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ABSTRACT

Photochemistry that can be driven at low incident photon flux on optically excited
plasmonic nanoparticles is attracting increasing research interest because plasmon-driven
reactions offer new pathways for efficient conversion of the abundant solar energy into
fuel. The confinement of the electromagnetic field by plasmonic metal nanoparticle and
consequent field enhancement gives a dual advantage of ultrasensitive in situ and operando
spectroscopic methods to monitor enhanced field-driven photochemical transformation.
Charge carrier driven either via direct or indirect excitation mechanism are well-established
pathways in plasmon-driven reactions to date. However, the excitation mechanism via
plasmon-pumped electron transition from an occupied molecular orbital (HOMO) to an
unoccupied molecular orbital (LUMO) of the adsorbate is not well understood and hence
not reported yet. Here, we address for the first-time excitation wavelength-dependent
plasmon-pumped electronic excitation mechanism to initiate surface photochemistry based
on the N-demethylation of methylene blue (MB) on gold nanostructures. At excitation

wavelength that overlaps with the resonances of MB and the localized surface plasmon
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resonance of gold nanoparticles, we enhanced selectively conversion of MB to thionine
(TH) in the presence of oxygen in the atmosphere and water in the surface—molecule
complex. In this mechanism, the intense electric field pushes the ground state of the
adsorbed MB and increase the population of the excited state that increases the quantum
yield of singlet oxygen generated via energy transfer from MB triplet excited state to
oxygen in triplet ground state. The chemical changes are monitored by detecting the
vibrational signatures of the reactant and product species in situ using surface-enhanced

Raman scattering (SERS) spectroscopy.

It is important to note that enhanced surface chemistry and ultrasensitive spectroscopic
methods depend strongly on enhanced adsorbate absorption. However, accurate
determination of the adsorbate on the surface of metal nanoparticle is often ignored because
of the technical difficulties for direct absorption measurements. Here, we show that
molecule-plasmon weak excitation coupling can be used for determining the electronic
absorption band of resonant adsorbates with sensitivity down to sub-monolayer surface
coverage. By comparing the absorbance of gold nanoisland (AuNI) with and without
adsorbate of resonant molecules (methylene blue (MB) and thionine (TH)), induced
transparency is observed at the absorption band of the adsorbates. Apart from significant
spectral broadening and red shifting of peak wavelength, the inverted transparency
spectrum has a surprising similarity to the absorption spectrum of the corresponding dye
in solution. Interestingly, the adsorption isotherm determined based on the integral area
under the inverted transparency spectra is linearly correlated to the corresponding isotherm

determined based on adsorbate induced plasmon resonance red shift. The results presented
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in this work demonstrate a simple, sensitive and reliable approach for determining

adsorbate absorption spectrum from molecule-plasmon excitation coupling.
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Figure 6.6: Variation in emission peak position (a), FWHM (b), and normalized intensity
(c) as a function of time at different intensities of light source. Low intensity, 6 kW/cm?
(black square), medium intensity, 28 kW/cm? (red dot), and high intensity, 55 kW/cm?
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1 Introduction

1.1 Localized surface plasmon resonances (LSPR) and their application

Localized surface plasmon (LSP) are excitations due to the oscillation of conduction
electrons of finite nanostructures coupled to an electromagnetic field. This excitation
creates enhanced surface field confined to a nanoscale volume that is beyond diffraction-
limited.»® For example, large field enhanced localization of plasmonic hotspot at short
interparticle separation (d< A) distances (gaps) has been quantified by using near-field

optical imaging technique with spatial resolution on the order of 10 nm (Figure 1.1).

Figure 1.1 (a) Schematic of the nanoantenna that consists of two gold nanobars with
W=40nm, L =40-100 nm, H=25-30 nm, and G < 20 nm.(b) Representative SEM image
of the fabricated nanoantennas (c) field localization in the gap of coupled gold nanobars
(d) Calculated field distribution. Taken from reference® copyright applied physics letter
(2014)

When molecules are adsorbed on the surface of the plasmonic nanoparticles or in the gap
between the particle and metal film system, their spectroscopic signal can be enhanced

enormously by the plasmon near-field, an evanescent wave that decays exponentially with



distance from the surface. The near-field effect has led to the development of highly
sensitive spectroscopy, notably surface-enhanced Raman scattering (SERS) spectroscopy’
to the extent that Raman scattering due to single molecules can be detected.® ° In addition
to enhancing spectroscopic signals, optical excitation of plasmon resonances can drive
surface photochemistry of adsorbates.’®® These dual plasmonic effects inherently
combine surface reactions and in situ detection of reactant and product species, providing
a convenient platform for mechanistic investigation of surface photochemistry. Albeit
plasmon-enhanced spectroscopy such as SERS is relatively well established,’® plasmon-
driven photochemical reaction is a growing area of research and becoming a very active

current research interest.

There are three different mechanisms of plasmon-mediate surface photochemical reactions.
The first and most frequently explored mechanism is a plasmon-driven charge transfer
excitation mechanism that involves the transfer of hot electrons from a metal to
adsorbate.?>?2 Second, surface plasmons generated local heating to drive a chemical
reaction in a way distinctly different from the conventional thermal driven process.> 23
The third and probably the least explored but yet important excitation mechanism is
plasmon-pumped (near-field enhanced) electronic excitation of adsorbates. The three
methods will be described in the following section with the emphasis on the third

mechanism.



1.2 Plasmon-driven reaction via charge transfer mechanism

As stated above, metal nanoparticles are capable of field confinement by using LSP and
form an intense density of state that accelerates electrons to unoccupied state within the
particle. The confinement within a finite size of the particle also reduces electron-electron
interaction and electron-phonon coupling that positively contribute to the lifetime of the
non-thermal electron much longer than femtosecond duration exhibited by extended

surface to do the intended job.!> %2 28

Excited LSP relaxes via radiative and non-radiative decay paths. The non-radiative
damping of the plasmon energy generates highly energetic electron-hole pairs, a hot
carriers-a process called Landau damping within a short period. (~10 fs for Au and Ag).
The hot electrons have a transient, non-thermal energy distribution that will eventually
scatter with the other electrons to form high-temperature Fermi-Dirac thermal distribution
within~100 fs.2® However, no clear consensus has been reached among the researchers
working actively on this area as to which electron distribution is involved to induce
chemical reaction. The non-thermal hot electrons have higher energy and longer lifetime
than the thermal distribution to play dominant role in chemical reaction.>® Depending on
the nature and size of the nanoparticle, the time scale for the decay of the excited electrons

(hot electrons) ranges from 1-10 picoseconds.?? 3t



1.2.1 Hot electron transfer mechanism: Indirect and Direct mechanisms

In charge carrier driven reaction mechanism, energetic electrons or holes formed according

to the mechanism described above on the surface of nanoparticles, transiently occupy

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

into phonon modes of nanoparticles. This process is called indirect charge transfer

mechanism and it’s schematically depicted in Figure 1.2a. The energetic electrons that are

injected into the adsorbed chemical species form transient negative ion (TNI) state.

a) b)
Indirect charge transfer Direct charge transfer
Metal Molecule Metal Molecule
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Figure 1.2 Charge transfer excitation mechanisms (a) Indirect hot electron transfer
mechanism. Hot electrons generated via nonradiative decay of an LSP to form transient
negative ion (TNI) state of the molecule (b) direct charge transfer. Electrons are resonantly

transferred from the metal nanoparticle (NP)to molecule.

The TNI relaxes by releasing an electron back to the metal and returning to neutral potential

energy surface (PES) with vibrational excitation in the adsorbate (Figure 1.4).
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Figure 1.3 Potential energy surface for ground state and TNI

When the vibrational energy acquired through this process is sufficient to overcome the

activation barrier, chemical reaction occurs.

The direct charge transfer mechanism also known as chemical interface damping assumes
that the SPR-mediated photon absorption occurs through the creation of electron—hole pairs
of specific energy that are localized on the adsorbate as illustrated in Figure 1.2b. In this
process, the presence of unoccupied adsorbate orbitals that match with SPR for the direct
resonant transition from occupied to unoccupied orbitals of the molecule—nanoparticle
complex. An example of this type of mechanism have been demonstrated by using
methylene blue adsorbed on aggregates of silver cube and performed wavelength
dependent rate of degradation of methylene blue®. Interestingly, they observed that the
Anti-Stokes Raman signal at excitation source of 532 nm and 785 nm at the same photon
flux is much higher for 785 nm than that of 532 nm, indicating the process of charge
excitation at 785 nm resulted in energy being selectively stored into the adsorbate than

heating the entire system. This observation is the direct consequence of plasmon-mediated



pumping of excited vibration modes of the adsorbate and subsequent photochemical

reaction.

A typical example (see Figure 1.4) of reactions known to be initiated by hot electron
transfer is the H» dissociation reaction on surface small (5-30 nm) gold nanoparticle
supported on Si0O2.3® The reaction was monitored by following the formation of HD as
indicated in the chemical equation below. The significant response under laser illumination
compared to that of thermal equivalent indicate the role SPR to generate hot electron and

cause a reaction by the indirect transfer process.

AuNP (5-30 nm), YHD
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Figure 1.4. A comparison of light-induced HD production (grey) relative to HD produced
by the equivalent thermal response with no illumination (red). Adapted from ref’® with

permission



Recent theoretical modeling shows that the antibonding molecular orbital of the H» that
hybridizes with a gold nanoparticle lies about 1.5 eV above the Fermi energy of the metal,
indicating the feasibility of particle-molecule charge transfer.2* Since the potential energy
surface of the antibonding orbital is repulsive, the charge transfer can lead to dissociation

of the molecule.

Many studies have also reported charge-transfer driven reactions (some involve bimetallic
nanoparticle) of more complex molecules This includes the reduction of nitrobenzene and
its derivatives®, esterification reaction®, Cross-coupling reactions®’- %, oxidation of benzyl
alcohol to benzaldehyde,* and 2-propanol to acetone*®. Other examples of plasmon-driven
chemical reactions that may involve hot-electron transfer include ethylene epoxidation,**
azo-coupling of para-aminothiophenol*-® and para-nitrothiophenol,**->* as well as their
redox interconversion,® ¢ and CO; reduction.>” *® Except for the H. dissociation and CO-
reduction, the other reactions are believed to involve oxygen that can be activated by the
energetic plasmon electrons.*> 4648 That is, for the most part, the hot electron transfer
mechanism may result in the formation of surface-bound transient anionic species such as
H-, Oz or CO2". Interestingly, the formation of these species is well known from gas-phase
studies.*%? In the gas-phase, metastable anions can be stabilized through solvation,®3°
while interaction with the nanoparticle surface and co-adsorbates such as water and oxygen

molecules can have a similar stabilizing effect.



1.3 Photothermal mechanism (phonon driven) excitation

Non-radiatively excited electrons and holes losses their excitation via electron-phonon
interaction in the sub-Pico second to picosecond time scale. The excited phonon modes
undergo phonon-phonon coupling and reach thermal equilibrium with the surrounding
medium in about 100 ps. Under CW laser the nanoparticles are subjected to a steady-state
temperature that is higher than the bulk. Therefore the excitation of plasmons is always
accompanied by a photothermal heating effect.®® Many studies have been reported the
difficulty of distinguishing whether the enhancement in reaction Kinetics is due to non-
thermal or thermal or if both which process contributes more is still an unanswered
question. Plasmon mediated reduction of the activation barrier in the conversion of
ammonia into elemental nitrogen and hydrogen is an example of photothermal driven
excitation mechanism reported recently by using an alloy of copper nanoparticle and
ruthenium.®” The reduction in activation barrier was observed to be dependent on the
intensity and wavelength of the excitation light source. The schematic in Figure 1.5

predicts the effect of light on the activation enthalpy of the reaction.
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Figure 1.5 Schematic in visible photon driven reduction of activation barrier (Ea)

1.4 Plasmon-pumped adsorbate electronic excitation mechanism

To our knowledge, no study about the mechanism of excitation for photochemical
transformation via plasmon-pumped resonant electronic excitation of the adsorbate. The
localized surface plasmon resonances (LSPR) of gold nanorods used in this study are to
provide a highly intense electric field that pushes the valence electrons of adsorbate in the
ground state configuration to excited electronic state at the proper frequency to overcome
unfavorable damping of molecular excitation by metal surface. Interestingly, for
physisorbed molecules that have triplet state, intersystem crossing rate is not affected by
the surface and hence increase the lifetime of the excitation to do photochemistry.”
Recently, wavelength-dependent surface plasmon enabled photodissociation of (CH3S)2 on
single crystal Ag(111) and Cu(111) metal surfaces has been reported to be initiated by

near-field enhanced direct electronic excitation of the reactant.”> 72 However, the
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mechanism of excitation assisted by the near field created by was not clear as surface

plasmon lifetime is very short in such extended metal structure.

Optical absorption of molecules adsorbed on metal nanoparticles can cause significant
shifts in their electronic band. Overlap between this band and plasmon resonance can be
affected by adsorption induced spectral shift and linewidth broadening.”-" The magnitude
of this shift and broadening depends on the extent of metal-molecule interaction and makes
the spectral position of surface absorption band uncertainty unless systematic
measurements are performed. At sub-monolayer this optical modification cannot be
associated with molecule-molecule interactions and hence it is the intrinsic effect of the
adsorption to the metal surface. This knowledge is very important in quantitative
interpretation of SERS’® , enhanced surface photochemistry, and adsorption Kinetics at
monolayer or less coverage’’. Compared to conventional methods,’® ”® which lack surface
specificity due to interferences from non-adsorbate molecules in a solution or limited by
electrochemical properties of the molecules,?°82 surface-specific absorption spectra of
molecular adsorbate on metallic nanoparticles at monolayer coverage with enhancement in

sensitivity over 40 times can be obtained by using SPR.”’

1.5 Statement of the problem

In this dissertation, the author used the plasmon-enhanced photochemical conversion of
methylene blue to thionine as one of the most interesting model systems for mechanistic
investigation. It is a slow process that involves intermediates and therefore competition
between enhanced absorption and quenching by co-adsorbate is inevitable.2® Here, it is

interesting to note that the best place to see enhanced photochemistry of this type is not
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directly on the surface metal nanoparticle but a short distance above it where the best
compromise is struck between field enhancement and nonradiative damping. For this, we
implemented nanoparticle-on-metal film or dielectric support configuration by coupling
colloidal gold nanorods to the substrates and have studied the photophysical characteristics
of the coupled system for the intended application. The choice of AUNRs was based on (1)
the inherently much narrower resonances of AUNRs than that of a classic model system of
gold spheres®* are desirable to probe the plasmonic responses of the coupled system with
higher sensitivity (2) the aspect ratio dependent tunability of the surface plasmon
resonances of gold nanorods (3) unlike spherical particles on metal film which has only
out-of-plane polarization via dipole-image dipole interaction, excitation of cavity
resonances of gold nanorods on metal film is more efficient for in-plane polarized

excitation field.

