine.Furthermore, weaised the
dresseepolarizability model of SERS to céirm our assignment of-tnethylpyridne 183
221228 This work highlights the growing potential of using plasmonic materials to access
and carry out selective chemicadisformations and serves as an exciting addition to the

evergrowing library of plasmonicallpowered chemical reactions.
4.3 Methods
4.3.1AuFON Substrate Fabrication

We oxygen plasma etched glass coverslips (Fisherbrand, 18 mm digbrk3er,
0.17 mm thick) to treat the silica surface for nanosphere deposition. We rinsed the glass
coverslips thoroughly with deionized water both before and after the plasma etching. We
used a diluted solution of 600 nm diameter silica microspheres (Nanol#h,by
volume) in Millipore ultrapure BD  ( 1 8 Mq ) -castafand dnanagtly dispersed 3
eL of the silica solution across the surfa
solution evaporated at ambient conditions and the spheres formed ilusepacked
monolayer. Following the application of the silica microspheres, we deposited 200 nm of
gold on the silicacoated substrates (16 rpm) using a thermal evaporation system (Denton
Vacuum, DV502). An image of the AuFON substrates is showrFigure 4.1. We
prepared a 35 0methiWpyrglinidmuiddideo(®igma Aldridth) in methanol

and deposited 10 €L of the resulting solut
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We measured the localized surface plasmon resonance (LSPR) extinctiomnspectr
with a UV-2600/2700 equipped with an integrating sphere attachment (Shimadzu). The

data acquisition time for each collection was 4 milliseconds.
4.3.2Raman Spectroscopy

We collected the Raman spectra by using a 785 nm Innovative PhStdatons
diode laser. We directed the laser beam through a 30/70 beam splitter (CVI Laser) and
f ocused t &spohsizd Bnto%he sulstrate with an objective (Olympus Ach
10x/0.25). We performed the collection in a 180° backscatter geometry arettedithe
scattered radiation through the beam splitter and towards the detection system, consisting
of a spectrograph (Acton SpectraPro 2500i) with a CCD detector (Princeton Instruments,
PIXIS 100BX). Our spectral acquisition times ranged from 6Q rhsec, depending on
the power used during the experiment. The intensities we reported throughout this
manuscript were normalized with respect to the acquisition time and excitation power to

provide a consistent and quantitative comparison between measwement
4.3.3Theoretical Calculations

We obtained ldof the calculations presented in this paper with version 2018 of the
Amsterdam Density Function (ADF) suf®?%° using the BeckePerdew (BP86)
exchangecorrelation potentidf*232 and a triplezeta Slater type basis set with two
polarization functions (TZ2P) from the ADF basis set library. We calculated the normal
modes analytically within the harmonic approximation and s¢hke8P86 frequencies by

a factor of 1.017 to account for anharmonic effects. We used the dpdaedability
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model8 227228 1o smulate all SERS spectra using both electric fields and field gradients.
We obtained the local electric fields and field gradients from a model sphere to mimic

surface roughness features ~3 nm.
4.4 Results and Discussion

To provide a spectroscopic _ 1
Raman Shift (cm )

description of the ensemble s tll 10|00 20|00
averaged local field enhancement i f\j;fjlf;‘;h
we characterized the gold fikover = 80 g:,if;:ffreqs
5
nanosphere (AuFON) substratesg
with  UV-Vis-NIR spectroscopy E’
PN

(Figure 4.1). The collected

extinction spectrum is the sum of

65 ~— — ' T ' |
the overall absorption and scattering 700 800 900 1000
Wavelength (nm)
events that the incident photons
Figure 41 Ensembleaveraged far-field
experience when interacting withextinction spectrum of AuFON substrates. T
presence of a localized surface plasmon reson
the plasmonic substrate. Due to th€LSPR) isdepictedas a depletion in the measur
percent reflectance. We performed thes
substrate being a highly reflectiveexperiments with a 785 nm excitation sou
(dotted red line) andcollected the observec
material, we performed andRaman scattered photoosllected between 830
905 nm(highlighted red region). Ahotograptof
repated the extinction spectra inthe AuFON substrates is shown as an inset in
plot.
terms of percent reflectance. The

depletion in the reflectance spectrum, starting at ~740 nm and lasting beyond 1000 nm,

corresponds to the presence of a broad localized surface plasmon resonance (LSPR). We
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configured our Rammn detection system to collect Raman scattered photons between ~830

to ~905 nm when using a 785 nm excitation source. This spectral window allowed us to
report Ramasactive vibrational modes with frequencies between i7AF00 cm'. For

optimal signal enhacement in ensembkeveraged studies such as this, it is ideal to design

the SERS substrates dax@ositiooes betwaen thd &étt&®Rionwi t h
wavelength and resul ting R&Rigure4dkighligitser ed p
the spectral region of the LSPR that is responsible for coupling and amplifying the Raman

scattered photons.

In this sty, we depositedN-methylpyridinium (NMP)iodide in methanobnto
the surface of the AuFON substrat€mnce the methanol evaporatede exposed the
substrate to 785 nm laser light and collected the resulting SERSwitinahort exposures
as a function of timePrevious SERS experiments have confirmed the stability of the
cationic NMP on metal substrat€® Figure 4.2 displays the evolution of the plasmon
mediated formation of NMP to-ehethylpyridine. The initial SER spectra contain Raman
vibrational signatures that correspond to NMP molecules chemistol@edold surface.
However, in less than a second, we identified the formation and subsequent growth of a
previously unreported photoproduct in the SER spectra. We see the formation of new
product peaks at 797, 1010, 1077, 1210, 1377, and 1620atirhighlightedwith redbars.
We did not observe any intermediate species in the collected spectra. Over time, the
transformation of NMP reaches a point of saturasind we observe no further changes in

the spectra
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unique photophysical effectsuch 4500 | ||| | |
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as hot electron and hole generatior
33 sec
plasmonic environments may o
= 22 sec
provide the necessamgnvironment §
= 16.5 sec
to help promote unfavorable 2
a)
‘ _ %) 8.2 sec
chemical alterations or
. . . 1 sec
transformations in certain molecular O ~—
. . Z
analytes. In this experimental N? 111 msec
_ I N-methylpyridinium (NMP")
design, the stronghgnhanced local I ' I ' '
800 1000 1200 1400 1600
. . . . -1
electric fields, coupled with the Raman Shift (cm )

presence of harvestable highly Figure 4.2 Evolution of timedependent SER!
measurements during thglasmonmediated
energetic electrons and increasedhemical conversion of dhethylpyridiniumon
an AuFON substrat&Ve identified the productiol
thermal environments, providedof seven unique vibrational modes (797, 10
1077, 1210, 1377, and 1620 ¢hat corespond
sufficient energy to theNMP to the plasmomgenerategroduct
molecules to undergthis plasmonamediatedchemicaltransformation. This is the first
report that successfully identifies any type of plasmonigadiyered transformation of
NMP into a new chemical specied/e hypothesize that the unique and drambyica
enhanced local fields generated by the AUFON substrates provided the essential conditions

to access the alternative reaction pathway.

Unfortunately, we are unable to comment on the overall efficiencies or yields of

this particular chemical reaction. brder to induce the growth of the new vibrational
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modes, the substrate had to be displaced
positioned the AUuUFON within the incident |
peaks that corresponded to NMP. Howewehen we discretely translated the substrate
away from the | aserds focal point, the pho
spectrum. This experimental limitation restricted us from accurately measuring any
changes in the observed NMP molesulas our collections did not accurately depict the

original number of NMP molecules positioned in the probed area.

In order to understand more about this chemical transformatiennvestigated
the reactionds dependenc e excitationn Westudiguphe i ed f
plasmonrmediated reaction with fluxes of 5,000, 12,500, and 31,500 ¥V gescription
of our procedure to measure the laser spot size and subsequent flux calculations can be
found inAppendix B Lowering the flux resulted inr@duced signaio-noise ratio, which
was accounted for by increasing the acquisition time for each collected frame. The
acquisition times for the 5,000, 12,500, and 31,500 Wépperiments were 1.0, 0.11, and
0.06 sec, respectively. However, the redutedporal resolution did not significantly
affect the results for the loflux experiments. We included a zepoint value to the flux
dependent plots due tur observationghat thechemicalprocess does not initiate unless

the substrate is exposed toaeat excitation
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studies.As the applied flux is increasgthe local fields are further amplified arie
likelihood of inducingcompeting destructive mechanisorsthe gold surface significantly
increases?® The intense electromagnetic fields are capable of physically changing the
identity of the analyte and, at times, provide sufficient energy to induce dielectric
breakdown for certain moleculé¥.In addition to the chemical responses, the gold lattice
may experience atomievel alteratbns when subjected to an intense laser source, which
would dramatically modify the structural integrity of the SERS substrate and induce
significant changes to the inhomogeneous electric fields located near the Srface.
Therefore, the addition of these competing degradation pathways, both at the molecule and
substrate level, will likely lead to a wider distribution of reactrates and product

generation.

We experimentally observglo si t i ve correl ations betwe
(normalized with respect to acquisition ti
onto the sampleThe first correlation relates toeh over al | i ncrease |
intensity as the flux is increaseBigure 4.3a). Here, we monitored the growth of the
product s p e thiibetodal mo@e7and fit thre resulting kinetic trace to an
exponential function. By increasing the fluxetitly applied to the substrate, we noted that
the product intensities weableto reach a larger final amplitude as the reaction approached
completion which was an unexpected observatidypically, we would expect the SER
signal to have a linear relatiship with the flux. However, after fitting the data to a power
function, we observed %% €19 dependence between the intensity and flux. While we

are unable to determine the exact cause of this observation, we postulate that this
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phenomenon is linked to the following two physical explanations. First, a larger flux
increases the effective surfaaeathat is exposed to the incident laser light. This would
ultimately result in more hot spots on the surface being photoactivated and provide more
molecules to undergo the reaction. Secondly, the elevated flux would result in an increased
number of hot arriers generated in the plasmonic material. It is possible that the NMP
plasmonmediated reaction requires multiple hot carriers, which would explain the flux

dependent growth in the product species.