The chemical properties of these colloidal solutions of the nanoparticles depend on the
nature of surface ligands that provide a natural spacer of thickness on the order of few
nanometers when they are self-assembled on metal film or dielectric substrate. But much
more precise thickness of the dielectric spacer layer between the nanoparticles and metal
substrate was controlled by atomic layer deposition technics to determine the nature of the
interaction, and hence the plasmonic response of the coupled system. Herein, the author
addresses the research by introducing a new mechanism of excitation for photochemical
transformation that is plasmon-pumped resonant electronic excitation in photochemical
transformation processes using phenothiazinium dyes as a model system. Furthermore, we

developed a method of extracting adsorbate adsorption band from molecule-plasmon
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coupling interaction. Also, adsorption kinetics of these dyes on gold metal nanostructure

from sub-monolayer to monolayer coverage have been investigated.

1.6 Organization of the dissertation

This dissertation is organized into six chapters. Chapter 2 is about experimental and
methods and background of model systems used in the study. Chapter 3 covers the
photochemical transformation of methylene blue under different excitation and the
coupling of the molecules to a plasmonic system at different particle-substrate interfaces.
Chapter 4 presents the mechanism of plasmon-enhanced photochemistry under controlled
atmospheric conditions. In this chapter details of the effect of the inert and reactive
atmosphere, solvent, and distance of molecule from the metal surface on the mechanism of
excitation are discussed. Chapter 5 presents a study about adsorption induced surface
absorption spectral shifts and line broadening of some selected phenothiazinium dyes and

their adsorption kinetics. The last chapter (Chapter 6) contains brief future work.
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2 Methods and Background
2.1 Chemicals and materials

2.1.1 Dyes and other organic and inorganic molecules

Solid powders of methylene blue (MB), C16H18CIN3S-3H-0, azure A (AZA) chloride, dye
content 70%, and thionine(TH) acetate, dye content > 85%, crystal violet (CV), dye
content >90%, 3,3’-diethylthiadicarbocyanin iodide (DTCC), dye content 98%,
Rhodamine B (RhB), dye content 95%, Phenothiazine (PTz), purum > 98.0%, (GC grade),
6-mercaptohexanoic acid (6-MHA), The dye contents were as certified by biological stain
commission. All these chemicals were purchased from Sigma-Aldrich. Azure B (AZB),
was purchased from Alfa Aesar, and poly(sodium-4-styrenesulfonate) (PSS) (70 kDa,
Polysciences Inc., Warrington, PA, USA) and Sodium Chloride (99%, Aldrich). These
chemicals were used as a dilute solution in water or ethanol without further purification
Gold (99.999%, Process Materials, Inc, USA) was used in thin film fabrication Oxygen
(research grade, 99.999%, Chemical & research laboratory supplier (CRLS) at University
of New Mexico (UNM)) was used as reactive environment in a gas chamber, Nitrogen
(99.999%, center for high technology materials (CHTM) facilities).were used as inert

atmosphere and for fast drying applications.

2.1.2 Gold nanoparticles and semiconductor quantum dots

An aqueous solution of cetyltrimethylammonium bromide (CTAB) stabilized gold
nanorods (AuNR) of different aspect ratio (L/w), A =1.7, 2.2, 3.7 with w = 40 nm and L
=68, 88, 148 nm as well as A = 2.3, 2.8, 3.6 withw =25 nm and L = 58, 70, 90 nm, were
obtained from Nanopartz, Inc. Gold nanospheres (AuNS) of 40 nm diameter with citrate

as a capping agent from was also purchased from Nanopartz, Inc. The aqueous suspensions
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were used by 10 times dilution for dark-filed scattering of individual nanoparticles. For
aggregated gold nanoparticles the gold nanoparticles were used by re-functionalization
after removing excess surfactants. CdSSe/ZnS or CdSe/ZnS core/shell quantum dots (QD)
consist of a monolayer of oleic acid coating in chloroform (10 mg/ml) with emission
wavelength peak from 400 nm to 665 nm and having >50% quantum yield were obtained

from Ocean NanoTech LLC, San Diego, CA and used as received.

2.1.3 Solvents

Solvents, ultrapure deionized (DI) water from water treatment plant at Center for High
Technology materials (CHTM), the University of New Mexico (UNM), ethyl alcohol (200
proof, GR ACS, EMD Millipore corporation), acetone (Semiconductor grade, BDH),
isopropyl alcohol (general laboratory grade, BDH), and toluene (general laboratory grade,
BDH) were used as received, Methanol (GC-Mass grade) and chloroform (HPLC grade)

were purchased from Sigma-Aldrich.

2.1.4 Materials

The substrates used were microscope glass cover slides (VWR micro cover glass, 22 mm
x 22 mm), 2” silicon wafer (P-type prime grade SSP, University wafer) cut into appropriate
size, 2" Oxide coated silicon wafer (type P/B, 100 mm, 300 nm wet thermal, orient <100>,
SSP, 500 um thick, University wafer) cut into appropriate size, 2”’gold films (50 nm and
100 nm thick, cut into appropriate size) were fabricated by depositing gold on silicon
substrate using electron beam evaporation and titanium (2 nm) as adhesion layer (see
method section). All substrates were cleaned by sonication in ultrasonic bath (Branson
ultrasonics corporation, 1800) in acetone, then isopropyl alcohol, and finally ultrapure DI

water (for 5 min each) and dried under a nitrogen stream. Ultraviolet ozone treatment
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(Novascan Technologies, Inc.) were used to remove any remaining organic materials on
the surface of substrate and for surface activation. Standard orbital shaker (Henry Troemner
LLC) was operated with gradual increase in speed to assist the assembly of individual gold
nanoparticles on substrates by spreading solutions containing the nanoparticles. Langmuir-
Blodgett (LB) trough (KSV NIMA) was used to fabricate semiconductor quantum dots
(QD) and/or metal particle-QD composite thin films. Excess capping agents or ligands that
are loosely attached to nanoparticle surfaces were removed by using VWR symphony
2421, ambient micro centrifuge. CV10Q1400F-Fusion-SP chemical resistance enhanced

quartz cuvettes (Thorlabs) were used for absorption and fluorescence measurements.

A closed chamber with a gas inlet system (Warner Instruments Inc., RC-21B) was sealed
by placing a bare coverslip on recessed grooves of the chamber from top side and sample
containing coverslip (with the sample side facing upward) from bottom side. The chamber
was used to control atmospheric condition (inert or reactive) and a length of tube in the
outlet was used as a back pressure control to ensure smooth flow of gases in photochemical
experiment (section 2.2.3). Water bubbler filled with ultrapure DI water was connect to

the chamber to control the moisture content of the system.

2.2 Methods

2.2.1 Sample preparation for SERS Experiments

Generally two sample preparation methods have been employed in experimental surface
enhanced Raman scattering (SERS) studies namely (1) Self-Assembled monolayer (SAM)
on gold film before drop casting gold nanoparticles on top and (2) Functionalization of
AUNR or AuNS with probe molecules and drop cast the particle-molecule complex on a

substrate as shown by schematic diagram in Figure 2.1 for each case.
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SAM of molecules of interest were prepared on gold film by dipping the substrate (~10
mm X 10 mm or less) into dilute (15 uM) aqueous or ethanol solution of the probe dyes
molecules such as MB, TH, AZA, AZB for at least 1 hr. Then 500 pL of colloidal AUNR
was diluted to 2 ml and then excess surfactants were removed by centrifuge (at 5000 RPM
for 5 min) and the residue was re-suspended in 1 ml of pure DI water and second round
centrifuge was performed. Finally the residue was re-suspended in 200 pL of the solvent
and the suspension was drop cast on top of the SAM and left dry at room temperature

leaving behind solid thin film of gold nanorods (Figure 2.1, left).

In Functionalization of AUNR or AuNS with probe molecules, excess CTAB of AuNR or
citrate of AuUNS surfactants were removed once following same procedure described above.
Then the AuNR or AuNS were re-suspended in 1 ml of solution of the probe molecules
(aqueous or ethanol) for at least 1 h to ensure adsorption of the molecules on the gold
nanoparticles. Unabsorbed excess molecules were removed through one round of
centrifuge. The residue was suspended in 200 pL of pure solvent (water or ethanol) and
drop cast on coverslip or oxide coated silicon wafer and dried at ambient condition (Figure

2.1, right).
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Probe molecule Functionalized AuNR

AuF

Figure 2.1 Schematic showing sample preparation scheme. (Left) AUNR deposited on SAM
of molecules on gold film (right) probe molecule functionalized AUNR and deposited on
oxide coated silicon wafer. Dimensions are not to scale.

To control the involvement of water in the SERS experiment, the above functionalization
procedure was repeated for MB but this time with anhydrous ethanol as a solvent in each
and every step. This procedure assists to remove coordinated water molecules from

aggregates of AUNR-MB system.

2.2.2 Preparation of SAM Spacer between nanostructure and adsorbate

Ultrathin (less than 10 nm thick) gold film having a well-defined island structures (gold
nanoisland (AuNI)) were evaporated on glass substrate using electron-beam evaporation
method. At this thickness, the evaporation procedure inherently produces plasmonic
nanostructures with broad resonances (See next section). The nanostructures were coated
with a monolayer of poly(sodium 4-styrenesulfonate) (PSS) to yield spacer layer of about
1 nm between thin films of gold and MB. It was prepared by immersing the gold/substrate
inside 2 mg/mL solution of PSS in 0.1 M aqueous solution of NaCl for 5 min. Then, PSS
coated AuNI was incubated in 15 uM solution of MB in ethanol for overnight at room
temperature. The film was then pulled out and rinsed thoroughly with ultrapure water and

blown dry with nitrogen gas. Control sample was prepared by adsorbing MB directly on
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AuNI from same solution under same condition. Schematic diagram showing this sample

preparation technique is depicted in Figure 2.2.

MB

e

PSS, oevpoceccocsvcosses s ®@ave

AuNI

Glass cover or Silicon

Figure 2.2 Schematic showing sample preparation scheme. (top) thin gold film containing
gold nanoisland deposited on glass cove or silicon wafer and coated with PSS as spacer
layer between AuNI and MB (bottom) same structure without a spacer layer (control
sample). Dimensions are not to scale.

2.2.3 Surface enhanced Raman spectroscopy (SERS)
We used flexible open space optical set up for Raman and Photoluminescence (PL)
measurements in Habteyes lab, at CHTM, UNM. Schematic diagram showing detailed

optical paths in this experiment is depicted in Figure 2.3.
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Figure 2.3 Schematic diagram showing optical set up for Raman and PL measurements (a)
simplified outline from laser input to signal out (b) detailed optical paths and components

Visible (405 nm, 532 nm, 633 nm) and near IR (808 nm, 785 nm) lasers were used as an

excitation sources. A collimated and linearly polarized light that has been attenuated to

appropriate intensity is aligned by two apertures and directed to a microscope by optical

mirrors and dichroic beam splitter. More than 90% of the light collected from the sample

through microscope objectives is directed to the spectrometer (IsoPlane Spectrograph of

Princeton Instruments) that uses thermoelectrically cooled (—75 °C) and back-illuminated

deep depletion CCD camera via the same dichroic mirror and any remaining source light
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was filter out by a long pass. The remaining (10%, see Figure 2.5) signal is directed to the
Olympus UC30 camera that is attached to the microscope (Olympus GX51) for imaging
the dark-field scattering of the sample. This optical setup allows us to obtain PL, Raman,
and SERS data from a fixed area using the same objective by simply switching the
excitation sources, while all of the other optical components and the sample remain

stationary.

The comparison of Stokes and anti-Stokes Raman intensities was carried out using atomic
force/near-field microscope as described in the schematic shown in Figure 2.4. Collimated
laser beam was focused at the tip—sample junction using a parabolic mirror (numerical
aperture, NA = 0.46) and scattered light was collected on the opposite side of the mirror
by operating AFM to scan the sample while keeping the tip stationary. The laser line was
screened by a notch filter and signals were directed to same spectrometer mentioned above

for the detection of the Raman scattering (both Stokes and Anti-Stokes).

Parabolic mirror

Laser

A =532 nm

Lens Notch filter
CCD
Spectrometer ’
Mirror

Figure 2.4 Schematic showing the experimental setup for Stokes and Anti-Stokes Raman
Scattering measurements

2.2.4 Dark-field scattering measurement.
The dark-field scattering measurement was performed using the GX51 Olympus

microscope. The optical layout is shown in the schematic in Figure 2.5. The sample is
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excited with 100W halogen lamp white light source. Dark-field scattering images of the
individual nanoparticles or aggregates were obtained by directing about 10% of the signal
to the camera (Olympus UC30) that is attached to the microscope. The corresponding
scattering spectra were then recorded by centering the particle of interest to the focus of
the objective, and directing about 90% of the light collected from the sample to
spectrometer (IsoPlane Spectrograph of Princeton Instruments), which uses a

thermoelectrically cooled (-75 °C) and back-illuminated deep depletion CCD camera.
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Figure 2.5 Schematic showing the dark-field scattering microscopy and spectroscopy
experimental setup.

2.2.5 UV-Visible Spectroscopic Measurements

Double beam UV-Vis absorption data were obtained on a Shimadzu UV-2450
spectrophotometer. Sub-monolayer dye was adsorbed on the ultrathin gold film from a
dilute solution of analytes (100-220 uM) by carefully bringing the gold film coated side of
the quartz cuvette vertically with the aid of mechanical stage until it just touches the surface

of the solution. Then the system is covered with aluminum foil and incubated for a period
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of 1-60 min.at room temperature. Absorption spectra at normal incidence of bare ultrathin
gold film (AuNI) and those coated with molecules (AuNI-M) were measured using a
conventional Shimadzu UV-2450 Ultraviolet-Visible spectrophotometer. In this
experiment, baseline was acquired with both reference and sample cells empty. Then the
absorbance of Au film was obtained by placing a one side Au film coated quartz cuvette in
the sample cell, while keeping the reference cell empty. The sample cuvette was taken out
and Au film coated side of the cuvette was incubated with the analyte solution for a fixed
time, then dried and placed back in spectrometer to measure the absorbance of analyte
coated Au film under the same measurement parameters. In the case absorption
measurement for a solution, a quartz cuvette (1400 uL) filled with solvent (water or

ethanol) was used as reference.

2.2.6 Thin film fabrication techniques and synthesis of gold nanorods

2.2.6.1 Electron beam metal evaporation and deposition

Ultrathin metal films were deposited on a clean substrates at a rate of 0.2 A/sec to a nominal
thickness of 1-20 nm using electron beam evaporation technique at a chamber pressure of
1-2 x 107 Torr. The film mass thickness (nominal thickness) and deposition rate were
monitored by using a quartz crystal microbalance and the films were used without thermal

annealing.

2.2.6.2 Langmuir-Blodgett technique to prepare quantum dot thin films

Dry and clean oxide coated silicon wafer or cover glass was obtained following the
cleaning procedures described above and subjected to ultraviolet ozone treatment. Then it
was immersed vertically in ultrapure DI water subphase in Langmuir-Blodgett (LB) trough

to a pre-programmed height and let the water surface clean and stable. A 10 mg/ml solution
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of quantum dots in a chloroform was gently applied to the water surface using Hamiltonian
microliter syringe and was allowed to stabilize for different duration depending on the
target exposure time of the QDs to the water surface. The film was then compressed at a
typical speed of 10 mm/min until a target pressure of 20—40 mN/m was attained. The
compressed film was stabilized for about 5 min and transferred to a substrate as it move
automatically out of the subphase at a speed of 5 mm/min and compressed to a constant

surface pressure.

2.2.6.3 CTAB capped Seed mediated Synthesis of Gold Nanorods

1. Preparation of Seed Solution?

Seed solution for AuNRs was prepared following standard procedures elsewhere.??
Briefly, a5 mL 0.5 mM HAuCls was mixed with 5 mL of 0.2 M CTAB solution. Then, a
0.6 mL portion of fresh 0.01 M NaBH4 was diluted to 1 mL with water and then injected
into the Au (I11)-CTAB solution under vigorous stirring (1200 rpm). The solution color
was changed from yellow to brownish-yellow, and the stirring was stopped after 2 min.

The seed solution was aged at room temperature for 30 min before use.

2. Preparation of Growth Solution A: CTAB-Sodium Salicylate-HAuUCI4
To prepare the growth solution, 9.0 g of CTAB together with 0.8 g (0.010 M) sodium

salicylate were dissolved in 250 mL of warm water (50 °C) in a 500 mL Erlenmeyer flask.
The solution was allowed to cool to 30 °C and 6 ml of 4 mM AgNOs solution was added.
The mixture was kept undisturbed at 30 °C for 15 min, after which 250 mL of 1 mM
HAUCI4 solution is added. After 15 min of slow stirring (400 rpm), 1 mL of 0.064 M

ascorbic acid is added, and the solution is vigorously stirred for 30 s until it becomes
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colorless. The growth solution has a CTAB concentration of about 0.05 M and was used

right after preparation.

3. Preparation of Growth Solution B: CTAB-Salicylic acid-HAuCl4

The author followed same procedure that has been described in part 2 above. To this end,
9.0 g of CTAB together with 0.8 g (0.010 M) salicylic acid were dissolved in 250 mL of
warm water (70 °C) in a 500 mL Erlenmeyer flask. The solution was allowed to cool to 30
°C and 12 ml of 4 mM AgNO3 solution was added. The mixture was kept undisturbed at
30 °C for 15 min, after which 250 mL of 1 mM HAuCI4 solution was added. After 15 min
of slow stirring (400 rpm), 2 mL of 0.064 M ascorbic acid was added, and the solution was
vigorously stirred for 30 s until it become colorless. The growth solution has a CTAB

concentration of about 0.05 M and used right after preparation.

4. Growth of Gold Nanorods

Finally, 0.8 mL of seed solution was injected into the growth solution. The resultant
mixture was stirred for 30 s and left undisturbed at 30 °C for 12 h for nanorods growth.
The reaction products were isolated by centrifugation at 8500 rpm for 25 min followed by

removal of the supernatant. The precipitates were re-dispersed in 10 mL of water.

2.2.6.4 Template stripping of AuF

Two component, part A (colorless) and part B (amber) EPO-KET377 (fiber optics grade
epoxy) was purchased from Epoxy technology Inc. The components were mixed in 1:1
ratio by mass and mixed thoroughly with continuous stirring using glass rod or metal
spatula to obtain homogenous mixture. A drop of the mixed glue was applied on 100 nm
thick gold film on silicon wafer. The gold film was deposited on the wafer by using

electron-beam evaporation technique at rate of 1 A/s at base pressure of ~7.0 x 10”7 mbar.
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Then clean silicon wafer cut into 10 mm x 10 mm was placed on top and the glue was cured
for 1 hour at 150 °C. After cooling, the top silicon substrates are gently pushed-off, and

substrates are thereby stripped off, with Au adhering to the glue and the small silicon wafer.

2.2.6.5 Atomic layer deposition (ALD) of Al2Oz3 dielectric spacer

Al>O3z film is deposited on the Au film using the atomic layer deposition (ALD system of
Picosun. Trimethylaluminium (TMA) and H20 vapors are pulsed alternately through the
reaction chamber utilizing N2 as carrier gas at a flow rate of 150 cm®min and 200 cm®/min
for TMA and H.O respectively. The pressure inside the reaction chamber is 4 Torr with
the growth temperature of 100 °C. TMA reactant exposure time (pulse time) is 0.5 s and
N2 purge following TMA exposure time is 10 s. H>O reactant exposure time is 0.7 s and
N2 purge following H20 exposure time is 20 s for Al,Oz growth on Au film. Long purge
time are necessary at low temperature to prevent chemical vapor deposition of Al,Os.* This
growth temperature and pulse/purge time for TMA and H20 has been optimized carefully,
since uniform and conformal deposition of Al.O3 bellow sub-nanometer length scale is
challenging. TMA and H20 yield ALD Al>Os growth according to the following two half-

reactions (A) and (B).
AIOH* + Al(CH3)3s = AIOAI(CHz3)2* + CH4 (A)
AICH3* + H,0 — AIOH* + CH, (B)

The * in above reaction denotes the surface species and the steps repeats as ABAB to form

for ALD Al,Os via self- limiting surface reactions.> ®

2.2.7 Structural Characterization

Atomic force microscope (AFM).
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Atomic force microscope (AFM) images were recorded in air using Neaspec-GmbH
instrument operated in a tapping mode with tapping amplitude =50 nm near the resonance
oscillation frequency of the cantilever. The cantilevers used were NCHR series of standard
and supersharp silicon (Nanoworld, NanoAndmore, USA), with a resonance frequency of
250-390 kHz and an average tip radius of < 5 nm and < 12 nm respectively, for super
sharp and standard AFM tip.

Scanning electron microscope (SEM)

Scanning electron microscope (SEM) images were obtained using Quanta 3D FEG
scanning electron microscope with regular ion-beam imaging using SE detector with high
resolution at 5-30 kV.

Transmission electron microscope (TEM). High resolution TEM (HRTEM) images will
be taken on a JEOL 2010F microscope operating at acceleration voltage of 200kV and
beam source was Schottky field emission gun (zirconated tungsten). It has point to point
resolution of 0.19 nm and lattice resolution of 0.14 nm. The scanning TEM resolution was

0.17 nm (HAADF detector).

Apertureless (scattering type) near-field scanning optical microscope (ANSOM). The
basic principle of ANSOM imaging involves focusing external laser light at the tip of
atomic force microscope (AFM) probe and measuring the scattered light as the sample is
raster scanned in close proximity to the tip. For a given sample and AFM operating
parameters, the nature and strength of the probe-sample interaction depends on (1) the
radius of curvature of the probe tip (2) the material properties of the probe (3) the
polarization of the excitation light with respect to the probe axis and (4) the wavelength of

the excitation light.” The detail of experimental procedure of near-field setup are available
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elsewhere.”*! Briefly, we used Neaspec GmbH near-field setup that is based on tapping
mode atomic force microscope and pseudo-heterodyne interferometer. The AFM probe
oscillates with tapping amplitude ~50 nm above the sample surface near the natural
resonance oscillation frequency (Q ~250 kHz) of the cantilever. Linearly polarized
radiation from a HeNe laser (633 nm, Thorlabs) or a mid-IR quantum cascade laser (6 and
10 pm, MIRCat-1200, DAYLIGHT SOLUTION) is directed and focused onto the tip-
sample junction with an angle of 30° with respect to the sample by using a parabolic mirror
(NA = 0.46). A simplified schematic diagram of the experimental setup with mid-IR laser
source is depicted in Figure 2.6.The scattered visible light plus reference beam is detected
using a silicon photodiode (New Focus, Model 2051), whereas the corresponding mid-IR
signals were detected by HgCdTe photodiodes (Kolmar Technologies, Inc). The output of
the detector is demodulated at nQ, and the optical images obtained at n > 2 we used for
image analysis. The near-field optical amplitude and optical phase as well as AFM
topography images are acquired simultaneously by raster-scanning the sample stage and
recording the near-field scattering and the height information as a function of the sample

position.
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Figure 2.6 Schematic diagram (not to scale) for ANSOM set up

2.3 Background

2.3.1 Photophysics and photochemistry of phenothiazinium dyes

Methylene blue and its N-demethylated derivate (Scheme 1) are cationic dyes that belong
to phenothiazinium class of compounds.*? The characteristic colors of these compounds
are caused by the strong absorption band in the 550—700 nm region, which contrasts with
the weak absorption band to the blue and red side of this range. The absorption band moves
progressively to longer wavelengths with increasing degree of methylation (Figure 2.7a).
The appearance of a shoulder at a higher energy side of the principal absorption band is
associated with a vibronic sideband of the dye monomers.'* An aqueous solution of these
dyes tends to aggregate to form face-to-face or H-aggregates.* For example, aggregates of
MB (dimer or oligomer) form in solution, which are easily identified by their blue-shifted
(hypsochromic) absorption compared with their monomer components.’>*" The room
temperature equilibrium constant of dimerization of MB is reported to be ~3.8x10° M in

water.'8 The dimer has a visible absorption band about 80 nm to shorter wavelengths than
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the monomer. MB monomer has a maximum at 664 nm (Figure 2.7a) and dimer at 585 nm
(Figure 2.7b). Reports indicate that the aggregation of MB and its N-demethylation
derivatives are facilitated by biological substrates (DNA, RNA, etc) and negatively charged

interfaces.’®

Depending on the nature of the ground state (monomer versus dimer), the photochemical
properties of MB can be shifted from a Type Il (energy transfer to oxygen forming singlet
oxygen) to a Type I mechanism (electron transfer forming the semi-reduced and the semi-
oxidized radicals of MB). These photophysical and photochemical behaviors make these
dyes an ideal choice for photosensitizers as a drug in photodynamic therapy?°2 and energy

conversion applications.?® 2426

Scheme 1Chemical structure of MB and its demethylation derivative

N N N
\T 5/ N/ \T §/ m/ \T 5/ NH,
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3,7-bis(dimethylamino)phenothiazin-5-ium 3-(dimethylamino)-7-(methylamino)phenothiazin-5-ium  3-amino-7-(dimethylamino)phenothiazin-5-ium

N N
\N g/ H H N 5/ NH,
N 2
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. . T 3,7-diaminophenothiazin-5-ium
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Phenothiazinium dyes of the above type all give fluorescence with low quantum yield and
the lifetime of MB and TH are reported to fall in the range of 330-390 ps.?” 8 The lifetimes
of the triplet state of MB in aqueous solution are typically in the microsecond regime and
its lifetime increase with pH due to greater basicity of the excited state compared to its

ground state. Non-protonated form of MB is the stable ground state species under most
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conditions, as its protonation does not take place unless in strongly acidic solutions.?®
Solute-solvent interaction and solvents dielectric constant play a significant role in
modulating the lifetime of the singlet and triplet excited states of the phenothiazine dyes

which can be inferred from their low fluorescence quantum yield.?*
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Figure 2.7 (a) absorption spectra of 15 puM aqueous solution of MB, AZB, AZA, and TH
(b) absorption spectrum of a thin film of MB on a cover glass

The 664 nm (n, ©*) MB singlet state relaxes with an intersystem crossing (ISC) rate of 3 x
10° s to the lowest triplet state. The triplet states are efficiently quenched with oxygen
molecules via the energy transfer pathway forming 1Ag O with a quantum yield of 0.5 pH.
Similar data are reported for other dyes in this family.3® Absorption, fluorescence, and

redox properties of these dyes are summarized in Table 1.
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Table 1 Absorption, fluorescence and redox properties of phenothiazinium dyes*?

A max Emax Amax AESS AE E©°
ts ts
Dye (abs.) (Mtem?)  (fluor) Egs(V) (eV) ES% (V) (eV) (V)
MB 664nm 81600 685 nm 0.04 1.83 1.87 1.44 1.48
AZB 647 nm 78000 675 nm 0.05 1.90 1.95
AZA 633nm 75000 660 nm 0.05 1.92 1.97

AZC 616 nm 73000 645nm 0.05 197 2.02

TH 598 nm 71000 623nm 0.05 2.03 2.08 1.69 1.74
NB. All potentials in volts vs. NHE

In addition to the energy transfer (type Il photochemical pathway), Electron transfer
quenching (type ) of the triplet state MB and its analogs have been through reviewed by
Tuite and Kelly!? and the references in there.3* The equations (1) up to (4) below outline
the different types of quenching exhibited by the triplet excited states of MB. Based on
redox properties indicated in Table 1, other dyes are also believed to undergo a similar

type of photophysical processes.

SMB + Q - 3[MB...Q] (1)
SIMB...Q] - 3>[MB~...Q""] (2)
$1MB~..Q"] >MB +Q (3)
31MB"..Q"*] » MB™ + Q-* (4)

2.3.2 Surface-enhanced Raman Spectroscopy (SERS)
We used the SERS methods for studying the photochemical transformation of methylene
blue into sequential N-demethylation products. The method involves the coupling of a

monolayer of phenothiazinium dyes with plasmonic metal nanoparticles that sustain
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intense plasmon resonances upon excitation with visible light. Because of the unique
properties (will be discussed in the next section) associated with their shape AuNRs, we
obtained enormous amplification of the spectroscopic signature of the molecules coupled

and makes the method ultrasensitive to follow the photochemical transformations.