We were also able to extract thewerdependenteaction rate constant from the
exponential fit applied to the 1077 dnpeak d6s kinetic traces.
formationmagnitudeswe observegbositive flux-dependentorrelationin reactior® sate
(Figure 4.3b). This flux-dependent trend suggests that we are operating in a regime where
the plasmon excitation is the rdbmiting step of the process. By increasing the number of
accessible resonant photons, we are abédféutively accelerate thepged for which the
reaction proceedalso, it is possible that the increased flux is allowing for more molecules
within the same region to react and convert into the photoproduct, which would alter the
observed reaction rat&/hile this result isnstrumental inidentifying plasmon excitation
as the ratdimiting step of this specific process, we areble to determine a stéy-step

mechanstic description of the reaction.

S

With the reactiondés production and rate

theoretical studies to determine the identity of this selective plasneaimated reaction.
To do so, w extractd a SER spectrum corresponding to the plasmediated

photoproduct after theeactionreached completion. This was done by subtracting away the
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initial NMP SER spectrum from the final frames of the exposure. Withptioiductonly

SER spectrum, we are able to spectrally compare the photoproduct against the SER spectra
of known chemicaspeciesWe studied three possible photoproducts that mggberated

during the plasmomediated reaction: pyridine;ethlypyridine, and 4nethylpyridine.
Previous work has successfully demonstrated a plaginoeen N-dealkylation on amine
containing specie€?®which would result in the formation of pyridine in our NMP studies.
Additionally, there is precedent in the literature for NMP to serve as an oxidizing agent
and stabilize a radical in its rifiy23® and to leado the generation of-thethylpyrdidine

and 4methylpyrdiine under certain experimental conditi&Hg38

We collected he possi bl eSER dpectracop Aud@Nusabistatés and
also calculated their corresponding SER spectra ubangressegbolarizability modett®
221228 that accourstfor the inhomogeneous electric fields presemtheSERSsubstrates
The dressegbolarizability model uses polarizability tensors calculated with quantum
mechanics to describe the molecules and fioelal enhancement matrices calculated with
classical electrodynamics. These calculations can therefore uniquely account for the
selective enhancements of specific vibrational modes due to the interaction of the molecule
with the (inhomogeneous) local fisldrom the plasmonic surface, critical for obtaining
reasonable agreement with surfaédanced vibrational spectiBhe experimental SER
spectra of these three molecules, their respective calculated SER spectra, and NMP

photoproduct s ®mpigueetdd.um can be seen
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met hyl pyridinebébs SER spectra had a

stronger resembl ance to t he phot oproduct @

additional peaks in the 12a500 cm'regiont hat are not present in
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and lacked strong overlap with the 1010 (i.p. ring deformation) and 121 énoates found
in the NMP photoproduciVith these observationsve concluded that both pyridine and
2-methylpyridine were not the chmécal species being produced in this plasmwdiated

process due to the lack of agreement between their respective spectra.

However, when we compareede t hy |l pyri di neds experi ment
spectra to the phot opr ahdgpedrd lselongipgeathertwom, W €
molecular species were in strong agreement. Bothrmofedt hy | pyri di neds s p
all of the relevant vibrational mo@8ahs t hat
of the spectra contain and have a stronglapeat the 797, 1010, 1077, 1210, 1377, and
1620 cm! peaks.We recognize that there are discrepancies in the relative amplitudes of
the peaks within the spectsych as the 1077 and 1210 tmodesbut these variations
may be due to the differencesbimding configurations of a drepasted solution of -4
methylpyridine and the plasmanediated photoproductUnfortunately, accurately
predicting the orientation and binding configuration of the photogenerated 4

methylpyridine molecules is a narivial chdlenge.

o nme o0 O
Au Au

Afee LSPR A A

Figure 45 Proposed mechanism for plasmmediated methyl shift of N
methylpyridine to 4methylpyridine. The substrate is photoexcited by a resonant 7¢&
laser source and subsequently transfers a hot electron to the chemisorbed NMP
This gives rise to a transient pyridinyl radical species. Tisailbstituted methyl grou
then shifts to the radical and stabilizes amethylpyridine.
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Figure 4.5 shows our proposed mechanism behind the plasmemtiatel reaction
of NMP to 4methylpyridne. During the exposure, & observed the producticand
stabilization ofRaman features correspang to 4-methylpyridine. We believe that once
the AuFON substrate is exposed to a resonant laser source, the surface Haswibed
and partitions its energy into the generation of hot elecandsholesThese hot electrons
are harvestable, and the local field conditions help promote the transfer of an electron to
the NMP specie®>r evi ous report s [ty ® serve asarsete¢ctrgnat e d
accepting materigf® To the best bour knowledge, there are no reports of NMP or other
comparable pyridinium molecules acting as electron donating species, which suggest that
the prevailing mechanism fueling this reaction is an electron transfer &henelectron
transfer is a transiémprocess and leads to the formation of a slived pyridinyl radical
species on the substrateds s oadfobedeanalytd he tr
occurs in a femtdo-picosecond timescale and we are not able to directly observe this event

in our SER spectrd?®

After the pyridinyl species is formed, we hypothesize thatNHound methyl
group is to preferentially migrate to the; Gn the heterocyclic amine, producing 4
methylpyridine as the final product. We do not observe the formation of any 2
methylpyridine byproducts in these experiments. We postulate that this is due to a steric
hindrance provided by therBethyl group on theng. The NMP molecules are positioned
in atightpacked layer on the surface and would experience an unfavorable steric hindrance
if the methyl group were to transfer to thgp@sition. In contrast, mediating a direct methyl

migration to the @on the heerocyclic ring would not invoke any steric effects on the
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molecule, resulting in a more favorable product in the reaction. To further support our
hypothesis, a previous study determined that when introduced in a competitive manner, 4
methylpyridine will @lsorb more favorably to metal surfaces than&hylpyridine?*°The
authors found that there was a distinct and clear steric effect in play for the adsorption of
2-methylpyrdine on the metal surface, whereamethylpyridine did not express yan
similar effects. To that end, our findings, in addition to the precedent found in litef¥ture,

238

support our educated hypothesis that NMP is undergoing an intramolecular methyl

migration to form 4methylpyridine.
4.5 Conclusions

Our observation of the intramolecular timg@ migration on NMP highlights a new
example of enabling selective chemistry in plasmonic environments. In this work, we used
AUFON substrates to simultaneously induce and record the plasmediated
transformation of NMP an unreported photoproduct. plesmonmediated reaction
demonstrated a <clear positive correlation
overall production and rate. We were able to successfully assiggtiylpyridine as the
NMP photoproductds true expesmnmental and theoctealt i t vy
spectra of possible photoproducts. This work highlights the growing potential of
implementing plasmonic platforms to preferentially drive selective chemistries, as well as
adding another addition to the repository of accessjilhsmormmediated chemical

reactions.
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Chapter 5

PlasmonDriven C-N Bond CleavageAcross a Series o¥iologen Derivatives

Reprinted with permission from manuscHigyt James L. Brooks, Dhabih V. Chulhali,
Jason D. Goodpaster, and Renee R. Fronfierdoe published.
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5.1 Overview

The optical excitation of surface plasmons leads to the generation of -highly
enhanced nanoscale local fields and an abundamea\adstable hot carriers. When certain
analytes are positioned within these unique environments, surface plasmons may be able
to induce chemical reactions that are energetically unfavorable under standard conditions.
Sometimes the plasmonic environments icétiate entirely new reaction pathways for the
chemical adsorbatedere, we investigate the nature of plasraibiven reactions on three
viologen derivatives: methyl viologen, ethyl viologen, and benzyl viologen. Viologens
have traditionally been empleg as excellent redox agents due to their ability to reversibly
stabilize additional electrons in their molecular structures. However, by using surface
enhanced Raman spectroscopy, we were able to directly obseriXebm@l cleavage on
benzyl and ethyl | 0 g e n t obipyidine wn tle, sdrface of gold fikover
nanosphere substraté&urprisingly, methyl viologen does not undeggsimilar process.

We posit that this differing reactivity may be due to changes in adsorption geometry or in
reduction ptential. Using both spectroscopic and theoretical methods, we were able to

c onf i rbipyridinge dséGhe plasmemediated photoproduct. This work highlights the
novelty of using plasmonic environments to access new chemical reactions and adds to the

exparding library of plasmofmmediated chemical reactions.
5.2 Introduction

Nanostructured plasmonic materials host enhanced optical properties that allow for

the confinement and amplification of an incident electromagnetic wave in the neéf field.
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 This phenomenon is powered by the presence of a surface plasmon, which is the
collective oscillation of the material 6s ¢
amplification the excitation and subsequent decay of a surface plasmon may lead to the
generation of highkenergetic electrons and holes, enhancement thermal environments,
and the modification of a cheMPThesduniguds or ba
forms of energy pathways may be harvested and directed toward initiating chemical
reactbns3® 212214 Recently, the field of plasmonics has been aggressively investigating the
potential of using plasmonic materials as lightivated photocatalysts. Plasmonic
materials have been successfuhatessing catalytic reactions such as, but not limited to,

H. dissociatior?® acid dehydrogenatiot?, CO, reduction?’ acetylene hydrogenatidfi,

NHs generatio”’ and decompositiof?, and HO splitting©

Surfaceenhanced Raman spectroscopy (SERS) is an excellent sspacéc
spectroscopic technique that can be usedxydore the interactions between adsorbed
chemical species and plasmonic catalyst¥: 21The technique takes advantage of the
plasmonic nan@onfinement of an incident electromagnetic wawe amplifying the
Raman signal from molecules positioned in the dramatiegihyanced local fields, which
are also referred to as hot spots. In fact, the resulting SER scattering is approximately
proportional to the local electric field to the fourth pow¢E/B|*. It has been
experimentally proven that a significant majority of the collected SERS intensity is
produced by the molecules positioned in the most intense hot®$pdiish are also the
most reactive regions of the substrdteUltimatdy, SERS is highly effective in

determining chemical structures and any subsequent changes in bonding in the most

106



powerful regions of enhancement on the substrate, making it an excellent tool to probe the

mechanism of plasmedriven reactions.