Vibrational spectroscopy has been used to complement fluorescent measurements in
spectroscopic characterization of molecular systems® because the later has an inherent
limitation in providing detailed molecular information and it suffers from photobleaching
unless employed at low temperature. In contrast, Raman spectroscopy is capable of
providing a detailed vibrational signature of molecules and rapid photobleaching problem
is relatively insignificant. However, Raman cross-section is approximately 14-15 orders
of magnitudes smaller than fluorescence cross-section per molecule and this makes the
method inefficient. Therefore, it requires the amplification of the Raman signal by same
order magnitude of to utilize ultrasensitive spectroscopic characterization of molecules
down to single-molecule detection.®® Surface-enhanced Raman Scattering, which was
discovered in 1970’s was used to overcome by amplifying the scattering signals via
electromagnetic or a combination of chemical (electronic) and electromagnetic

enhancement mechanisms. This will be described in detail in section 2.3.3.

2.3.3  Origin of electromagnetic enhancement mechanism in SERS®*

Electromagnetic enhancement in SERS originates from the excitation of the collective
oscillation of conduction electrons of a metallic nanostructure with an electromagnetic
field. This excitation is called a surface plasmon. Two different types of surface plasmon
can form under the influence of the external field namely localized surface plasmon

resonance (LSPR) and surface plasmon polariton (SPP). LSPRs are excitation due to
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oscillation of conduction electrons of finite nanostructures coupled to electromagnetic field
whereas SPPs are excitations of conduction electrons in an extended 2D structure that
results in the propagation of waves at the metal-insulator interface. LSPRs are applied
mainly for SERS, enhanced absorption, as well as fluorescence and it will be the major

emphasis of this dissertation.

Metals are characterized by the dielectric function of a free electron gas model, also known
as the plasma model. The plasma frequency (wp) derived from a classical Maxwell theory
is related to the complex dielectric function (¢(w)) of the free electron gas using a model

called the Drude model.

2
Wp

!

The quantity y in the denominator is the damping frequency of electron collision. For noble
metals (Cu, Ag, and Au) expression that takes into account of the bound electrons of the

metals given by:

2
14

(w? + iyw)

c(w) = g — @
Gold and silver are the most important metals for plasmonic studies in the visible and near-
infrared. The LSPR of the nanoparticles of these metals falls into the visible region of the
electromagnetic spectrum. A striking consequence of this is the bright colors exhibited by
particles both in transmitted and reflected light, due to resonantly enhanced absorption and
scattering. This effect has found applications for many hundreds of years, for example in

the staining of glass for windows or ornamental cups
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Figure 2.8 Schematic of the spherical gold nanoparticle placed in an external electric field

The dipole moment p induced by applied field (Eo) is given by the expression:

The quantities €o, €m, and a are vacuum permittivity, a dielectric constant of the surrounding
medium, and radius of the spherical metal particle respectively. If we introduce

polarizability a, so that p = ¢,e,E, then, we obtain:
a = 4ma’

The polarizability experiences a resonance enhancement under the condition that | +
2&,| 1s a minimum. Metals have generally small or slowly varying Im[e] and large
negative the condition of resonance met at Re [g(w)] =-2em. The consequence of the
resonantly enhanced polarization o is a concomitant enhancement in the efficiency with
which a metal nanoparticle scatters and absorbs light. The absorption cross-section (Cabs),
scattering cross-section (Csca), and extinction cross-section (Cext) are given by the following

expressions respectively, and with k = 2t/

Caps = kIm[a] = 4nka31m[%]
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4 8m e—¢
Coca = —la|* = —k*a® =
sea 671| | 3 |e+2£m

|2

Cext = Caps + Cseq

For a sphere of volume V and dielectric function € = &; + i¢, in the quasi-static limit, the

explicit expression for the extinction cross-section is

W 3/ &2
Coxt =9—¢,,°V
ext c ™ e +2e,]% + €2

Another effect of this process is the confinement fields to the region well below the
diffraction limit and hence the enhancement of electromagnetic (EM) at metal /dielectric

interfaces. 3> 36
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Chapter Three

3 Plasmon Enhanced Resonant Excitation and Demethylation of
Methylene Blue?

3.1 Abstract

Using methylene blue (MB) as model system, we demonstrated surface plasmon-enhanced
resonant excitation that leads to N-demethylation reaction under visible light (A= 633 nm)
illumination at low photon flux. The chemical changes are monitored by detecting the
vibrational signatures of the reactant and product species in situ using surface-enhanced
Raman scattering (SERS) spectroscopy. The SERS vibrational spectra acquired
immediately after laser illumination are the same as the Raman spectrum of MB solid
powder, whereas the spectra recorded few seconds later are remarkably similar to that of
thionine solid powder, indicating complete N-demethylation of MB to form thionine (TH).
However, resonant excitation of MB adsorbed on non-plasmonic surfaces and excitations
of plasmon resonance at 532 and 808 nm lasers that do not overlap with molecular
resonance of MB cannot yield complete N-demethylation. The mechanism of this
photochemical transformation strongly depends on electronic excitation of adsorbate
molecules that are pumped by strong field concentrated by metal nanoparticle via
excitation of surface plasmon resonance. Both MB and TH give strong SERS signals due

to combination of electronic and electromagnetic enhancement effects and make them a

! This Chapter is adapted from Tesema T. E.; Kafle, B.; Tadesse M. G, Habteyes, T. G., The Journal of Physical
Chemistry C 2017, 121, (13), 7421-7428
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convenient model system for ultra-sensitivity application and for future mechanistic
studies.

3.2 Introduction

Soon after the discovery of surface enhanced Raman scattering (SERS) spectroscopy? 2,
surface enhanced photochemistry was proposed theoretically® 4 and demonstrated
experimentally®'. In particular, the work by Moskovits and co-workers revealed the
ambiguity in the interpretations of earlier SERS data due to vibrational peaks of reaction
products that could be wrongly assigned to the reactants*?>. More recent examples of
plasmon-driven photochemical reactions include the azo-coupling of self-assembled para-
aminothiophenol (PANP),**%°> ethylene epoxidation,'® dissociation of hydrogen
molecules,!” and conversion of aldehydes to esters.'® The dual action of surface plasmons
to enhance Raman scattering and photochemistry provides a unique technical convenience
for investigating the mechanism of surface chemistry using SERS as a highly sensitive in
situ vibrational spectroscopy.®?* However, there are limited model reaction systems
particularly the conversion of self-assembled PANP to p,p'-dimercaptoazobenzene
(DMAB) that can be monitored by probing the vibrational fingerprints of reactants and
products using SERS. In addition, studies of plasmon-driven photochemical reactions have
been based on excitation wavelengths that match the plasmon resonances but not the
molecular resonances. Resonant electronic excitation where the excitation wavelength
overlaps with the molecular and plasmon resonances can provide high sensitivity for
detecting chemical transformations in situ as the combination of resonance Raman and

electromagnetic enhancement effects.??
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In this chapter, we discuss the first systematic study on N-demethylation of methylene blue
(MB) initiated by plasmon-enhanced resonant excitation of MB at 633 nm wavelength. We
propose that this demethylation reaction would be an excellent model system for
mechanistic studies in plasmon driven photochemistry because of its high detection
sensitivity and available background information. The photocatalytic degradation of MB
has been investigated using different catalytic materials such as TiO2,2 Au-TiO;
composite,?* Cr-Ti binary oxide,?* and Ag-In-Ni-S nanocomposites.?> The solution phase
excited state dynamics of MB is well documented.?®-2” MB is also a common model system
in SERS related studies?®33 as well as in strong exciton-plasmon coupling,3* and yet
systematic investigation of its plasmon-driven surface photochemistry is lacking. Here, we
demonstrate visible light induced chemical transformation of methylene blue adsorbed on
gold nanorods (AuNRs) whose surface plasmon resonance (SPR) is matching its electronic
transition as revealed from drastic temporal evolution of the SERS spectra. While the
vibrational signatures acquired immediately after irradiation are identical to that of MB
solid powder, the spectra recorded a few seconds later are similar to that of thionine solid
powder, indicating a demethylation reaction at low incident photon flux.

3.3 Spectral overlap of the molecular and plasmon resonances

The experiment has been performed at ambient condition by adsorbing sub-monolayer of
MB molecules on gold film (AuF) and depositing colloidal gold nanorods (AuNRs) on top
(see section 2.2.1 for details). The molecules are preferably adsorbed on gold film or
silicon substrate with parallel orientation,3> 3¢ and the gap between the AuNR and the AuF
is estimated to be about 1 nm by taking into accounting for the MB on gold film and the

surface ligand (cetyltrimethylammonium bromide) on the AuNRs. The interaction of the
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AUNR with the AuF creates enhanced field that is localized in the gap (nanocavity)
between AuF-AuNR.%" %8 See Error! Reference source not found. for the schematic of s

ample preparation procedure.

The spectral overlap between the molecular and plasmon resonances is illustrated in Figure
3.1. The 633 nm excitation laser line as indicated by the dashed vertical line overlaps with
the broad absorption band (red line) of MB adsorbed on ultrathin gold film shown in Figure
3.1a. Compared to the aqueous solution absorbance (green line), this band is red shifted
and much broader, which improves spectral overlap with a very broad resonance (red line)
of aggregated AuNRs (Figure 3.1b). We included the absorption (black line) and scattering
(cyan line) spectra of single AuNRs for reference. In solution, the absorption spectrum of
the AuNRs peaks at ~680 nm. Dark-field scattering measurement indicates that the average
wavelength of maximum scattering of the individual AUNRs supported on gold film is the
same (~680 nm) as that of the absorption maximum. All the studies presented here are

based on very broad resonances of aggregates of the AUNRs.

The data in Figure 3.1 show that the broad absorption band of MB adsorbed on gold film
lies entirely within a very broad plasmon resonance of the AuUNR aggregates. This spectral
overlap between the molecular and plasmon resonances provides enormous amplification

of the spectroscopic signature of the molecule and makes SERS capable of providing
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highly resolved vibration signature of molecules for in situ detection of photochemical

transformations.
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Figure 3.1: The absorption spectrum of 1x10° M methylene blue in ethanol solution (black
line) and the corresponding fluorescence (FL) spectrum (red line). (c) The absorption
(black line) and scattering (cyan and red lines) of gold nanorods (AuNRs) with nominal
diameter of 40 nm and length 90 nm. The scattering spectra of a single (cyan line) and
aggregates (red line) of AUNRs are obtained as the nanorods are adsorbed on MB coated
gold film
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3.4 Surface-Enhanced Raman Spectra to Monitor Photochemistry
The intensity map of a series of 80 SERS spectra that were acquired continuously with 0.5

s acquisition time and at an interval of 0.017 s is displayed in Figure 3.2a. Clearly, new
vibrational bands have appeared a few seconds after the resonant excitation laser is on. In
particular, a new strong band appears at 479 cm™ within a few seconds upon continuous

illumination.
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Figure 3.2 Temporal evolution of the SERS signal of methylene blue molecules in
plasmonic cavities. (a) Intensity map representing 80 spectra acquired at different time
delays after continuous irradiation with . = 633 nm excitation source is turned on. (b)
Representative SERS spectra of MB recorded at the time delays indicated on the plot (to ~
0.5 s, acquisition time of a single spectrum) compared to the Raman spectra of methylene
blue (black line) and thionine (green line) solid powders.

In particular, the peak at 804 cm™ that has been assigned to NH rocking vibrational motion
of thionine by Hutchinson and Hester,* cannot be attributed to any vibrational features of
methylene blue. Therefore, we propose that the spectral evolution is due to N-

demethylation reaction that converts methylene blue to thionine. Our spectral assignment
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is also supported by theoretical calculation as shown in Figure 3.3 below. This plasmon-
driven demethylation reaction is consistent with the observation in the photocatalytic
decomposition of methylene blue in solution on semiconductor catalysts such as Ti0,?% 4

with UV-radiation and on other semiconductor catalysts.*
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Figure 3.3 Calculated Raman Shifts showing the vibrational modes excited as the methyl
groups are replaced with hydrogen atoms in going from MB (bottom spectrum) to TH (top
spectrum). We used B3LYP density functional theory for the calculation with DGDZVP
basis sets using Gaussian 09 software. The calculation agrees well with experiment in
predicting the 479 cm™band TH but not for MB. The spectrum of Azure B is similar to that
of MB. The 479 cm™ band appears for Azure A confirming the excitation of the vibrational
mode is triggered by at least complete N-demethylation of terminal N-atom. For Azure C
the spectrum is similar to TH apart from small down shift of frequency
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The significant time delay for the appearance of the product signals observed in Figure
3.2a is in contrast to other plasmon-driven photochemical reactions such as the oxidative
coupling of PATP (in which the DMAB product signals appear instantly) as we have
confirmed in a separate experiment under similar conditions.®” However, the drastic
intensity fluctuation observed in Figure 3.2a does not allow us to draw conclusion based
on the temporal profile of the vibrational signals of molecules within a single focus area
(~4x107 cm?) on the sample. The intensity fluctuation can be minimized by repeating the
time-dependent measurement on multiple areas so that mechanistic understanding may be
obtained based on the trend of the average data.

3.5 Laser power dependence of temporal evolution of SERS signals

To have quantitative understanding of the temporal evolution of SERS signals we analyzed
an average of 400 spectra that have been acquired with continuous illumination for about
207 s at 0.5 s acquisition time. We acquired each spectrum with time interval of 0.017 s
from at least 10 different random locations on the sample. We used same procedure for
incident laser powers dependent experiments. For the sake of clarity, the intensity map of
the average spectra of the most prominent peaks are presented in Figure 3.4a,b, which
represent the trend at 0.16 mW and 0.73 mW incident laser powers, respectively. The
average data in Figure 3.4a,b show clearly the delay in the evolution of the 479 cm’!
product signal and its incident laser power dependence. The time delay may indicate that
laser-induced adsorption is the prerequisite for the photochemical reaction.*> Unlike
molecules such as PATP that are chemically attached to the surface through Au-S bond,
MB may be weakly adsorbed mainly through physical interactions. The fact that the

vibrational frequencies in the SERS and regular Raman spectrum of the solid agree within
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+3 cm™ as can be seen by comparing the blue and black spectra in Figure 3.2b is
characteristic of physisorption.** The heat released following the plasmon enhanced
resonant excitation may increase molecule-surface interaction that facilitates the

photochemistry.
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Figure 3.4 Average SERS spectra of AuF-MB-AuUNR obtained at 633 nm excitation
wavelength and incident laser power of (a) 0.16 mW, and (b) 0.73 mW. Each intensity map
represents 400 spectra acquired within 207 seconds, and the spectra at each time point are
the average of at least 10 spectra that represent different locations on the sample. (c)
Average of the spectra acquired within 207 seconds at incident laser power of 0.16 mW
(black line), 0.34 mW (cyan line) and 0.73 mW (red line). Note that with increasing laser
power, both the background and the vibrational band intensities increase. The flat region
at ~707 cm-1 marked with vertical dashed line is used for background correction and for
studying the temporal evolution of the vibrational band intensities.

The average spectra plotted in Figure 3.4c show that increasing the laser power increases

the intensity of the vibrational signal as well as that of the background.
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3.6 Comprehensive analysis of the temporal evolution of SERS signals
For more comprehensive analysis of the vibrational intensities, we identified a relatively

flat spectral region at ~707 cm™, marked with a vertical dashed line in Error! Reference s
ource not found.c that can be used as a reference to correct for time dependent background
intensity. That is, at any time, the vibrational intensity [I,,(t)] of a given vibrational mode
is adjusted as[I,(t) — I, (t)]/1,(t), where I, (t) is the background intensity at time t. This
approach provides the relative change of the vibrational intensity with respect to the
background. The stronger background at higher laser power can scale down the amplitude

change but will not affect the rate of signal decay or rise.

The background corrected intensities of the bands at 1621 cm™ and 479 cm™ are extracted
from the data presented in Figure 3.4a,b the results are plotted in Figure 3.5a,b. The 1621
cm band intensity is further normalized by the corresponding average value at time to. We
note that both MB and thionine have the 1621 cm™ band but its relative intensity is much
weaker for thionine (see Figure 3.2). This results in rapid decline of the 1621 cm™ band
intensity as the MB is converted to thionine. For laser power above 0.16 mW, the decay
has a fast and slow components, and the relevant rate constants can be extracted by fitting
an exponential function of the form y = a + be~t/™ + ce~%/*2, where 7, and T, are the
time constants for the fast and slow dynamics, respectively. A single exponential function
of the form y = a — be~%/* fits the rising signal of the product reasonably as shown by the

solid lines in Figure 3.5b.
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Figure 3.5: Comprehensive analysis of the temporal evolution of the SERS signals using
representative vibrational bands of reactant and product species. (a) The peak intensity of
the 1621 cm™ band plotted as a function of time. The solid lines represent exponential
function fit to the data.(b) The same as (a) but for 479 cm™ band and a single exponential
function is fit to the data. (c) The rate constants (k = 1/t) extracted from the fitting
procedure in (a) and (b) are plotted as a function of laser power.
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This divergence of rate constants for the reactant signal decay and product signal rise with
incident photon flux indicates contribution of additional process such as desorption and
gradual photo bleaching of reactant molecules. These additional processes may be

accounted by the constant k> that increases slowly with laser power.

3.7 Effect of excitation source and localized surface plasmon resonance on N-
demethylation

We switched the excitation source from 633 nm to shorter (532 nm) and longer (808 nm)
wavelength to study the wavelength dependence of the photochemical reaction. As is, the
system does not give any SERS signal let alone probing the photochemical transformation.
In fact, it requires tuning the localized surface resonance of gold nanoparticle placed on
gold film to overlap the excitation source by varying size and shape of the particles. This
take us back to the understanding of fundamentals of the optical responses of metal
particles placed near to different substrates. We used gold nanorods of different aspect ratio
and dielectric and metallic substrates to study these effects on plasmonic response as

described in detail in the following sections.

3.7.1 Effect of supporting substrate on the spectral position of localized surface
plasmon resonance

The characteristics of a plasmon resonance are determined by shape, size, and material
properties of plasmonic metallic nanostructure as well as by the surrounding dielectric
environment.** A typical example of such dependence is the red shift experienced by the
plasmon resonance of a metallic nanostructure when placed near a dielectric substrate.*
This plasmonic response is stronger if the substrate is metallic due to the coupling of
conduction electrons of the substrate with that of the nanoparticle,® 46-4% which results in

an extraordinary electric field concentrated in the gap separating the two systems.*>* This
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field enhancement is particularly large when molecular spacers on the nanometer scale are
used. Due to this effect, coupled metallic particle—film structures have been the subject
of extensive research in recent years®” °%° as a promising platform for achieving
ultrasensitive molecule detection,5% single molecule optomechanics,® strong coupling,®

enhanced emission, %8 and color printing.®®

Albeit all these research effort and widespread applications of particle—film plasmonic
systems, the interaction between a colloidal nanoparticle and metal film is not fully
understood. These nanoparticles are inherently coated with surface ligands that provide a
natural spacer of a thickness on the order of a few nanometers.”®"* Plasmonic response of
this coupled system and nature of their interaction depends strongly on the chemical and
physical properties of the spacer layer. Notably, if the particles and the film are bridged by
a conductive junction, it causes a distinct type of plasmonic resonances, commonly referred
to as charge transfer plasmons.” This configuration enables the charges to oscillate
between the two systems.”® These modes have been extensively investigated in particle

dimers due to their potential for sensing applications.” 7’7

On a separate study, we report the investigation of how the optical response of colloidal
metallic nanoparticles is modified as a result of the interaction with metallic substrates. For
this, we measured and analyzed the scattering spectra of individual gold nanorods of
different sizes deposited on both silica and gold substrates. Interestingly, we found that,

when they are placed on the gold film, the scattering response of the gold nanorods is



60

weakly dependent on their size and width. This is in sharp contrast with the behavior shown

by nanorods with similar sizes placed on the purely dielectric substrate.

3.7.2 Excitation wavelength Dependence

For understanding the role of the MB resonant excitation in the demethylation reaction, we
have measured the SERS spectra at 532 and 808 nm excitation wavelengths such that the
excitation energy overlaps with the plasmon resonances but not with the electronic
transition energy of MB. Figure 3.6a shows the dark-field scattering spectra of MB
functionalized aggregates of gold nanospheres (AuNSs) and AuNRs that are deposited on
oxide coated silicon wafer. These AuNRs are longer (40 x 148 nm) than the AuNRs used
to obtain the results in Figure 3.1-Error! Reference source not found. The plasmon r
esonances of the AuNSs overlap more significantly with the 532 nm laser than with the
633 nm. Similarly, the plasmon resonances of the longer AuNRs overlap more significantly
with the 808 nm laser than with the 633 nm laser line. However, the SERS spectra in Figure
3.6b show that neither 532 nm (blue spectrum) nor 808 nm (red spectrum) excitation
wavelengths gave the prominent 479 and 804 cm™' bands, which are the vibrational
signatures of complete N-demethylation of MB to TH despite the more significant spectral
overlap of the plasmon resonances with the corresponding wavelengths as illustrated in
Figure 3.6a. In contrast, the SERS spectra obtained at 633 nm excitation wavelength for
both the AuNSs (black line) and the AuNRs (green line) gave the characteristic bands of

the product as indicated by the vertical dashed cyan lines.
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Figure 3.6 (a) Dark-field scattering spectra of aggregates of gold nanospheres (AuNSs,
diameter 40 nm) (blue line) and gold nanorods (AuNRs, 40 nm x 148 nm) (red line)
functionalized with MB and deposited on silica surface. (b) SERS spectra of MB adsorbed
on the AuNS and AuNRs recorded 30 s after exposing to the lasers. The vertical dashed
cyan lines indicate the vibrational frequencies of thionine at 479 and 804 cm™. The peak
at 520 cm't in all the spectra in (b) is due to silicon.

On the other hand, resonant excitation of MB on non-plasmonic surfaces (glass, platinum,

aluminum, and gold) does not show vibrational signatures of thionine. An example is
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shown in Figure 3.6¢, where MB is adsorbed on gold film, and the Raman spectra obtained
after continuous exposure to the 633 nm laser. These observations indicate that excitation
of both the molecular and the plasmon resonances is important for the N-demethylation

reaction.
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Figure 3.7 Raman spectra of MB adsorbed on gold film without plasmonic nanoparticles.
More than a monolayer layer of MB was adsorbed so as to improve the signal-to-noise
ratio of the Raman spectrum. The spectra were recorded with an acquisition time of 1 s at
633 nm excitation wavelength and intensity of ~100 kwW/cm?. The vertical dashed green
lines indicate absence of vibrational frequencies of thionine at 479 and 804 cm™.

3.8 Mechanism of Plasmon-Enhanced Excitation and Demethylation

The mechanism of plasmon-driven photochemical reactions is believed to involve hot
plasmon electron transfer from the nanocrystal to the adsorbed species. & 12!, However,
consistent with this charge transfer framework, several specific mechanisms can be

proposed including: (i) direct excitation of the metal-molecule system that involves
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electron transition from occupied to unoccupied adsorbate states, and (ii) hot electron

transfer to other species such as adsorbed oxygen molecules that then initiate the reaction.®®

Direct charge excitation has been implied on the basis of SERS results on MB that show
an excitation wavelength-dependent anti-Stokes to Stokes Raman intensity ratio.3> 87 Anti-
Stokes to Stokes Raman intensity ratio as high as 34 has been observed at A = 785 nm
excitation wavelength, whereas the ratio is less than unity at A = 532 nm excitation
wavelength.®? On the basis of this observation and the positive dependence of the ratio on
the 785 nm photon flux, Boerigter et al. have proposed a direct resonant charge excitation
mechanism that populates the excited vibrational energy levels of adsorbed MB. However,
no chemical transformation of MB has been observed in the experiments by Boerigter et
al.32'87 Also, it’s noted that the resonant excitation wavelengths of adsorbed MB can range
from 520 to 800 nm depending on the nature of the surface—molecule interaction and on

the cluster size of MB (monomer, dimer, trimer, etc.).?* 8.8

Our sample is prepared so that MB is adsorbed on the gold film as a monomer, and at 633
nm excitation wavelength, the anti-Stokes to Stokes Raman intensity remains very small
and constant during the continuous illumination and acquisition of data for over 200 s as

shown in Figure 3.8.
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Figure 3.8: Comparison of the temporal evolution of the Stokes (a) and anti-Stokes (b)
Raman intensities of the 448 cm™ and 479 cm™ bands. (c) Stokes to ant-Stokes intensity
ratio of the 479 cm™ band plotted as a function of time.

It has been reported that photocatalytic N-demethylation requires the presence of oxygen.?*
40, 41 In particular, Takizawa et al. demonstrated systematically that anionic oxygen is

responsible for initiating the demethylation of MB and Rhodamine B on CdS catalyst.*
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Transient anionic oxygen created via hot plasmon electron injection has also been

implicated in the surface photochemistry of PATP 8 %091
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Figure 3.9: Energy diagram showing excitation and decay channels of methylene blue. The
singlet ground state (So) to single excited state (S1) transition is accessible at 633 nm
excitation. After intersystem crossing (ISC), the triplet state population can be annihilated
via efficient energy transfer (ET) to molecular oxygen in the ground state (302) that leads
to excitation to singlet oxygen (*Oy)

To propose the mechanism of excitation of N-demethylation of MB, it is very important to
emphasize a detailed description of the mechanism that requires understanding the excited-
state dynamics of MB adsorbed on metal surfaces. As shown in Figure 3.9, initial
excitation of MB can be followed by singlet to triplet intersystem crossing (quantum yield
~0.5)% that can lead to generation of singlet oxygen through efficient energy transfer from
the triplet MB to triplet molecular oxygen,®® a reason for wide use of MB as photosensitizer

in photodynamic therapy. The singlet oxygen can interact with the terminal nitrogen atoms
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of MB, and hydrogen abstraction from water can lead to the transformation of methylene
blue to thionine and another side product, possibly formaldehyde.*! The fact that the
demethylation of MB is observed at 633 excitation wavelength (that can promote MB from
ground to excited electronic state) but not at 532 and 808 nm is consistent with the
involvement of singlet oxygen in the photochemical transformation. On the other hand, the
demethylation reaction does not take place on nonplasmonic surfaces, indicating the
importance plasmon resonance excitation. Understanding these excited-state dynamics of
molecules in the proximity of metal surfaces is a grand challenge that may invite future
experiments.

3.9 Conclusion

In summary, we have presented the first systematic study of plasmon driven demethylation
reaction that transforms methylene blue to thionine under visible light irradiation at room
temperature without the use of any semiconductor catalysts. Upon continuous irradiation,
the SERS spectra evolve from that of methylene blue to thionine as a function of time.
Irradiation of MB adsorbed on non-plasmonic surfaces at 633 nm excitation wavelength
does not lead to the demethylation reaction. We find that substrates have significant effect
on tuning the surface plasmon resonance with respect to the electronic absorption band of

the molecule.