Previous reports have been successful in identifying the products of plasmon
mediated chemical reactions with SERS. Most of these publications investigate the well
studied dimerization reaction of-rdtrobenzenethiol or -4 mi not hi ol p-henol
dimercappazobenzen&: 103 107. 118Thjs reaction has been studied extensively with
multiple plasmonic substrates to better understand the underlying plasmepmaéyed
mechanism. Other reports have been predominantlyictesk to exploring plasmen
mediated cleavages of certain atoms or functional groups on studied analytes. For example,
there have been demonstrations of inducingradthyl cleavage on methylene bffe.242
As an additional expansion into the library of SERS monitored plasnesiated
reactions, here we report the first observation of-d Bond cleavage on a series of

viologen derivatives.

Viologens have traditionally been employed as redox molecules ter bet
understand the local electronic environments in numerous biological and materials
systemg*3246 These derivatives have three distinct oxidation states: the dication, radical
cation, and the fully reducegecies. The dication state is the most energetically favorable
state when in solution. The one electron redox potentiak/{[\¥]) for methyl (MV),
ethyl (EV), and benzyl viologen (BV) ar8.446,-0.449, and0.359 V, respectively> 247
In fact, there hae been reports of using SERS to track the one and two electron reductions
of MV on a gold plasmonic systeth.?*824° However, contrary to previous reports, we

observed that when these viologen daties are introduced to the dramaticadhyhanced
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local fields provided by gold filrovernanosphere (AuFON) substrates, they are able to

access an alternative reaction pathway to form a new chemical species.

In this study, we discuss the dirediservation of €N bond cleavage on BV and
EV chemisorbed to the surface of AUFON substrates. This plasmedrated reaction
involves the double cleavage of the benzyl and ethyl groups on both molecular analytes.
We were able to successfully induce thesplandriven process on AuFON substrates
using a 785 nm excitation source and monitored the reaction using SERS. Additionally, we
observed that the MV photoreaction undergoes an entirely different reaction pathway and
does not -pipydideuVith he4£qllettéd spectra, we were able to quantitatively
track the production of the plasmamediated photoproduct. To confirm our chemical
assignment, we performed both experimental
bipyridine on plasmonic substrates. ilately, this work emphasizes the novelty of using
dramatically enhanced plasmonic fields and their ability to alter and/or access new reaction

pathways for specific chemical adsorbates.
5.3 Methods
5.3.1AuFON Substrate Fabrication

We prepared the plasmiz AUFON substrates by following previously published
procedures®® 2°0First, we oxygen plasma etched glass coverslips (Fisherbrand, 18 mm
diameter, 0.13.17 thick) to trat the surface for nanosphere deposition. We rinsed the
glass coverslips thoroughly with deionized water both before and after the plasma etching.

We exchanged the solvent of 600 nm diameter silica microspheres (NanoCym, 10% by
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volume) with Millipore ultrpure HO ( 1 8 Mq ) -cast Whel mahvadyispersed 3

eL of the silica solution across the surfa
ambient conditions, driving the spheres to pack into a monolayer. Following formation of

a hexagonal latte of silica microspheres, we deposited 200 nm of gold on the substrates

using a thermal evaporation system (Denton VacuumbD2). We set the instrument to
rotate the substrates at 16 rpm during th
solutions of beng viologen dichloride (Sigma Aldrich, 97% purity), ethyl viologen
dibromide (Sigma Aldrich, 99% purity), and methyl viologen dichloride hydrate (Sigma

Al drich, 98% purity) in methanol and depos

SERS measurements

We measured the localized surface plasmon resonance (eSt#}ion spectrum
with a UV-2600/2700 equipped with an integrating sphere attachment (Shimadzu). The

data acquisition time for each collection was 4 milliseconds.
5.3.2Raman Spectroscopy

We mllected the Raman spectra by using a 785 nm Innovative Photonic Solutions
diode laser. We directed the laser beam through a 30/70 beam splitter (CVI Laser) and
f ocused t2epotantolite substratenwith an objective (Olympus Ach 10x/0.25).
We performed the collection in a 180° backscatter geometry and redirected the scattered
radiation through the beam splitter and towards the detection system, which consisted of a
spectrograp (Acton SpectraPro 2500i) with a CCD detector (Princeton Instruments, PIXIS

100BX). Our spectral acquisition times ranged from 66inis sec, depending on the
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designated power used during the experiment. We normalized the Raman intensities with
respect tdhe acquisition time and excitation power in order to provide a consistent and

guantitative comparison.
5.3.3Theoretical Calculations

We carried out all calculations using version 2018 of the Amsterdam Density
Function (ADF) suit&2%2%° the BeckePerdew (BP86) exchang®rrelation potentiad®®
232 and a triplezeta Slater type basis set with two polarization functions (TZ2P) from the
ADF basis set librarythese parameters closely reprodutiesl experimental vibrational
frequencies for the small molecuf@$We calculated the normal modes analytically within
the harmonic approximation and scalé tBP86 frequencies by a factor of 1.017 to
account for anharmonic effect®¥.We used the dressgularizability model8 227228, 23t
232, 25319 simulate all SERS spectra using both electric fields and field gradients. We
obtained locaklectric fields and field gradients from a model sphere to mimic surface
roughness features ~3 nm. Lastl vy, we cal cu
298.15 K, where the solution environment was accounted for by using the corlikector

screeningnodel (COSMOY>#2%5
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5.4 Results and Discussion

We performed UWis-NIR Raman shift (cm'l)
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o Figure 5.1 UV-Vis-NIR reflectance spectrum ¢

accounts for the incident photonspyFON substrates. The broad, negative fea
between ~75A000 nm corresponds to tf

that are both absorbed and scattere&esence of a localized surface plasn
) _ resonance. The SERS measurements \

by the substrate, resulting in amyerformed with a 785 nm excitation sour
) o (dashed line,ad) and the collected Ramarodes

overall decrease in reflectivityud (nighlighted region, blue) were scattered betw

_ ~840 to ~900 nm.
to the localized surface plasmon

resonance (LSPR). Therefore, the broad negative feature starting at ~750 nm and extending
beyond 1000 nm corresponds to the substrat
estimate is that the optimal signal enhanceneestirs when the plasmon is centralized

bet ween the excitation wavel en®fWefabrcatedl t he ¢
these AUFON substr aimgtsbespectrdiyapostionedae~840 nlh SP R 6
to optimally enhance the SER signal generated from our 785 nm excitation source, which

produced Ramanscattered photons ranging from ~840 to ~900 nm. TheVidgWIR
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measurement is performed over a large, heterogeragea of the AUFON SERS substrate,
making the extinction spectrum an enserbteraged collection. Therefore, the resulting
spectrum is generated from an assortment of the molecules positioned in the most intense

hot spots in the sampled region.

We collected the SER spectra for three different viologen derivatives chemisorbed
to the surface of an AUFON substrate: benzyl viologen (BV), ethyl viologen (EV), and
methyl viologen (MV). All three molecules are in their dicationic state when adsorbed to
the goldsubstrate, and this is confirmed by previous SERS measurements on viologen
specieg8249. 256257 Figyre 5.2 displays the timalependent SER spectra of BV, EVdan
MV as they undergo a spectral evolution when a 785 nm excitation source is introduced to
the plasmonic substrate. Each plot shows the growth of a previously unreported irreversible
product species. When benzyl viologen is chemisorbed to the surface AdFON
substrate, we observed the growth of six new vibrational mdeélgaré 5.2a). These
modes, highlighted with grey bars in plot, are spectrally positioned at 1020, 1070, 1224,
1294, 1512, and 1608 chirhe initial SER spectra (dark red, 220 rashtain the Raman
active vibrational features that correspond to chemisorbed benzyl viologen molecules. We
did not observe any transient intermediate species during the measurements. Likewise, a
similar production of a plasmemediated photoproduct occudrevhen we deposited and
studied EV on the SERS substrate; we observed the formation of the same six Raman
active modes Kigure 5.2b). However, the production of the EV photoproduct only

occurred when the substrate was exposed to intense laser fluxeS\(@66°k
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Figure 5.2 Plasmonmediated chemical transformation of viologen derivatives. Ti
dependent SER spectra of (a) benzyl viologen (BV), (b) ethyl viologen (EV), ar
methyl viologen (MV). The new Raman modes corresponding t@ldsmondriven
photo product for BV and EV are found at 1020, 1070, 1224, 1294, 1512, and 16
1 (grey highlight). However, MV does not appear to produce the same Raman fe
and has new modes appear and grow in at 1024, 1066, and 162Kingtic traces of
the product growth fe) E¥HsBHaEO Koms
! vibrational modes.
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In addition to BV and EV, we collected the tirdependent SER spectra of MV
(Figure 5.2c). We initiated this experiment with a flux ofi3kW/cn? to delay the rapid
growth of the product species, which allowed us to extract a neat product spectrum.
Interestingly, the tim@&ependent SER spectra contained new Raman features that do not
match the photoproduct formed in the BV and EV studiegh&, we observed the
production of three distinct Raman modes at 1024, 1066, and 1624 hase three modes
are dramatically more intense than the product peaks formed during the BV and EV

exposures.

With each timedependent SERS measurement, we were able to calculate an
associated rate constant from the kinetic trasgire 5.2d-f displays the corresponding
kinetic traces for BV, EV, and MV when exposed to laser fluxes of 62.9, 260, 62.9 kw/cm
respectivel y. Wh i -HependBn¥ SE® rsplectr& $hows that they ere
producing the same photoproduct, their observed reaction rates are substantially different.
Specifically, the average rate constant for the BV experiments was 8.2#dsthe
associated rate constant for the EV trail was two orders of magnitude slower while being
initiated with a dramatically more intense laser flux (0.08&60 kw/cn3). Additionally,
we observed that the MV photochemical reaction, which produced a diffg@esettisn
than the BV and EV reactions, clearly had the fastest product production with’arstd s
constant. We have provided a more detailed discussion on theédhendent reaction rates

for BV later in the Results and Discussion.

Traditionally, theseviologen derivatives have been used as oxidation/reduction

indicators in a widgange of biological studies. As stated in the Introduction, most
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viologen derivatives possess some of the lowest redox potentials of organic species while
maintaining a higHevel of reversibility. The viologen derivatives can access three
different oxidation states, which are the dication, radical cation, and the fully reduced
species. All three of the viologen derivatives we studied are naturally stabilized in their
dicationform, with both of the nitrogen atoms being positively charged. The reported one
electron redox potentials (F7V* 9) for MV, EV, and BV are-0.446,-0.449, and0.359

V, respectively?*> ?*"However, we did not observe the formation of any shweti Raman
features that correspond to the radical cation or fully reduced state that have been reported

in previous publication§!®249. 257

Previous SERS studies have been performed on similar large heterocyclic amines
that contain Noound substituents. Sgécally, we directed our attention to a pair of
publications by Tesemeat al??® 242In their work, the authors found that they were able to
utilize plasmonic environments to initiaterNethyl cleavage on methylene blue to form
thionine. Similarly,the viologen derivatives that we are probing in these experiments
contain Nbound substituent groups in their molecular structure; BV and EV contain benzyl
and ethyl substituents, respectively. If the viologen species are behaving in the same
manner as # plasmorenhanced Nnethyl cleavage of methylene blue, we would expect
to see a cleavage of beN hboonfd st haedbipyridioa r org edn, 4

(BPY).
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To test our hypothesis that BV

and EV were undergoing a plasmon

— 1020
— 1070
— 1224
— 1294
— 1512
— 1608

mediated cleavage of their-iC bonds, M
we collected both theoretical and BV Product
2
experimental SER spectra of BPY.@ 2
' _ 25 EV Product
Figure 5.3 displays the SER spectra of; o
& £
5]
the BV and EV photoproducts compare(g = ‘J\ME?‘P- BPY
against the experimental and theoretic:
spectra belonging to BPY. We were abls
t o extract t he p
Calc. BPY
subtracting the initial spectra, belonging 10'00 12'00 1400 16'00
. -1
to chemisorbed BV and EV, frorthe Raman shift (cm )

Figure 5.3. Comparison of the experiment
and theoretical SER spectra of the vg#a
photoproducts and BPY. The BV (red) a
EV (purple) photop
rong agreement with the experimen
lue) and theoretical (black) spectra of BF
BPY SER We observed an overlap of the 1020, 10

1224, 1294, 1512, and 1608 ¢wibrationd
modes in all four spectra, confirming tl
assignment.

1070 (ring in plane deformation + CH bending), 1224 (CH in plane bendiag4 (inter

final spectra collected during the
exposures. As seen iRigure 5.3, the

product spectra are in strong agreeme f
with the experimental

spectrum. The 1020 (ring breathing)

by

ring stretching), 1512 (CH in plane bending + ring stretching), and 1608 (ring stretching)

cm?! Ramanactive modes corresponding to BPY are present in the BV and EV

phot opr odu c t?® AdditEaRy, tisemalcolatad sheoretical SER spectrum of

BPY on a gold surface is in strong agreement with the extract spectra from the BV and EV
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photoproductsUnfortunately, we have been unsuccessful in accurately determining the
chemical identity of the new species produced during the MV studies. In an attempt to
determine the identity of the MV photoproduct, we spectrally compared the MV
photoproduct and arssortment of possible logical photoproducts. Additionally, we also
performed a similar SERS measurement on a fully deuterated analog of MV. A discussion
on our additional MV studies can be foundAppendix C Yet, in regard to the BV and

EV spectral comp#son studies, both spectroscopic methods were highly beneficial in
confirming our hypothesis that BV and EV undergo a plasmediated Noenzyl and N

ethyl cleavage to form BPY, respectively.

With the photoproducto6s tr udetermideetimet i t y
relationship between the plasmorediated reaction and the flux used to initiate the
chemical process. More specifically, we we
productdos overall product i oeactiannvith fluxastok . We
5.0, 12.5, 31.5, and 62.9 kW/éand the acquisition times for each flux measurement were
1s, 51, 51, and 111 ms, respectively. We have provided a description of our methods used
to determine the laser spot size and the associateddlculations in theAppendix C
Unfortunately, we were unable to perform similar podependent experiments on EV,
as we were only able to induce the reaction under a flux of 260 k¥yxXghich resulted in

significant molecular and substrategradation throughout the exposures.
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Figure 5.4 because the reaoh Figure 54. Flux-dependent product productic
and reaction rate for BV. (a) Positive correlati
does not proceed unless an extern@letween the applied flux and the product SE
intensity (normalized in respect to the acquisit
photon source is introduced to thaime). Here, we fitthe flux-dependent produc
intensities to a linear trendlindhel i n e a
AUFON substrate. fie error bars slope, yintercept, and Rare0.22(+0.04), -1130
(x1290,and 0.9, respectively( b) The
presentedin Figure 5.4 represent rate and its relationship with the flux. We fit tt
trend to a 2%order power function with the
the averaged standard deviation ofollowing coefficients: y-intercept, amplitude,

andpowerof -0.002(+0.009, 6.9x10! (+5.1x10
the five trials we performedt each ?) and2, respectively.
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flux. In these experiments, we randomly s&de the locations for each trial across two

different AUFON substrates.

Figure 5.4a displays the positive correlation between the Raman intensity of the
plasmongenerated BPY and the applied flux onto the AUFON substrate. We monitored the
growthofthe Y s p e c i elwibratidnl n8de anthfit the resulting kinetics to an
exponential function. As the applied fl ux
! mode was able to reach more intense amplitudes once the reaction reached a point of
compldion. We postulate that this result may be due to two different physical explanations.
The first reasoning is linked to the fhdlependent production of plasmonic hot carriers.

The elevated flux on the AuFON substrate would result in an increased genefdimt

carriers on the plasmonic material. If this reaction is a hot eledtigen process, we

would expect to see an increase in the production when more hot electrons are accessible
by the adsorbates. In addition to the increased generation ofrhietat is possible that

the observed positive correlation between
an increased effective surface area that is exposed to the resonant photons. This would
result in the photoexcitation of additional hepots, and subsequently molecular
adsorbates, on the surface and ultimately increase the number of viologens that may

undergo the plasmemediated chemical transformation.

In addition to the fluxdependent product production, we investigated the
relationsh p bet ween the reactionés rate and the
from the exponential fit that we applied to the 1808 kinetic tracesAs with the

production study, we observed a clear positive correlation between the two variables.
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However, in this case, we were able to successfully fit thed&pendent reaction rates to
a seconebrder power functiorn®. The strong agreement between the-fligpendent rate
and the 2 order power function is due to the two individuaNdond clesages that must

occur on BV to form BPY.

This is the first report of a ligkdactivated or plasmemediated €N bond cleavage
on BV and EV. We believe that the dramaticalyhanced local electromagnetic fields on
the AUFON plasmonic substrates provideeasential amount of energy to create entirely
new reaction pathways for the viologen derivatives. Previous electrochemical and
spectrochemical studies on these viologen derivatives did not observe the formation of
BPY when large voltages were appliedhe electrochemical cells. Rather, they were able
to reversibly induce electron transfer to the viologen derivatives to form the radical cation
and fully reduced species. In our experiments, the unique and strongly amplified plasmonic
local fields did not Bow for a stabilized or observable reduction of the viologen derivatives

and directly promoted the-8 bond cleavage to form BPY.

Similar to the mechanism presented by Tesetnal, we postulate that the-&
bond cleavage on the viologen derivativesesebn the presence of oxygen in the local
environment?® Here, we propose that a transient anionic oxygen species is created by the
hot electron generation that ocswhen the surface plasmon is photoexcité®° Their
work highlighted the concept that an anionic oxygen interaction with the nitrogens and a
hydrogen extraction from the local water molecules is the likely mechanism driving the

cleavage of the Bl bond on these large heterocyclic amines. Ultimatelg, very likely
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that the BV and EV plasmemediated transformations on AuFON substrates are occurring

by the same chemical mechanism.