Similarly, excitation wavelengths 532 nm and 808 nm that overlap with plasmon
resonances but not with the electronic absorption band of MB do not transform MB to
thionine. These observations suggest that excitations of both the molecular and the plasmon
resonances are important for observing the reaction. The photochemical transformation is

likely initiated by transient hot plasmon electron transfer to adsorbed species. However,
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identifying transient intermediates and a detailed understanding of the mechanism require

further experiments under controlled atmosphere as well as elucidating the potential energy

landscape of MB adsorbed on metal surfaces. At visible excitation wavelengths, both MB

and thionine have large SERS cross sections due to the combination of resonance Raman

and electromagnetic enhancement effects, and therefore we suggest that this demethylation

reaction serves as a convenient model system for future mechanistic studies in plasmon

driven photochemical reactions.
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Chapter Four:

4 Plasmon-Enhanced Autocatalytic N-Demethylation of Methylene
Blue?

4.1 Abstract
Many studies in the last decades have been indicated that optically excited plasmonic metal

nanoparticles can drive photochemical reactions at photon flux comparable to that of solar
radiation. However, evidences that provide insight into the mechanism of the reactions on
plasmonic surfaces has been limited. Here, using plasmon-enhanced N-demethylation
(PEND) of methylene blue (MB) as model reaction, we report mechanistic analysis of
photochemical reactions on plasmonic gold nanoparticles under different adsorption and
atmospheric conditions using surface-enhanced Raman scattering as operando
spectroscopy to monitor the reaction as a function of exposure time to the light source. We
found that in air and oxygen atmospheres and in the presence of co-adsorbed water
molecules, MB undergoes photochemical N-demethylation to yield thionine (complete N-
demethylation product) and other partial N-demethylation products that have distinct
vibrational signatures. The product signals are negligible when the MB-particle system is
illuminated in nitrogen atmosphere. Consistent with the well-studied mechanism in
solution, the PEND reaction appears to be initiated by singlet oxygen generated via energy
transfer from the excited state of MB to oxygen molecule, and therefore the reaction may

tentatively be described as an autocatalytic photochemical process. The results of this study

This chapter is adapted from: Tefera E. Tesema, Bijesh Kafle and Terefe G. Habteyes, J. Phys. Chem. C,
2019, 123, 14, 8469-8483, Invited Feature Article, and Tefera E. Tesema, Christopher Annesley, and Terefe
G. Habteyes, J. Phys. Chem. C, 2018, 122, 19831.
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provide an important insight that electronic excitations of adsorbates pumped by the
localized surface plasmon field can lead to selective reaction pathways.

4.2 Introduction

Localized surface plasmon resonances of metal nanoparticles can drive photochemical
reactions’ and enhance spectroscopic signals® simultaneously, combining surface
chemistry and operando spectroscopy to obtain fundamental understanding of surface-
molecule interaction and heterogeneous catalysis®® by probing the light-driven chemical
and physical processes in situ. There has been increasing research interest in photochemical
reactions on optically excited plasmonic metal nanoparticles.”*®* The mechanism of the
reactions on the plasmonic nanoparticles can vary depending on many factors. Excitation
of surface plasmon resonances generates hot charge carriers?® that can initiate chemical
reactions,?’ 22 and at the same time the plasmon resonances can cause local heating?®2® that
may assist the surface reaction.?’-?® Surface-bound ligands that are inherent to colloidal
metal nanoparticles can play critical role in mediating charge-transfer and reaction
pathways. In cases where the plasmon resonance frequency overlaps with the electronic
transition energy of the adsorbate, the intense plasmon local field can enhance the rate of
photoexcitation of adsorbate states'® 31 32 that can lead to generation of reactive species,
such as singlet oxygen,®*2¢ which is known to initiate chemical transformation of organic
molecules.®” % It has also been reported that photoexcitation of small metal nanoparticles
as well produces singlet oxygen directly.®> %0 In addition, the involvement of excited
oxygen in plasmon-driven photochemical reactions are well documented in literature.® 4
The mechanisms of photochemical reactions on plasmonic metal nanoparticles are mainly

discussed in terms of hot electron transfer to adsorbates, as detailed in several recent
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reviews.! 224243 particle-molecule charge-transfer processes have been studied intensively
in the mechanism of surface-enhanced Raman scattering (SERS), focusing on molecules
that are chemically linked to the surface through specific atoms, such as nitrogen, sulfur,
or oxygen.*#’ On the other hand, the involvement of hot electrons in photochemical
reactions is broadly implied even when there is no certainty in the adsorption geometry.
For example, resonant charge transfer excitation to unoccupied electronic state of
methylene blue (MB) adsorbed on silver nanocube has been claimed based on an
assumption that MB is chemically bonded to Ag through the N atom in the thiazine ring in
a butterfly orientation.*® 4° With this geometry, it has been implied that 785 nm excitation
is in resonance with charge transfer state of the Metal-adsorbate system and this leads to
faster rate of photochemical transformation than at 532 nm excitation source even though
it has stronger spectral overlap with intense LSPR associated with the dipolar mode of
single silver nanocube. However, theoretical calculations show that MB adsorbs on gold
and silver through weak dispersion forces, where the molecule orients flat and parallel to
the surface.®®2 Furthermore, there are disagreements in vibration bands obtained at 532
and 785 nm excitation wavelengths provided in Table 1 of ref % %% which is a clear
indication of complete N-demethylation of MB adsorbed on plasmonic nanoparticles at
532 nm excitation.'® > Hence, the claim that resonance charge transfer excitation
mechanism at 785 nm excitation wavelength result in selective photochemical
transformation lacks strong experimental evidence. This suggests the critical importance
of other factors and processes, such as near-field-enhanced electronic transition of

adsorbates. In fact, it has recently been demonstrated that the dissociation of (CH3S)2 on
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gold and silver nanoparticles is initiated by plasmon-pumped electronic transition of the

adsorbate.®

Herein, we use plasmon-enhanced N-demethylation of MB (PEND-MB) as model system
to shed light on the underlying physical mechanisms leading to photochemical reactions
on resonantly excited plasmonic gold nanoparticles. From our previous work reported in
Chapter 3, we know that PEND-MB on gold nanoparticles takes place when the excitation
energy overlaps with both the electronic transition energy of the molecule and the plasmon
resonance of the nanoparticles.'® However, it was difficult to propose plausible mechanism
as the study was performed in open air and hence uncontrolled involvement of atmospheric
gases. Here, we systematical investigated the mechanism of the photochemical N-
demethylation on resonantly excited gold nanoparticles in reactive (air and oxygen) and
inert (nitrogen) atmospheres at different adsorption conditions. We find that in air and
oxygen atmospheres and in the presence of co-adsorbed water molecules, PEND-MB to
yield thionine (TH) and other intermediate N-demethylation products (Azure A and Azure
B) that exhibit distinct vibrational bands in the SERS spectra. The photochemical reaction
does not take place in nitrogen atmosphere. Consistent with the N-demethylation initiated
by thermally generated singlet oxygen in solution phase chemistry,3 % % the mechanism
of the PEND-MB on gold nanoparticles may be initiated by singlet oxygen that can be
generated via energy transfer from triplet excited state of MB to triplet ground state oxygen.
Since the proposed mechanism involves generation of singlet oxygen by the reactant (MB)
itself, it may be described as an autocatalytic chemical process. Only N-demethylation
products are detected in our experiment, indicating plasmon-pumped electronic excitations

of adsorbates can selectively affect specific chemical bonds.
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4.3 Results and Discussion
4.3.1 Plasmon-enhanced photochemistry in ambient condition
Under this sub-section the author presents photochemistry of MB and its N-demethylation

analogue under normal (ambient) atmospheric condition. The section starts with the
absorption of the dyes in solution and scattering spectrum of gold nanorod film deposited
on a cover glass. Then the section follows with the comparison of Raman spectra of each
dye with corresponding initial SERS. The subsequent spectra are presented after proper
background correction procedures to get comprehensive analysis of the temporal evolution
SERS signals under different atmospheric conditions. Same procedure will be applied

through the chapter.

4.3.2 Scattering spectrum of gold nanorods and absorption spectra of methylene
blue and its N-demethylation derivatives

The chemical and structural properties of methylene blue and its N-demethylated
derivatives are described in detail in section 2.3.1 of chapter 2. Figure 4.1 shows the

absorption bands of aqueous solutions of MB and its N-demethylated derivatives.

! T I i ! T ! i T

_.- Thionine in water
_..- Azure A in water

... Azure B in water

_..--MB blue in water

Normalized signal

_.-~Plasmon scattering,
aggregates of
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Wavelength (nm)

Figure 4.1 The absorption spectra of MB, azure B, azure A, and thionine in water and the
plasmon scattering spectrum of AuNRs (Diameter 40 nm and length 90 nm) aggregated on
coverslip
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MB in aqueous solution had an absorption peak at 663- 664 nm and a molar extinction
coefficient in this peak equal to 9.0x10* The N-demethylated derivatives of MB (Azure A
(AZA), Azure B (AZB), and Thionine (TH)) have also strong absorption bands in the
visible region of electromagnetic spectrum. The scattering spectrum shown by the brown
line in Figure 4.1 shows that the plasmon resonances of AUNRs (~40 nm diameter and
~90 nm length) aggregated on a cover glass overlap with the entire absorption bands of
MB and its N-demethylation derivatives. Adsorption on metal surface perturbs the
electronic structure of the adsorbates and induces peak energy shift and line width
broadening to an extent that depends on the nature of the surface—molecule interaction
compared to that in solution and isolated molecules.*" %657 These adsorption effects cause
red shift and hence more significant overlap of the excitation wavelength with the
absorption band of TH. Similarly, the adsorption effect improves the extent of overlap of
the absorption band of MB with the excitation wavelength (632.8 nm laser) and the broad
aggregated nanoparticle surface plasmon resonance.*” 7

4.3.3 Raman and SERS spectra of MB and its N-demethylation derivatives

The significant overlap of the excitation wavelength (632.8 nm laser) with adsorbate
absorption bands and LSPR of gold nanorods depicted in Error! Reference source not f
ound., enormously amplifies the SERS cross-section of MB (reactant) and TH (product)
due to resonance Raman and electromagnetic enhancement effects plus the absence of
sharp and strongest Raman spectrum of TH at 479 cm™ in that of MB makes SERS very
suitable to monitor the plasmon-enhanced photochemical reaction. In addition, the Raman
vibrational spectra of azure B and azure A display characteristic features that can be used

to identify these species if they are formed due to partial N-demethylation of MB. In the
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following section, we use these spectral contrasts between reactant and product species to
investigate the effects of atmospheric and adsorption conditions on the photochemical

reaction.

For MB and its N-demethylated derivatives on the gold surface, the surface—molecule
interaction is dominated by weak dispersion forces as recent theoretical calculations
indicate.>? Consistent with the physisorption nature of the interaction, the peak positions in
the SERS spectra agree very closely with the corresponding peak positions in the regular
Raman spectra of powders as shown in Figure 4.2. The data are obtained at 633 nm
excitation wavelength, and the SERS signals for MB and its derivatives (azure B, azure A,
and thionine) are comparably strong suggesting similar contribution of molecular
resonance effects as the spectral broadening upon adsorption can lead to the overlap of the
excitation wavelength with the absorption bands for all the adsorbates. As a result, the
reactant and product species can be monitored with high sensitivity by taking advantage of
the large SERS cross-section that results from resonance Raman and electromagnetic

enhancement effects as discussed in section 4.2 above.*> 58-60

In the discussion of PEND-MB photochemical reaction, the spectra presented in Figure
4.2 will be used as reference. The prominent peaks at 479 and 804 cm™ in the TH spectrum
can be used to quantify the complete N-demethylation and the downshift of the 1435 cm™*

peak will be used to ascertain partial N-demethylation MB.
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Figure 4.2 Normal Raman spectra of solid powders (blue lines) and SERS spectra (red
lines) of methylene blue, azure B, azure A, and thionine as labeled.

The data in Figure 4.3. Show temporal evolution of MB SERS spectra obtained under
continuous illumination of 632.8 nm excitation wavelength in ambient atmosphere at room
temperature. The change is Prominent when the spectra recorded at 0.5 and 200 s exposure
times are compared (see Figure 4.3a). The intensity map (Figure 4.3b) that represents 400
spectra acquired sequentially shows the appearance of new vibrational bands as a function
of exposure time. Based on the SERS and Raman spectra of the reactants in the initial state,

the spectral changes can be interpreted as follows.8%(1) The new peak that appears at 479
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cmt can be assigned to the skeletal deformation mode of TH (product). (2) The new peak
at 804 cm can be assigned to the NH> rocking vibration that requires complete N-

demethylation of MB at least at one N-atom terminal of the dimethyl amine groups.
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Figure 4.3 Temporal evolution of SERS spectra demonstrating PEND-MB. (a)
Representative SERS spectra recorded in ambient atmosphere at the beginning (black line)
and after 200 s of illumination using 633 nm excitation wavelength. (b) Intensity map
representing 400 spectra acquired sequentially during illumination for about 207 s. The
zoom-in intensity maps at the bottom show the important spectral changes with time. Each
spectrum is recorded with 0.5 s acquisition time at 0.4 mW incident power focused with
0.7 NA objective.

(3) The red-shift from the 1435 cm initial peak position can be attributed to partial N-

demethylation products that include azure B, azure A, and azure C. We note that the
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prominent vibrational bands at 479 and 804 cm™ are completely absent in the MB spectrum

(see Figure 4.3), providing high contrast for reactant and product signals.

So far, we discussed the results of PEND-MB obtained at ambient conditions. To develop
a more comprehensive understanding of the mechanism of PEND-MB, we have performed
experiments under different combination of atmospheric and adsorption conditions. These
controlled experiments provide deep insight into the mechanism of photochemistry and
develop a greater understanding of the role of atmospheric gases and adsorption condition
in the partial or complete N-demethylation processes.

4.4 Photochemical reaction in reactive and inert atmosphere

The photochemical reaction progress is monitored by recording the SERS spectra
continuously as a function of exposure time. However, in addition to the vibrational
signals, the fluorescence background changes with exposure time as illustrated in panels
(@) and (b), Figure 4.4. To facilitate comparison of relative intensity (1) of vibrational

bands, the fluorescence background is removed using the following relation.

I — I(t)_lb(t) 4.1.

corrected I,(t)

Where Iy(t) represent time dependent background signal. A flat spectral position labeled 1,
2, and 3 in Figure 4.4a were chosen as background signal and the baseline of the spectrum
acquired at beginning (0.5 s, black line) is higher than that obtained after exposure of
sample to laser source for about 207 s (red line). Figure 4.4b show a decreasing in the

background signal with time. After the background
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Figure 4.4 lllustration of background signal change as a function of continuous
illumination. (a) Spectra at the beginning of illumination (black line) and after 207 seconds
(red line). (b) Time dependence of the background signal where there is no vibrational
band (at position ~707 cm™). The trend is the same if other locations labeled 1, 2 or 3 in
(a) are used. (c) The spectra acquired at 0.5 s and 207 s exposure time after background
correction

The SERS spectra presented in Figure 4.4 are obtained in N2 atmosphere. In air and oxygen
atmospheres, the background signal decreases with slightly different rates in the different
regions of the spectral window. To avoid any bias this background asymmetry may cause
in comparing the time dependence of different vibrational band intensities, background
reference points close to the bands are used. For example, for the band at 479 cm, the
position marked as 1 in Figure 4.4 (a) is used as background reference point. Similarly,
position 2 is used for bands at 1392 cm™ and 1435 cm™, and position 3 is used for the band

at 1620 cm™.