In order to explain the increased reactivity of BV relative tq &¥ calculated the
change i n Gi bb ssofiated o thedouwle geavage BV, B/, and MV
to form BPY. The solution -p446adgd&éksmolf or B\
respectively. In our work, we observed that the formation of BPY from BV occurred at a
much faster rate and higheroguction (BV >> EV), which aligns well with our
calculations, as BVds oG is | ower ®twhan t he
would expect the reaction rates for BV to BPY to be higher than that for EV to BPY based
on the calcidtedpGs . These cal cul ations may provide
the relative amount of energy requiredinitiate theC-N bondcleavage on the viologen
derivatives. Addi tionally, the relatively
methyl cleavage on MV may be too energetically unfavorable to initiate. We hypothesize
that a competing plasmeanediaed reaction pathway may be more energetically accessible

and prevents MV from undergoingNethyl cleavage.
5.5 Conclusions

In this work, we have introduced a new plasrhaoiven reaction across a series of
viologen derivatives. Specifically, we presented the first report of a plasmdrated €
N bond substituent cl eavage olipyridieen\¥hiel and
these molecules have traditionally been employed as redox agents, we observed an

alternative reaction pathway when introduced to the highlyanced local fields on
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AUFON substrates. To confirm the identity of the plasmdowen photoproduct, we
emploed both spectroscopic and -ypridipeuonhthd i on al
surface of gold SERS substrates. Additionally, we presented the formation of the methyl
viologen plasmommediated photoproduct and our attempts to determine the true chemical
identity of the unknown moiety. Our work highlights the novelty of utilizing plasmonic
materials as a platform to induce chemical reactions that are unfavorable under standard
conditions and serves as another addition to the-gresving list of plasmomedated

reactions.
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Chapter 6

Ultrafast Surface-Enhanced Raman Spectroscopy to Study Hot Electron Transfer in
Plasmonic Materials
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6.1 Overview

Plasmonic mterials are promising platforms for initiating energetically
unfavorable chemical reactiorisis widely believed that these reactions are driven by the
transfer of highlyenergetic hot electrons to the nearby analytesvever, there is stilh
lack in the general understanding of the interactions between plasmoeiec¢tadnsand
molecules, such as the tirdependent reaction rates and the hot electron transfer yield.
We propose thathesetransient electron transfer events, and the folowiormation of
shortlived intermediate speciesan be monitored usingdtrafastsurfaceenhanced Raman
spectroscopya technique that provides a vibrational profile of a molecule near the surface
of a plasmonic material. Providing a quantitative desiorpof these interactions will help
increase the efficiencies of plasmomrediated chemical reactions, leading to an optimized
design of plasmonicalpowered devices capable of enhancing the efficienciedefant

chemicalprocesses.
6.2 Introduction

Plasmonic materials have recently gained an incredible amount of attention due to
their potential to act as liglactivated photocatalysts. This is achieved by an effective
coupling between an incident | i ¢twhishour ce
is the collective oscillation of the free
When presented with a source of resonant photons, the surface plasmon is able to rapidly
convert that energy and partition it into multiple decay pathwdy3he surface plasmon

is believed to maintain its coherence forlQ fs before dephasing and initiating the
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subsequent process@sVhile there are multiple decay pathways, the production of highly
energetic hot electrons has been widely found to play the masirgot role in driving
plasmonamediated chemical reactiof’s.>> 3°Hot electrons are primarily created via
Landau damping, through the generatidmndividual electrorhole pairsand the ensuing
electronelectron scattering events over the next0D fs’* 73’4 During this time, the
ejected hot electrs may have energies extending from the Fermi level to the work

function of the plasmonic materiaf®?

When certain chemical analytes asitioned near the surface, it is possible that
the highlyenergetic hot electrons may interact with the molecules and induce a chemical
reactiont®2% 106 118\ oteworthy examples of plasmanediated chemicakactions include
H. dissociatior’® H,0 spliting,}®!! acetylene hydrogenatidiammonia decompositiofs,
among many otherslowever, the current work is limited to a description of the plasmonic
systemso6 overall efficiencies, which are
mechanism by which thegplasmonic dynamics occur. To providetherinsightinto the
mechanism and inspitae rationadesign, a technique with structural sensitivity to probe

the various plasmemolecule interactions is required.

Ultrafast surfaceenhanced Raman spectrosco(BERS) is a technique that
provides structural information about a molecygirsmonic system with time resolution
on the order of picoseconds! °which is the relevant timescaker the making and
breaking of chemical bonds during a hot electron transfer eltnafast SERS uses
Raman spectroscopy to take molecular snapshots during the evolution of a plasmon

mediated chemical reactiotunder this expemental design, ltrafast SERS will be
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instrumental in successfultsacking the ejection of hot electrons from plasmonic materials

as they transfer to a specific adsorbed molecule, creatinglsiearintermediatespecies

There is a widespread beliggtt plasmorinduced chemical reactions are highly contingent

on the presence of hot electrons, but the electron transfer process has not been directly
observed in a molecular systeBy following the stegby-step molecular changes during
plasmon excitationwe canidentify the specific roles of plasmons and hot electrons in
plasmonmediated chemical reactions. Understanding the various timescales and
efficiencies of the hot electron transfer is vital for advancing towards practical and cost

effective indugtial applications

Herein, we employ ultrafast SERS to better understand the quantitative information
associated to the dynamics, yields, and energies of plasmonic hot electrons. The following
chapter details our efforts of designing and interrogating naumsechemical systems
aiming for spectroscopically identifying the formation of transient intermediate species

during the hot electron process.
6.3 Methods
6.3.1 AuFON Substrate Fabrication and Characterization

We prepared the AUFON substrates Ilgilowing previously published
procedures®® 20First, we oxygen plasma cleaned glass coverslips (Fisherbrand, 18 mm)
to treat the surface for nanosphere démrs We rinsed the coverslips with deionized
water before and after the plasma cleaning. We diluted solutions €f5800m diameter

silica microspheres (NanoCym) to 10% by volume in Millipore ultrapp@ H( 1 8 Mq ) .
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We dropcasted and manually dispersed e L of the silica solutio
coverslip. The silica microsphere solution evaporated at ambient conditions and the spheres
formed into a clospacked monolayer. Following the application of the silica
microspheres, we deposited 200 of gold on the silic&oated substrates using a thermal
evaporation system (Denton Vacuum, {592). We set the instrument to rotate the
substrates at 16 rpm during the deposition process.

We measured the localized surface plasmon resonance (ES&R}ion spectrum
with a UV-2600/2700 equipped with an integrating sphere attachment (Shimadzu). The
data acquisition time for each collection was 4 milliseconds. Percent reflectance
measurements of the AUFON substrates can be found in Appendix D.

In addition to the standard AuFON substrates, we fabricated -@adeed variants
of the metal substrates. We coated the AUFON substrate with a dielectric oxide layer using
atomic layer deposition. Each deposition recipe was specifically modified to pro@uce th
necessary deposition thickness below 5 nm. However, at such miniscule deposition

coatings, we were unable to characterize the exact thickness of the oxide layers.
6.3.2. Ultrafast SERS

A detailed description of the ultrafast SERS apparatus has begoysig
published**° For a brief description, we used aCHWkK R | MPUL SEE theo gene
ultrashort pulses used throughout the experiments detailed in this chapter. The
| MPULSEE i mp | eopediitiersoscilator/amplifier system to produce a 1035
nm spectrally centered pulse with a < 250 fs duration, a maximum repetition rate of 24.5

MHz, and an average output power of ~Elgjure 6.1 displays a schematic highlighting
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the beam paths of the pump and the probe as they navigate the apparatus. @Wedgener
the picosecond probe beam by sending the hd3%undamental pulse through a spectral
transmission grating filter, which increased the pulse duration to approximately 2.4 ps. Our
system allows for using a degenerate configuration (1035 nm pump ahd) o
manipulating the spectral character of the pump pulse by sending it though a nonlinear
optical parametric amplifier (NOPA). The NOPA produced an output range of ~650 to

~900 nm.

We directed both pulses towards the sample holdercatiécted the scattered
radiation into a spectrograph assembly. The spectrograph assembly consists of a
spectrograph (2300i Princeton Instruments) with a 600 gr/mm grating blazed at 750 nm
and a PyLon InGaAs photodiode array (Princeton Instruments)seétiggon of our dual

pulse temporal and spatial overlap methods and calculations can be found in Appendix D.
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Figure 6.1 Schematic of the ultrafast SERS apparatus. The fundamental puls
produced from a CLARKMXR IMPULSE, which is spectrally centateat 1035 nm ant
has a duration <250 fs. The pump and probe pulses were created by splitti
fundamental beam. We then directed the probe pulse into a spectral filter (dashed
narrow the spectral bandwi dt h & Hurattor
Depending on the desired experimental parameters, the pump pulse could be alte
nonlinear optical parametric amplifier to produce wavelengths betweef8G&bAm or it
could be used at the fundamental 1035 nm for degenerate mafo@ meaurements. We
directed the pump pulse towards an automated delay stage, which was used to ger
time points in the ultrafast SERS experiment. Finally, we aligned the two pulses
sample holder and collected the reflected scattered radiatmthmtdetector assembl
which consisted of a spectrograph and a PyLon InGaAs photodiode array.
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6.3.3 Motorized Sample Holder

The experiments we
performed in thischapter were

done using a custoiuilt

TR N
2

sample holder is designed to- - ¥ ¢

Figure 6.2 Custombuilt motorized sample holde
The device consists of an LFAS and DDSM50
for vertical and horizontal displacemen
respectively. (a) Front and (b) talown view of the
apparatus. The collimating optic is physica
“ttached to the sample holder to ensure consi:
lignment into the detection system.

collect the reflected Raman
scattering in a 90° orientation.
Our goal was to construct a stag
capable of translating the SERS"
substrates at an exceptionabgt velocity while maintaining a higlvel of reproducibility

in the measurements. The sample holdagure 6.2 was composed of a motorized
actuator (LTAHS, Newport Corporation) and linear translation stage (DDSM50,
ThorLabs) to displace the sample ti@lly and horizontally, respectively. The DDSM50

is able to achieve driving speeds up to 500 mm/s and has a minimal step resolution of 500
nm. We determined that the linear translation stage would be able to translate a substrate
the length of the focuse | adiaenetd(s250 um)’ in under 50 ps. In addition, we
selectedthe LTA-HS for its ability to support a large weight load while achieving a
moderately quick driving speed (5 mm/s). Together, these two motorized devices provided

a rapid means of displacing the AUFON substrates in a rapid manner.
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6.4 Results and Discssion

The ultimate goal in designing the ultrafast SERS experiments detailed throughout
this chapter was to spectroscopically identify and track the generation of transient
intermediate species during a hot electron transfer event. As stated in thedindmd
obtaining a better understanding of the hot electron transfer mechanism is highly relevant
for the plasmonic field as whol&Vith a more concrete description of the relevant
parameters, such as the hot electron transfer efficiency and an asslifeiateel of the
transient intermediate species, the community will be able to build upon texigtieag
work to achieve more effective plasmonic systemnsdesigning this ultrafast SERS
apparatus, our aim was to provide the necessary experimentalepanamno successfully
construct a detailed mechanistic description of plasmediated hot electron transfer into

a targeted molecular adsorbate.

Our approach towards identifying this shtived phenomenon was to photoexcite
t he SERS s ule plasman with@ demteseaorid pump pulse and subsequently
interrogate the molecular dynamics with a picosecond probe pulse as the molecules interact
with the shodlived hot electrons. In the experiments discussed below, we preferentially
modified the photexcitation pump wavelength (680, 1035 nm) to ensure an overlap
with the AUFON substrateds surface pl asmon
a widerange of pump wavelengths and found a degenerate-punlye configuratiorio
be the most effectiveWe hypothesize that this observation is linked to the surface
plasmonbés ability to direct and | ocally amj

spatial locations.
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An experimental configuration where the pump and probe wavelengths are
degeneate should allow for a more controlled study by providing photon sources that will
couple most effectively to the same spatial region. However, we are limited with the
wavelength of the probe pulse and we employ a 1035 nm pulse after it has been tgmporall
broadened to a pulse duration of4{2s. In order to collect a SERS spectrum with adequate
spectral resolution, we needed to reduce the spectral bandwidth of the 1035 nm pulse. This
experimental constraint pushed the temporal resolution of our ultrafast SERS apparatus to
the picosecond regie Yet, we hypothesize that the relevant chemical dynamics that we
are pursuing to observe, such as the making and breaking of chemical bonds or transient
stabilization of certain singly reduced redox molecules, will occur in a time window that

our ultrafast SERS apparatus will allow us to detect.

To identify and track the generation of transient intermediate species during a hot
electron transfer event, we investigated the SER response of methyl viologen with a
degeneratel035 nm pumgprobe experimental omfiguration. Methyl viologen is an
extensively studied analyte in the broad field of electrocherftét} and more
specifically, is found to be employed in a large numbdiaibgicalredox reaction$?>: 263
It has repeatedlypeen demonstrated as an excellent electron accepting species, with a
single electron redox potential e8.45 V254 In these studies, we proposed that methyl
viologen would serve as an ideal molecular analyte to harvedtargiently stabilize a
portion of the hot electrons that are produced during the decay of a photoexcited surface

plasmon. We would expect to see the transient production of the-saaylged methyl
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viologen radical cation species, which has been speopaslly identified in previous

SERS experiments.

However, when chemisorbed to the surface of AUFON substrates and exposed to
an onresonant source of photons, methyl viologen will undergo a plasneaiiated
photochemical conversion to form a new molecular species. Dunagadnversion, we
have observed the generation of new Raman features at 1024, 1066, and 624 cm
Although we are currently unable to accurately assign the identity of the methyl viologen
photoproduct, probing these vibrational modes gives us informatichemical dynamics
occurringduring the picosecond timescale. For a more descriptive discussion into our

analysis of the methyl viologen photoproduct, please refer to Chapter 5.

In Figure 6.3 we present ultrafast SERS spectra of methyl viologen on an AUFON
substrate. The multiple differential spectra are representative of the transient molecular
response of the coupled plasmoolecule system. On the plot, there are two different type
of spetra displayed: the above vertically offset spectra are differential transient spectra
between50 ps and 50 ps and the bottom spectrun
t o the s y-stateSERDEbragonatpaotiles The differential spectraeagenerated
by subtracting a50 ps reference spectrum away from each time pbwe employ this
subtraction method to remove any pumguced artifacts that may appear in the raw
transient spectra. Additionally, we selectc® ps reference spectrurnalto the lack of
interactions it may have with the probe pulse, which is due to the large temporal separation
between the probe and pump pulses as they interact with the substrate. In this set of

differential spectra, we observed a thiependent depletioof the 1024, 1066, and 1624
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cmit vibrational modes, all of which correspond to the unknown methyl viologen
photoproduct. The transient depletion initiates at-thps time point and rapidly decays
over the next four picoseconds. At it its maximum, weepbed a ~22% depletion in the

phot oproduct 6s -Rpstmempoinsi gnal at the

The peak depletions that we

have observed may arise from a

number of phenomena. When expose

n
—
L
<
o3
v

to such intense pulse energies, th

1ty

chemisorbed molecules may desorl
from the metal surface or experience
varying levels of  chemical

degradatiorf®* But, if this were the

Differential SERS Intens
(cts/mW*s)

case, we would expect to see

permanent depletion in theansient

spectra. Rather, in our experiments ,5 5 , , ,5 :
1000 1200 1400 1600 1800
the transient SERS signal is Raman Shift (cni')

completely replenished, and we do noFigure 6.3 Transient depletion in the ultrafa
SER spectra of methyl viologen on AuFC
observe any lasting depletion. Anothesubstrates. The three Rarmactive modes
associated to the methyiblogen photoproduc
instance where peak depletions woul@1024, 1066, and 1624 cth experience ¢
transient peak depletion. We collected 1
be present is if the initial molecularspectra with 0.5 mW (20 pJ) probe power, 0
mW (35 pJ) pump power, and an acquisiti
analytes undergo a chemiag&laction time of 15 seconds.

to a new product species on the surface. Similar to before, we would expect to see the
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formation of transient product peaks in response to the depletion of a reactant peak. In these
specific experiments, we ensured that the methyl viologen peattbon had reached
completion before collecting the transient SERS spectra. Also, we did not observe the
growth of any positive peaks in the differential spectra. Therefore, an ultrafast plasmon
induced chemical reaction is not the prevailing mechanisrmdrthe transient depletions

that we observe in our experiments.

We hypothesize that the transient depletions are associated to-kvellospectral
shift of the localized surface plasmon resonance. Keller and Frontiera first reported this
phenomenon ten they observed similar peak depletions in their ultrafast SERS
measurements on aggregated gold nanopartitiés their study, they observed transient
depletions in the SER spectra efidrobenzenethiol NBT). They proposed that the peak
depletions were due to a redh i f t in the colloidds | ocali z
causedp an uneven perturbation to the plasmor
experiments employ an AUFON substrate rather than colloids, the AUFON substrate could

experience a similar reshift in its localized surface plasmon resonance.

In other instances, we were able to track the formation of dispersive features in the
transient differential SER spectraigure 6.4 displays two sets of ultrafast SERS trials
where we studied both methyl viologen and tetracyanoquinodimethane (TCNQ) on
AUFON substrates. Akin to methyl viologen, TCNQ is well known for its ability to serve
as an electron accepting moiety and is commonly employed as the cation in charge transfer
salts. Similar to the previous set of ultrafast SER spectra, we observed anramnsant

depletion at2 ps in both the methyl viologen and TCNQ studies. However, rather than
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only producing a depletion in the differential spectra, transient dispersive line shapes are
present for all of the prominent vibrations in methyl viologeth ismphotoproductRigure
6.4a) and the 1382 crhvibration for TCNQ Figure 6.4b). Also, in these studies, the

transient signatures last until ~10 ps in both the methyl viologen and TCNQ measurements.

a) b)
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Figure 6.4 Transient dispersive responses in the ultrafast SER spectra
methyl viologen and (b) TCNQ on AuFON substrates. We collected spectr:
(@ 4 mW (0.16 nJ) probe power, 10 mW (0.41 nJ) pump power, ar
acquisition time of 5 seconds and (b) witmBV (0.20 nJ) probe power, 7 m\
(29 nJ) pump power, and an acquisition time of 5 seconds.

136



In a similar study, Branddt al. determined thagimilar line shapes were transient
Fano resonances in their silver colloidal substrét€sey were able to enhgy the ultrafast
SERS apparatus as a tool to directly probe the plasmaecule interactions during the
dimerization of 4NB T t oedimercaptodazobenzne (DMAB). The resulting Fano
resonances, which were presentinttd BT and di mer i z e@madéddABO s Vv
were attributed to the interference between the-helar coupling of the narrow Raman
active molecular transitions to the broad hot elecinolniced metal photoluminescence of
the AgNPs. The appearance of the dispersive line shapes in Gigrnitapectra is evidence
that we are not solely inducing a localized surface plasmon resonance shift in these studies.
Rather, we believe that we are observing a similar coupling effect between a narrowband
source and a broadband source in our ultraf&R Spectra. Similar to their study, the
narrowband Ramaactive molecular transitions are serving as one of the two coupled
sources. We hypothesis that the broadband source in these experiments are due to either an
electronic Raman responsepiotoluminesence?®>26” Presently, there is a strong debate
over which of these two mechanisms are prevaleptasmonic materials. However, we
are unable to confidently assign either broadband source as the key initiator in the observed

Fanalike line shapes.

Lastly, we explored the possibility of using a fullerene derivative as a transient hot
electron trap on oxideoated AuFON substrates. We designed these experiments with the
intention of producing an alternative pathway for hot electron transfer to doctiis
design, the metademiconductor interface would produce a Schottky barrier between the

two materials. The excitation of the surface plasmon would generate an abundance of
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highly-energetic hot electrons on the plasmonic surface. Then, insteadiohigé direct
electron transfer event to a mekalund chemical analyte, the hot electrons would need to
spatially travel through the semiconducting material. To do so, the electrons would need to

be sufficient in energy to cross the Schottky barrier betwthe two materials.