The photochemistry of MB on plasmonic surfaces is studied at room temperature in a

closed chamber (Warner Instruments Inc., RC-21B, see chapter 2 method section for detail)
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that is sealed by bare coverslip from the top side and sample containing coverslip (with the
sample side facing upward) from bottom side of the chamber, as illustrated by the
schematics in Figure 4.5. The coverslips are placed on the recessed grooves to which
vacuum grease is applied to create a tight seal of the coverslips. SERS measurements are
performed at ambient atmosphere, or under continuous flow of pure O2 or N2 gas. At the
chamber output, a length of tube is used as a back-pressure control to ensure smooth flow
of gases. The importance of water molecules in the gas phase is studied by expanding the
N2 or Oz gas through a bubbler filled with ultrapure water. The photochemical reaction is
initiated using 632.8 nm excitation wavelength that overlaps with the plasmon resonances
of the gold nanoparticles and electronic transition energy of MB. The reaction is monitored
using SERS signal of the reactant and product species by collecting the scattered light
through the coverslip using 0.7 NA objective. About 90% of the signal collected from the
sample is directed to a spectrometer (IsoPlane Spectrograph of Princeton Instruments) that
uses thermoelectrically cooled (=75 °C) and back illuminated deep depletion charge-
coupled device camera, whereas the remaining 10% of the signal is directed to the Olympus
UC30 camera attached to the GX51 microscope for monitoring the focus and inspecting
the sample. The comparison of Stokes and anti-Stokes Raman intensities was carried out
using our atomic force/near-field microscope that has been described elsewhere,% ®3put the

same spectrometer mentioned above is used for detection (see chapter 2 for detail).
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Figure 4.5 Schematic showing the experimental setup of the photochemical reaction under
the flow of different gases over the solid thin film of sample (MB adsorbed on gold
nanostructures).

The results on the PENDMB discussed so far are obtained at ambient conditions.
Mechanistic understanding of the reaction requires determining all the reactants by
controlling the atmospheric condition. To this end, we have performed the photochemical
reaction under reactive (in pure oxygen and air) and inert (in nitrogen) atmospheres.®®
To compare this, we have acquired and compiled the temporal evolutions of SERS data at

different atmospheric conditions as shown in Figure 4.6.
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Figure 4.6 Temporal evolution of the SERS signal of MB adsorbed on AuNRs and
illuminated with 0.4 mW of 633 nm CW laser (focused with 0.7 NA objective) in air (a, d),
oxygen (b, e), and nitrogen (c, f) atmospheres. The SERS spectra are acquired continuously
with 0.5 s acquisition time for over 200 s of continuous illumination, and the black, green,
red, and blue lines in (a)—(c) represent average spectra of at least 10 different spots on the
same sample at different exposure times, as labeled. (d) & (f) Integrated intensities of
representative vibrational bands plotted as a function of exposure time.

The data in Figure 4.6 (a,b) show similar results in ambient and oxygen atmosphere in that
new prominent peak at 479 cm™ and 804 cm™ appear and grow with time upon continuous
exposure of sample to the excitation source. In contrast, those collected in nitrogen
atmosphere, the intensities at the corresponding peak positions are within the background
level (see Figure 4.6¢) indicating the involvement of oxygen in the PEND reaction. We

have selected new (479 cm™) and original (1392 cm™ and 1435 cm™) representative
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vibrational bands and plotted integrated intensities of the band peaks as a function of time
(Figure 4.6(d-f)). We use 1392 cm™ as a reference in this analysis because it has
comparable signal intensity in both the reactant (MB) and the product (TH). Data in Figure
4.6(d, e), show that intensity of band corresponding to TH (the complete N-demethylation
product) increases with time and becomes higher than that of the 1392 cm™ band after
about 40 s in the reactive atmospheres. However, in the inert (nitrogen) atmosphere, the
relative intensity at the 479 cm™ band remains within the background level during the
continuous illumination of the sample (Figure 4.6f), This confirms that conversion of MB

to TH is negligible in the absence of oxygen.

For more detailed analysis of the photochemical transformation, we zoomed into spectral
region containing representative signal from reactant and product and compared the signal
intensity in specific time in a given experiment runtime i.e. first spectrum (0.5 s) with last
spectrum in the run (207 s). The rise in the intensity (concentration) of the thionine
correlates well with the decrease in the intensity (concentration) of methylene blue as a

function of exposure time in different atmospheres as reactant to product (Figure 4.7).

SERS vibrational mode at 1435 cm™ red shifts with increasing exposure time, and the shift
is accompanied by a relative intensity increase depending on the atmospheric condition.
This vibrational mode has been assigned to the in-plane NCH bending vibration of MB®®

and, therefore, should disappear upon complete N-demethylation.



89

(a) Air (c) Nitrogen
©
] J i
£
=
—
ie] i ]
=
©
©
= 50 E E
- L
e T T T T T T T T
= i
=) 1
2 207 s
~
=
5 05s
o
2
§= 207 s
g
E 0.5s
m 1
m T T . T s T T - T
450 470 490 450 470 490
Raman shift (cm™)
= 3 Oxygen Nitrogen
T..'@ 1T 7
S 2 | o |
© H
=
3 1
o
-_— 4 n I.

0 50 100 15 200 O 50 100 150 200
Exposure time time (s)

Figure 4.7 Top panels: Intensity map representing 400 spectra showing the decline of MB
reactant signal at 446 cm-1 and growth of thionine product signal at 479 cm-1 as a function
of exposure time in (a) air, (b) oxygen and (c) nitrogen atmospheres. Middle panels:
spectra showing the relative intensities of the 446 cm-1 (reactant) and 479 cm-1 (product)
peaks at the beginning (black line) and end (red line) of illumination for 207 seconds in
air, oxygen and nitrogen atmospheres. Bottom panels: product to reactant peak intensity
ratios in air, oxygen and nitrogen atmospheres.
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Hence, the frequency red shift and intensity rise with exposure time can be attributed to
partial N-demethylation products such as azure B, azure A, or azure C, which is consistent

with the reference spectra shown in Figure 4.2
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Figure 4.8 (a—c) Integrated and normalized relative intensities of representative
vibrational bands plotted as a function of exposure time in (a) air, (b) oxygen, and (c)
nitrogen atmospheres. (d—f) Vibrational frequency shift of the different bands as labeled
based on the initial peak frequencies. The peak vibrational frequencies are determined by
fitting a Gaussian function to the spectra. The integrated intensities and frequencies are
extracted from 1000 spectra each recorded with 0.1 s acquisition time within 120 s of
continuous exposure time using 0.2 mW of 632.8 nm CW laser that is focused with 0.7 NA
objective.

For more comprehensive analysis of the partial N-demethylation, we have closely analyzed
the integrated intensities and frequency shifts of the representative bands plotted in Figure
4.8. In air and oxygen atmospheres, the relative intensity of the 1435 cm™ band increases
with exposure time, whereas that of the other selected bands remains nearly constant in air
and decreases slightly in oxygen as shown in Figure 4.8(a, b). For peak, the intensity rise

is accompanied by significant frequency red shift depending on the atmospheric conditions
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(Figure 4.8(d-f)).Within 120 s exposure time, red shifts of about 5 and 3 cm™ are observed
in reactive and inert atmospheres, respectively. Again, based on the reference spectra
discussed in above, the frequency shift is attributed to partial N-demethylation of MB. The
shift in the nitrogen atmosphere indicates non-negligible reaction possibly due to the

presence of trace amounts of oxygen as adsorbate.

In nitrogen atmosphere, the relative intensities of all the bands decrease gradually with
exposure time. However, it is interesting to note that the intensity decline for the 1435 cm-
! band is the slowest, whereas the decline rates for 1392 and 1620 cm™ bands are reversed
in nitrogen atmosphere from that in air and oxygen. The reversal of the intensity trend for
the 1392 and 1620 cm™ is also observed in the frequency shift as we go from air/oxygen to
nitrogen. The 1620 cm™ vibration mode, which is due to stretching vibrations of the CC
and CN bonds of the fused aromatic ring,%® slightly blue shifts in air, remains nearly
constant in oxygen, and red shifts in nitrogen atmosphere. In addition, the 1392 cm™ mode
of the CN stretching vibration of the —N(CH3). functional groups coupled to that of CN
and CC of the fused aromatic ring®® red shifts in air and oxygen compared to slight blue
shift in nitrogen atmosphere. That is, in nitrogen atmosphere, the 1392 and 1620 cm™!
bands shift in opposite direction by about the same magnitude, albeit the shifts are very
small (see Figure 4.8). This trend is reproducible at low laser intensity in nitrogen
atmosphere (see appendix A 3 for a different sample), and it may be attributed to light-
induced surface—molecule interaction®® and stark effects.®” The effect disappears when the
incident laser power is increased possibly due to the overwhelming effect of the
photochemical N-demethylation. For the 1435 cm™ band, partial N-demethylation and

light-induced surface—molecule interaction may shift the peak position in the same
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direction. However, as mentioned earlier, based on the agreement between the peaks
position in the SERS and normal Raman spectra of solid powders and hence the frequency
shift due to light-induced surface-molecule interaction may not be significant. Therefore,
the substantial frequency shift observed for the band that initially peaks at 1435 cm™ can
be attributed to partial N-demethylation due to the presence of trace amount of adsorbed
oxygen molecules in the system. If there was strictly no demethylation reaction occurring,

the shifts for the bands that initially peak at 1392 and 1620 cm™ might be more significant.

The data in Figure 4.9 provide more evidences for the association of partial N-
demethylation process with the observed relative intensity and frequency shifts. In this
experiment, we have measured SERS of MB (N,N,N’,N’-tetramethylthionine) and AZB
(N,N,N” N’-trimethylthionine) in nitrogen atmosphere. As illustrated in Figure 4.9, the
peak at 1386 cm™ and 1426 cm™ of AZB appear to the red side of the corresponding
frequency of MB (1392 cm™ and 1435 cm™), which is in good agreement with the
frequency shifts observed (Figure 4.8) due to photochemical conversion of MB in in air

and oxygen.
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Figure 4.9 (a) SERS spectra of methylene blue (black line) and azure B (red line) recorded
at 0.4 mW of 633 nm CW laser and 0.5 s acquisition time in nitrogen atmosphere. The
spectra are recorded one after another at the same optical settings so that exactly the same
reference point is used in determining the Raman shifts for the two compounds. (b) Ratio
of the intensity at 1426 cm™ to the peak intensity at ~1392 cm™ (MB) or ~1386 cm™ (azure
B, azure A, and thionine).

4.5 Effect of spacer layer on photochemical N-demethylation
In an effort to develop the dependence of photochemical N-demethylation on the energy

of the excitation source we observed that the1424 cm™ to 1392 cm™ peak intensity ratio is
higher for MB adsorbed on gold spheres with citrate surface ligand than that on AuNRs
with CTAB surface ligand (see chapter 3). This observation suggests that the adsorption

on gold spheres favors partial N-demethylation as can be inferred based on the patterns in
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reference spectra above. To obtain further evidence, the SERS properties of MB adsorbed
directly on the on bare gold nanoisland (AuNI) prepared using electron-beam evaporation
(MB-Au) are compared with that obtained by adsorbing on similarly prepared gold
nanostructures coated with a monolayer of poly(sodium4-styrenesulfonate) (MB-PSS-Au)
as shown in Figure 4.10. For the MB-Au sample, two peaks at 1421 cm™ and 1435 cm?
are observed, and the relative intensity of the 1421 cm™ increases with exposure time.
Whereas for the MB-PSS-Au sample, the 1421 cm™ peak has shifted to ~1426 cm™, and
its relative intensity increases with exposure time. Based on the results presented in section
4.3.3 above, the 1426 cm™* peak position can be assigned to azure B or C, and the red shift
to 1421 cm™ for the MB-Au sample can be attributed to surface-molecule interaction

because of direct coupling to the gold surface.

As shown in Figure 4.10, the intensity ratio of the 1421 cm™ to 1392 cm™ peaks for the
MB-Au sample (open circles) is higher than the corresponding peak intensity ratio for the
MB-PSS-Au sample (solid circles). On the other hand, the intensity ratio of 479 cm™ to
446 cm peaks is higher for the MB-PSS-Au sample (solid triangles) than for the MB-Au
sample (open triangles), indicating that the conversion of MB to thionine is favored in the
presence of PSS. The observation of stronger thionine product signal in the presence of
PSS may indicate optimal surface-molecule proximity to minimize competing radiative
and nonradiative processes as predicted by Nitzan and Brus.3! In other words, it can be
argued that the trend observed in Figure 4.10 supports our proposed mechanism that
involves plasmon-pumped HOMO—-LUMO electronic transition. However, the PSS may

also influence the charge carrier separation and their lifetimes.
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Figure 4.10 (a) Representative spectra showing the relative intensities of the peaks labeled
pl—p4 at the beginning (black line) and end (red line) of illumination at 633 nm for 207 s
in the presence (upper two spectra) and absence (lower two spectra) of poly(sodium 4-
styrenesulfonate) (PSS) coating on e-beam evaporated gold nanostructures as labeled.
Each spectrum represents an average of at least 10 different spots on the same sample. (b)
Peak intensity ratios as a function of exposure time.

4.6 4.5 Effect of dehydration.
The results presented so far are for MB adsorbed on the colloidal gold nanorods and

evaporated gold nanostructures in aqueous solution, which could result in the adsorption

of hydrated MB in the dried sample. Adsorbed water maybe involved in the photochemical
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N-demethylation reaction. To obtain experimental evidence for the involvement of water
molecules in the reaction, the water molecules in the surface-molecule complex (water in
the inner coordination sphere) have been minimized by suspending both the molecule and

the gold nanorods in ethanol during the solution processes, and the results are summarized

in Figure 4.11.
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Figure 4.11 Temporal evolution of the SERS signal for dehydrated MB—AuNR complex.
The amount of adsorbed water is minimized by using ethanol solution of MB and AuNRs
during the sample preparation. Representative spectra acquired under the flow of (a) dry
02 gas and (b) O2/ H20 gas formed by passing the O, gas through a water bubbler (c, d)
relative peak intensities extracted from the spectra acquired under the flow of (c) dry O>
gas and (d) O2/H-0 gas.