The benefits behind this experimental design arefolb First, due to the metal
semiconductor Schottky barrier, the hot electrons would be much less likely to undergo a
back transfer into the metal lattice. This would inheremntlyrease the likelihood of
inducing an interaction between the molecular adsorbates and an ejected hot electron.
Secondly, depositing an oxide on the surface of the metal plasmonic material gives rise to
an entirely new class of possible functionalgraugsat can adhere to the
In the most commonly used plasmonic metals, such as gold and silver, surface specificity
is achieved by selecting molecules that have specific chemical moieties, such as thiols,
amines, and Mheterocyclic carbenesret, with an oxide layer serving dise exposed
surface, additional functional groups, such as hydroxyl or carboxyl groups, would provide
a robust adherence to the material. With these factors in mind, we proposed to use a
modified carboxylfullerene aheé studied analyteigure 6.5 shows the ultrafast SER
spectra associated to tgarboxylfullerene chemisorbed to the surface of an alumina
coated AuFON substrate. In this particular example, we deposited 7 A of alumi@a) (Al
onto the AuFON, as that ttkness proved sufficient for maintaining the distance
dependent SERS signal. We obtained the differential spectra by subtracting-&0asa

reference from the time points. Also, the
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the steadystate SER spectrum ofris-

carboxylfullerene generated by the probe
We have denoted the primary Raman band Oxide
this molecule at 1455 c¢fm which

corresponds to theAyg(2) mode in the

fullerene derivative. If a singly reduced b) §

|

anionic fullerene were to havermed, we 1 I ;
WWW% ps

would expetto see a downshift of ~5 chin '

the Ay(2) mode?®® We did not observe the

transientgeneration of an anionic fullerene
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species in any of our ultrafast SERS

experiments.
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Although we were unable to achieve
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our original goal of using ultrafast SERS tc -
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identify the formation of the intermediate
Figure 6.5 Probing the electron transft

species formed during a hot electron transf@rocess from AuFON substrates
chemisorbed trigarboxylfullerene. (a

event, we were able to identify transiendepiction the deposition of tris
carboxylfullerene onto the layer of ¢

photophysical responses. Observing transieakide deposition. (b) Timeesolved
differential SER spectra of tris

hot electron transfer is a ndarivial research carboxylfullerene on an ADs@AuFON
substrate. No transient features wi

effort, as there has yet to be a publishedbserved during the ultrafast exposur
The spectra were obtained with 9 m

report of successfully using an ultrafas{0.37 nJ) probe and 20 sec acquisit
times.

vibrational spectroscopic technique to
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observe any shetived intermediate species associated to hot electron traifsfact,

these results may suggest that plasimadiated photochemistry is not primarily driven

by a hot electron transfer event. Rathee believeit may be possible thatthese
photochemical reactions are powered by one or more of the proposed plasmon energy
transfer mechanisms, such as plasfimoluced resonance energy transfer (PIRETY: 160

269270 |n Chapter 7,we discussour most recent advances towards modifying the
experimental setupn an attemptto design a configuration bettsuited for observing
transientintermediate species during ultrafast SERS measuremdetdly, these new
experimental methods should plagtiimental in conclusively determining the underlying

mechanism driving plasmemediated photochemical reactions.
6.5Conclusion

In this chapter, we detailed our efforts towards using ultrafast SERS to
spectroscopically track the formation tansient intermediates during a hot electron
transfer event. We interrogated numerous molecular analytes, such as methyl viologen,
TCNQ, and a fullerene derivative, but were unsuccessful in identifying anylsieokt
anionic species in our experiment&wever, rather an observing any hot elecirauced
intermediate species, we detected similar plasmonic photophysical effects that have been
previously reported. Further modifications need to be applied to the experimental
approaches towards better undengling hot electron transfer, which are detailed in
Chapter 7. Ultimately, while we have been unablespectroscopicallyprovide a

guantitative mechanistic description to the plasmonic community, obtaining the relevant
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mechanism should still be viewed aritical step in fullyrealizing the true potential of

utilizing plasmonic platforms as photocatalysts.
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Prospects

142



7.1 Rapid sample spinning for ultrafast SERS

The field of plasmonics has been rapidly growing due to the untapped potential of
using plasmonic materials as lighttivated catalysts. However, we believe tiztining
the optimal design of plasmonic photocatalysts is higlelgendent on determining a
detailed description of the transient mechanism driving the catalytic processes. In an effort
to provide clarity on this topic, we have been actively investigating plasnubecule
interactions using ultrafast surfaeehanced Raman spectroscopy (SERS$Y). goal was
to spectroscopically identity the formation of transient intermediate species during a hot
electron transfer event (Chapter 6). With this observation, we hypothesized that we would
be able to quantitatively define the various parameters babirelectron transfer, such as
a transfer yield, a hot electron accessibility lifetime, etc. It is our belief that these results
would inspire a rational design of plasmonic photocatalysts for initiating relevant chemical
processes. However, this sciemtiihallenge has proved to be a fiowial endeavor, as

we have been unable to achieve our original goal.

One possible experimental shortcoming in our previous ultrafast SER
measurements (Chapter 6) was the prolonged exposure of photons to a singleréugon
AuFON substrate. To be more specific, we designed the experiments to collect three
different sets of spectra for each time point. The three different sets of spectra were the
pump off spectrum, &0 ps reference spectrum, and the desired timefpesint s pect r um.
three sets of spectra were required for an accurate analysis of the transient dynamics. We
ensured that the set of spectra, all associated to an individual time point, were collected at

a singular spatial region. Once all three were ctdliche motorized sample stage would
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translate the substrate to a new position, resulting in the focal area being positioned onto a
fresh region on the substrate. We employed this method to priénemiroduction of
spectral artifactsvhensubtracting thepectra from two distinctly different regions on the
substrate. In SERS measurements, it is very likely to observe discrete differences in the
spectra when translating across the sarfiplén theory, thiscollection method should

generate spectra that can be easily subtracted to produce-fréiéairansient spectra.

However, while we were reducing the likelihood of observingrasesired artifact
in the transient spectra, we were also exposing each unique spatial region to a surplus of
photons. In most of our experiments, we were continuously subjecting our pulsed lasers
onto the same spatial location for over 120 seconds beémrgtioning to a new region on
the substrate. There are two clear negative aspects for operating under these conditions.
First, continuously directing higbnergy pulses at the substrate will cause physical
deteriorations to occur. These deterioratioas be due to a nanoscale alteration of the
metal |l attice, resulting in either a dr amat
depletion in the Ramaactive mode$§? Alternatively, the continuous exposures can lead
to chemical breakdown on the surface, which would significantly alter the vibrational

features in the collected SER spectriifn.

The second negative characteristic of this experimental design is linked to the
immense number of pulses ds® collect our spectra. In the experiments highlighted in
Chapter 6, we used an ultrafast laser that was set to a repetition rate of 24.5 MHz, meaning
that a new pulse arrives at the sample nearly every 40 nanoseconds. When employing an

instrument set tthis repetition rate, a typical experiment using 20 second acquisition times
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and 3 spectral averages would require 4.9%piiBses to generate the final SER spectrum.

After continuously interacting with the surplus of high energy pulses, it is entossyjiye

that the photoexcited surface plasmonds abi
harvestable hot electrons has dramatically declined. Thus, the resulting SER spectrum
would be constructed using a vast amount of pulses that wecé\edfe fiemptyd and did

not contain any relevant information pertaining to the initial plasmonic dynamics. Any
relevant dynamics recordeal the initial pulses would be substantially overwhelmed by

the pulses containing no pertinent transient informatie. hypothesize that an ideal
experimental approach would limit the numbeimdéractonsbetween the pulses and each
distinct location on the AuFON substraWith this in mind, we set out to develop an
alternative method that reduces the undesirablelesregion pulse saturation and
generates a SER spectrum more representative of the early onset dynamics of an unagitated

surface plasmon.

One approach towards tackling this challenge is to develop a new method of rapidly
translating our SERS substratesidgrthe ultrafast experiments. Recently, we have been
working towards the development of a sample holder capable of translating AuUFON
substrates at rapid velocities. To do so, we implemented a hard disk drive (HDD) motor
that can consistently rotate at higpeeds (200 rpm). In this design, we load multiple
AUFON substrates onto a single platter and mount it to the HDD ntoturé 7.13. The
sample holder rapidly rotates the AUFON su
and generates an ensdebveraged SER spectrum of the studied analyte from all of the

mounted substrates. The rotational spinning also increases the effective area that is probed
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during a single ultrafast SERSa) Rapid Spinning

measurement, as that area is directl Probed Path
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photons, the HDD motor displaces th&artoondepiction of the experimental sett
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) , . responses in the ultrafast SER spectre
we are continuously probing fresh regiongnethyl viologen. We collected the spec
with a 3 mW (0.12 nJ) probe, 8 mW (0.:

on the substrate. nJ) pump, ad an acquisition time of 5 s.

Figure 7.1b displays the ultrafast SER spectra of methyl viologen using the

modified HDD sample holder. Similar to the results presented in Chapter bserered a
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transient depletion in all/l of me2pdgsyThe vi ol o
vibrational modes at 1024, 1066, and 1624'dalong to the unknown methyl viologen
photoproduct that is generated on AUFON substrates (Chapter 5), wiheréd92, 1298,

and 1651 cm correspond to methyl viologen. Over the next two picoseconds, the transient
features begin to evolve into dispersive line shapes and maintain this character until ~10

ps. These results are consistent to what we observed wimgntihe motorized sample

holder in Chapter 6. However, the modified HDD sample holder was able to reliably
reproduce these transient results, whereas the results gathered with the motorized sample

holder were extremely difficult to repduce

The modified HDD sample holder may prove instrumental in the pursuit of
detecting a transient intermediate species during a hot electron transfer event.
Distinguishing the ideal plasmanolecule system appears to be the next step in making a
substantial advancement tamds successfully accomplishing our original goal of obtaining
a better understanding of the transient hot electron transfer dynamics. While we were only
able to experimentally reproduce the dispe
spectra colleted with the motorized sample holder, the modified HDD sample holder
greatly reduced the difficulty in replicating these results across multiple AUFON substrates.
Ultimately, the HDD sample holder should provide the necessary experimental conditions
to probe the transient response of fresh surface plasmons as they interact with nearby
chemical adsorbates, hopefully unveiling a transient description of the underlying

mechanism behind hot electron transfer.
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7.2 Alternative plasmonic materials for SERS sulisates

All of the research presented throughout this thesis was performed by implementing
metal film over nanosphere substrates, specifically using gold as the plasmonic metal. As
we have repeatedly demonstrated, AUFON substrates are a reliable andigigprod
substrate for producing dramaticatphanced Raman scattering for analytes of interest.
While they may prove to be highly heterogenous across the surface, we showed that the
substrates can inherently provide a local field gradient to extractdegdndent SERS
results (Chapter 3). Additionally, we demonstrated that the local plasmonic fields generated
by the AUFON substrates are capable of accessing entirely new reaction pathways for
certain chemical analytes, such as a methyl migration asdbiituent cleavage on N

methylpyridinium (Chapter 4) and viologen derivates (Chapter 5), respectively.

However, while we achieved many experimental successes with AUFON substrates
as our preferred SERS substrate, we did experience sorrtaviainchallenge that were
due to fundamental flaws of the substrates. First, by using gold, we were heavily restricted
to studying molecules with functional groups that have a strong affinity to the gold surface.
Typically, the analytes had to contain a thiol or amimeug to ensure a strong
chemi sorption to the surface. I f a strong
in the resulting vibrational spectrum would be expected when the flux applied onto the

substrate was increased.

Along with the limited chemia selectivity, AUFON substrates lack robustness

when exposed to high laser fluxes. In both continuous wave and pulsed laser
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measurements, we observed a depletion in the SERS signal and a dramatic rise in the
spectrumbs backgr oun dwe employed ehcentireioup veaveilases nt s
as the excitation source, we noticed that the laser was damaging the SERS substrate when
we approached fluxes of ~60 kW/&mAdditionally, due to the higher peak powers in

pulsed lasers set to low repetition rates, wiced a substantial difference in the quality

of the SER spectra when operating our ultrafast apparatus at repetition rates of 2 and 24.5
MHz, and we were unable to generate a SER spectrum when using a 1 KHz laser.
Essentiallywe repeatablg ncount ered situations where t he

hindered our experimental efforts.

As an attempt to assuage these issues, we explored the development of an
alternative plasmonic FON substrate. In this work, we collaborated with the Oh thab at
University of Minnesota to fabricate titanium nitride (TiN) FON substrates using atomic
layer deposition (ALD). Titanium nitride is considered a promising alternative plasmonic
material due its structural hardné%ability to host plasmonic resonances in the visible
and neadinfrared regions? and its cheap economic pricing. Ideally, a TINFON would
prove to be more rafst in withstanding high laser power densities and allow for an entirely

new class of adsorbates to use as molecular analytes.

To fabricate the substrates, we deposited a qasked monolayer of silica
nanospheres and deposited 10P00 nm of TiN usingcustom ALD recipes. Similar to
AuFON substrates, we were able to control
resonance by simply altering the size of the silica hanobeads. In these experiments, we used

silica bead sizes of 540, 600, and 750 and deposited roughly 200 nm of TiN. By
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increasing the size of the silica beads, we expect to see a corresponeshdgtredthe

Substratebs surface plasmon resonance.

Figure 72 displays the

=== 540 nm SiO, Beads
= 600 nm SiO, Beads

percent reflectance spectod three
== 750 nm SiO, Beads

TINFON substrates. As the figure 5104~ LSPR_— 790 886

shows, the three different bead size

% Reflectance

were able to produce plasmon
40—

resonances that spanned from th

N

visible region to the near infrared. 20

More specifically, the substrates 500600 700 800 900 1000 1100
Wavelength / nm

fabricated with 540, 600, and 750 r"’q:igure 7.2 Percent reflectance spectra of t

TINFON substrates. The LSRR wavelength
®for the substrates made with 540 (green), |
blue), and 750 nm (black) silica beads are £
90, and 886 nm, respectively. Inset displ:
images of a TINFON substratet different
angles

beads generated spectra with th
plasmon resonances centered at 51

790, and 886 nm, respectively.

Unfortunately, we were unsuccessful in collecting a SER spectrum of a molecule
deposited onto the surface of a TINFON substrate. The difficulties in obtairffitRa
spectrum with a TINFON could be due to a couple of physical limitations of the material.
First, it is possible that the TINFON substrate was not able to produce the necessary field
conditions to effectively enhance the Raman scattering of the studiedular analytes.
However, our UWIS-NIR measurements on the TINFON substrates depict a noticeable

depletion in the percent reflectance spectra where the surface plasmon resonances are
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spectrally positioned, demonstrating that the material is ablefdotigély generate and

host surface plasmons. We observed substantial depletions in the percent reflectance
spectra (~10%), which are comparable to the depletions we recorded for AuFON
substrates. Theoretical models developed by Juneja and Shishodia $sumppert our
analysis that TiN is a suitable alternative plasmonic materials for generating surface

plasmons in the NIR regioti®

Rather, it seems more likely that the complications in collecting a chemisorbed
anal yteos SER spectrum is due to the [
functionalization on the material. We employed several chemical analytes in hopes of
generating &ER spectrum. The molecules contained a waage of different functional
groups that could be used to cheoriphysisorb to the TiN surface. These groups include,
but are not limited to, thiols, carboxylic acids, amines, hydroxyls, phosphates, atig/ls,
esters. In fact, there is a substantial dearth of literature discussing the surface
functionalization of TiN, which may hint at a widgread struggle of inducing surface
functionalization on TiNmaterials However, recently there have beenreport of
chemically modifying the TiN surface to promote the adherence of silane functional
groups?’ This experimental technique may serve as an excellezmative method to
successfully promote a strong interaction between the analyte and TiN, allowing for the

collection of a SER spectrum on TiNFON substrates.

If we are able to successfully functionalize the TiN surface with relevant chemical
moieties, TINFON substrates should prove to be a promising SERS substrate to study

plasmonmediated photochemistry. Compared to traditional metal plasmonic substrates,
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TiINFONSs would provide a refreshing level of stability when exposed to high laser fluxes.
While ou chemical repository may be restricted to sitapataining molecules, the
benefits gained from having a more robust substrate would be substantial. Ideally, the
development of SERS&ctive TINFONs can serve a vital role in studying plasmon

molecules intactions in both steaedstate and transient regimes.

7.3 Conclusiors

In conclusion, we have demonstrated that SERS is an excellent technique for
understanding the capabilities of using plasmonic materials to access energetically
unfavorable chemical reactis. Throughout this thesis, we have discussed our attempts
towards expanding the repository of plasamediated chemical reactions and using
ultrafast spectroscopies to obtain a quantitative description of the transfer of hot electrons
into nearby adsorias. Advancing our experimental approaches, such as implementing
new methods to interrogate our samples and developing more robust SERS substrates, may
prove to be a crucial step in identifying intermediate species in our ultrafast measurements.
Once we uderstand more about the transient dynamics of hot electron transfer, the
plasmonics community should be able to dramatically advance the quality and efficacy of
light-activated plasmonic catalysts, leading to a-eff&ictive implementation of powering

industrially-relevant chemical reactions.
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A.1 Estimation of SERS Enhancement Factors
The enhancement factorsed in the figures were calculated by applying the
following equation®

O 7o

00 —/——=—
‘© 70
whereO andO arethe Raman intensityofdi t r o b e n z ®NBT¢ 10Meno' | 6 s (4

shift recorded on the AuFON substrate and in solution, respectively. is the number

of molecules adsorbed on the substratetandis the number of molecules in the sampled

volumefor the normal Raman collectiof. was calculated by using focused laser

spot size oB3 un?, a surface coverage of 3.2 x®¥foleculesin? for 4-NBT molecules
on gold? and an estimated increased surface area factor of 2, which accounts for the

hemispherical shape of the gold metal surface.

We were not able to obtain an-wffsonant Raman signal fofNBT in water under
our experimental conditions, in part due to its low solubikyrtunately, a previous study
estimated the differential Raman cross section for the 1074pe@k of 4NBT with 785
nm excitation as 0.05 x cm?/sr3 We converted this differential cross section to an
absolute cross section by multipl yyimg by 4
To accountdr the collection efficiency of our particular Raman system, we measured the
Raman intensity of¥stratchkingimode,ehich has @ sbsd@ude Rantam
cross section value of 0.969 x¥@&n? for 785 nm excitatiod. The measured cyclohexane
spectral intensity was 825 counts/m¥VScaling by the absolute cross sections, we would

anticipate that the intensity of the normal Raman sign&dB T 6 s 1'0nddé shouha
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be 5.78 x 1§ counts/mW s, a value below our detection limits. The equivalent value for
the nitro group stretch, the most intense peak in the spectrum, scaled by the relative

intensity seen in SERS, is 9.60 xléuntdmW s This value was used fé® in

equation 1.
A.2 Kinetic Traces

In addition to the three kinetic traces providedrigure 3.5, we have provided the
traces for all 26 studied photochemical reactions bekigufes A1-A26). Data analysis

and fitting were performed as described in the main téx@hapter 3
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Figure Al. Reaction kinetics of the -MBT
plasmoninduced photoreactiorilhe initial EF
of this sampled region was 3.03 x'10
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plasmonrinduced photoreactiofhe initial EF of
this sampled region was 2.72 x'10
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Figure A5. Reaction kinetics of the -MBT
plasmoninduced photoreactioithe initial EF of
this sampled region was 2.44 x'10

Figure A6. Reaction kinetics of the -MIBT
plasmoninduced photoreactiofhe initial EF of
this sampled region was 2.42 x’10

Figure A7. Reaction kinetics of the -MBT
plasmonrinduced photoreactiofhe initial EF of
this sampled region was 2.31 x'10
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