We have compared the relative intensity of the bands at 479 cm™ and 804 cm, which is
obtained under a flow of oxygen over dehydrated surface-molecule with the corresponding
intensities obtained under the flow of oxygen over hydrated surface-molecule complex.
The data in Figure 4.11(a) & (b) show that the N-demethylation reaction is suppressed

significantly when the surface—molecule complex is dehydrated. We have repeated the
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experiment after introducing water molecules in the gas phase by expanding oxygen gas
through a water bubbler, and plotted representative spectra obtained under this condition
as shown in Figure 4.11b and the vibrational signatures of thionine remain very weak in
this case as well. The peak intensities plotted in Figure 4.11(c, d) show that the relative
intensity of the 479 cm™ band remains significantly lower than the intensity of the 1392
cm band throughout the exposure time. This trend is in contrast to that observed in Figure
4.6(d, e) where the relative intensity of the 479 cm™ band becomes larger than that of the
1392 cm! band after some time of exposure. In addition, the frequency shifts for the bands
in the 1360—1450 cm™ region are negligible as can be seen in the insets in Figure 4.11(a,
b), suggesting that partial N-demethylation is also suppressed in the absence of water. The
fact that vibrational signatures of N-demethylation remain weak even in the presence of
water molecules in the gas phase indicate that it is the hydrated form of MB that undergoes
N-demethylation reaction. In hydrated MB, water molecules are likely to be in the
proximity of the —N(CH3)2 functional group because of a favorable electrostatic
interaction and can be the source of hydrogen atoms that replace the methyl groups.

4.7 4.6 Mechanism of plasmon-pumped adsorbate excitation

SERS results discussed above showed that oxygen and water molecules are directly
involved in the mechanism of partial or complete N-demethylation of methylene blue. The
direct adsorption of MB on plasmonic metal nanostructure favor the formation of partial
N-demethylation products. These photochemical processes occur when the excitation
source is 632.8 nm laser and not when 532 nm and 808 nm lasers are used for excitation of
the plasmonic nanoparticles. Aqueous solution of MB has absorption maxima at 664 nm

and laser fairly overlap the electronic excitation of the molecule on resonantly excited
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metal nanoparticle. The observation of plasmon-enhanced N-demethylation under resonant
condition in the presence of oxygen molecule suggests the involvement the singlet oxygen

in the photochemical transformation process.

It is well-known that singlet oxygen (*O2) reacts with organic molecules, resulting in
oxidative transformation and degradation.®’- %8 Thermally or photon-induced generation of
singlet oxygen is used to initiate oxidative N-dealkylation reactions.®®,® Selective
biocatalytic oxidative N-demethylation reactions are known to play a crucial role in nucleic
acid regulation and synthesis.”*"* More recently, highly selective biomimetic riboflavin-
catalyzed oxidative demethylation of N-methyl adenine and related compounds using blue
light has been reported by Xie and coauthors.” Photoexcited adsorbed molecular oxygen
via hot electron transfer is proposed to initiate the oxidation of dyes and simple organic
molecules such as formaldehyde, ethylene, and methanol under ambient conditions.”® In
this mechanism, hot electrons are injected into the antibonding molecular orbital of
adsorbed O> to form electronically excited adsorbed O2". The superoxide relaxes quickly
to the ground electronic but vibrationally excited state of neutral Oz by releasing electrons
back into the metal. The activated neutral oxygen undergoes fast reaction to yield selective
oxidation of organic molecules that are very close to the surface of the metal nanoparticles.
Alternatively, adsorbed O captures hot electron to form very reactive anionic oxygen that
readily extracts protons from the organic molecules or water to generate more reactive free

radical species to initiate the oxidation reaction.%® 7
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Figure 4.12 Schematic showing possible photophysical processes for MB on gold
nanoparticles when the excitation energy is in resonance with the particle plasmon
resonance and MB adsorbate electronic transition. The plasmon near field of the particle
pumps the So — S1 electronic transition of the MB adsorbate (blue lines). S; to T:
intersystem crossing (purple arrow) can populate the MB T; state, from which energy
transfer (green arrows) can promote oxygen from its triplet ground state (302) to singlet
excited state (*O,). The black arrows indicate energy transfer to the metal surface, and red
arrows indicate hot electron transfer to the unoccupied adsorbate states.

Recent experimental observations indicate that plasmonic nanoparticles enhance the
efficiency of photosensitizers to generate singlet oxygen. "8 Considering that MB is a
well-known photosensitizer,”® the photochemical N-demethylation is likely to involve
singlet oxygen. In fact, it has been shown that singlet oxygen drives N-demethylation of

different organic molecules. 3 5455 8
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Scheme 2 Proposed Reaction Pathway of PEND-MB
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The interaction of MB with visible light can induce electronic transition from the singlet
ground state (So) to the singlet excited state (S1) that can be followed by intersystem
crossing to the excited triplet state (T1) as illustrated in Figure 4.12. The energy transfer
from MB (T1) to oxygen in its triplet ground state (302) can generate the reactive singlet
oxygen (*O). That is, the plasmon field drives the photochemical N-demethylation by
pumping the So — Si electronic excitation of the MB adsorbate that leads to enhanced

generation of 10,.

Singlet oxygen can interact with MB to form a charge-transfer complex (exciplex).8% 8
Similar to the solution-phase mechanism,> H-atom transfer within the complex can lead
to formation of a radical species, which in the presence of water results in N-demethylation
as shown in Scheme 2,% in which only one of the methyl groups is shown for brevity,
where Z* represents the rest of the cationic structural constituents of MB including the
fused ring system and the two methyl groups attached to the N-atom on the other end of

the molecule.
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The discussion so far, particularly the dependence on excitation wavelength (see chapter
3), strongly supports that photochemical conversion of MB to thionine on gold
nanoparticles is initiated by plasmon-pumped electronic excitation of the adsorbate.
However, based on these observations, we cannot rule out the involvement of hot electron
transfer in the reaction. Signatures of light-induced surface molecule interaction and partial
charge transfer processes can be revealed by analyzing the frequencies of the vibrational
modes that may be sensitive to charge redistribution in the surface-molecule complex. In
the oxygen atmosphere, the frequency shift due to surface-molecule interaction and charge
transfer can be overwhelmed by chemical transformation. However, the charging effect

can be discovered in N2 atmosphere, in which the photochemical reaction is suppressed.

In N2 atmosphere, the 1392 cm™ and 1620 cm™* vibration modes shift in opposite direction,
indicating the importance of light-induced surface-molecule interaction and charge-
transfer effects. The surface-molecule interaction may cause delocalization of the -
electron density of the fused aromatic ring. This charge delocalization can strengthen the
1392 cm vibration mode, which is due to the stretching vibration of the C—N attached to
the methyl groups coupled to the stretching vibration of the fused aromatic ring. In contrast,
the 1620 cm™ ring vibration mode can be slightly weakened as the electron density is spread

more over the entire aromatic system.®3

We note that the blue shifting of the 1392 cm™ vibration frequency in inert atmosphere
(Figure 4.8f) is in contrast to the red shifting in the reactive atmospheres (Figure 4.8(d
and e)), which suggests that the charge transfer and the N-demethylation reaction shift the
vibration frequency in opposite direction. On the other hand, from the shifting of the

vibrational frequency that initially appears at 1435 cm, it is clear that the photochemical
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N-demethylation is not completely absent. These observations suggest that if the
photochemical transformation could be suppressed completely, the shifts induced by the
surface-molecule interaction and charge transfer for the bands that initially peak at 1392
and 1620 cm™ might be more significant than observed in this study. More comprehensive
understanding into the charge transfer effect may be obtained by performing the SERS
experiment at excitation wavelengths that do not induce photochemical transformation (see
chapter 3). In fact, hot electron transfer to the unoccupied orbital of MB adsorbed on silver
nanocubes has been proposed based on the unusually large anti-Stokes to Stokes Raman
intensity ratio at 785 nm excitation wavelength at which no N-demethylation has been

observed.*8 49

Charge transfer to MB adsorbate and local heating due to dissipation of energy from the
resonant excitation of the molecule and particle resonances may assist the photochemical
reactions by activating the surface—molecule complex to readily undergo chemical
transformation. In addition, the hot electron can assist the reaction by activating molecular
oxygen.? 41 8 The formation of singlet oxygen and hot electron transfer can take place in
concert. Considering the involvement of water in the reaction, it may be appropriate to
think in terms of solvated hot electron, where a metastable [MB(O2)x.(H20)n]" cluster anion
is adsorbed on the gold surface. This charge transfer process can modify the mechanism in
Scheme 2 according to the pathways proposed for photochemical N-demethylation of
rufloxacin.® It is also important to note that the photochemical transformation of MB to
thionine involves multistep reactions to replace four methyl groups with hydrogen.
Calculated adsorption geometries of MB and its N-demethylated derivatives on Au(111)

show that the molecules orient parallel to the surface with the separation between the center
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of mass of the molecules and the surface decreasing from 3.31 A (MB) to 3.24 A (thionine)

upon N-demethylation.>2

ﬂ- ; "-l u
MB Y
G AzB
Eg _ED_ 1!‘, .‘ -
i SR
Y 40 AZC L
1I.
1
r
-60+ Thionine |
0 1 2 3 4
# CH, group replaced by H

Figure 4.13 Relative adsorption energy per gram for methylene blue (MB), azure B (AZB),

azure A (AZA), azure C (AZC), and thionine based on the theoretical results in ref 52.

In addition, the calculated adsorption energies indicate that N-demethylation of MB

adsorbate is thermodynamically feasible. That is, every replacement of CHz group with H

atom results in more favorable surface-molecule interaction, leading to a cascade of

photochemical reactions until all of the methyl groups are replaced by hydrogen atoms, as

depicted in Figure 4.13, which is based on the results of the theoretical calculations of

Zhou et al.>? Therefore, confirming whether the excited-state processes are important at

each step requires future systematic experimental studies.

4.8 Conclusion

The mechanisms of a plasmon-enhanced photochemical reaction, N-demethylation of

methylene blue, are investigated under different atmospheric and adsorption conditions
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using SERS as operando spectroscopy. We found that in the presence of oxygen in the
atmosphere and water molecules as adsorbates, MB undergoes photochemical N-
demethylation to produce thionine and other intermediate species that have distinct
vibrational signatures. The mechanism of the reaction appears to involve singlet oxygen
generated via energy transfer from MB excited state to oxygen molecule. The localized
plasmon field enhances the generation of singlet oxygen by pumping the electronic
transition of methylene blue. Singlet oxygen can react with MB to form an exciplex that
can transform MB to thionine and partial N-demethylation products in the presence of
water. Unlike random degradation of organic molecules on traditional semiconductor
catalysts, the photochemical reaction observed in this work is selective to N-demethylation
of MB indicating that electronic excitations of adsorbates pumped by localized surface

plasmon field can lead to selective reaction pathways.
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Chapter Five

5 Extracting transition band of adsorbate from molecule-plasmon
coupling

5.1 Abstract

The coupling between molecular electronic and plasmon excitations can result in various
intriguing outcomes depending on how strongly the excitations couple to compete with
their respective decay rates. In the strong coupling regime, the excited states can hybridize
resulting in spectral splitting, while modification of absorption and spontaneous emission
rates is expected in the weak coupling regime. Here, we show that molecule-plasmon weak
excitation coupling can be used for determining the electronic absorption band of resonant
adsorbates with sensitivity down to sub-monolayer surface coverage. By comparing the
absorbance of gold nanoisland (AuNI) with and without adsorbate of resonant molecules
(methylene blue (MB) and thionine (TH)), induced transparency is observed at the
absorption band of the adsorbates. Apart from significant spectral broadening and red
shifting of peak wavelength, the inverted transparency spectrum has surprising similarity
to the absorption spectrum of the corresponding dye in solution. Interestingly, the
adsorption isotherm determined based on the integral area under the inverted transparency
spectra is linearly correlated to the corresponding isotherm determined based on adsorbate
induced plasmon resonance red shift. The results presented in this work demonstrate a
simple, sensitive and reliable approach for determining adsorbate absorption spectrum

from molecule-plasmon excitation coupling.
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5.2 Introduction

Characteristic optical properties of a hybrid material can obtained be obtained with
efficient coupling of light induced molecular dipoles with different surface plasmon modes
19 that can be exploited for applications in optical®®, chemical, and biological sensors as
well as photonic-device.'* 12 It has been reported more than two decades ago, an energy
gap for the surface plasmon polaritons (SPP) propagating in metallic grating can modify
the emission properties of a dye adsorbed on the surface of the metal grating.™> * The
excited dye molecules on metallic grating can relax non-radiatively by generating surface
plasmons.’® Non-intuitive transmission properties have been observed when an array of
periodic and disordered group of nanoholes in a gold or silver metal film is coated with
physiosorbed dense layer of strongly absorbing dye. This is the occurrence of strong
transmission peak at a wavelength at which the dye molecule absorbs strongly, a
phenomenon called absorption-Induced transparency (AIT). J. Dintinger et al. and S. M.
Williams et al. were demonstrated that a molecular monolayer coverage on an array of
holes is sufficient to induce strong enhancement in electronic'® and vibrational’ absorption

spectra of adsorbates.

On the other hand, metal nanoparticles are capable of enhancing the absorption coefficient
of dyes adsorbed on their surfaces and contribute in a wide area of applications.® Strong
coupling between the dye and metal particle depends on the degree of spectral overlap of
the dye absorption and surface plasmon resonance (SPR) of the particles.'® ?° However,
most studies to date are devoted to strong dye-plasmon coupling interaction that can be
maximized by increasing the molecular layer, usually high surface coverage or

aggregates.?">” There is only one report that claims the observation of strong coupling for
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less than ten methylene blue (MB) molecules at room temperature.?® In this experiment,
spectral splitting has been observed only when the molecules of MB are aligned vertically
along the electric field in particle-film plasmonic system that provides extremely small
cavity volume. No spectral splitting has been observed when the MB molecules adsorb to

the gold surface randomly.

For aggregates of dye adsorbed on metal particles, the observed optical properties are an
average effect of dye-dye and dye-plasmon interactions and the effect of isolate molecule
on the optical properties of the hybrid system is difficult to distinguish. To solve this
problem, Brendan et al?® used very dilute solution (10 nM) of common chromophores such
as Rhodamine 700, Rhodamine 6G, Nile blue, and Crystal Violet to determine the surface
absorbance of an isolated molecule at negligible dye-dye and dye-plasmon resonance
interactions. However, their investigations were mainly in the context of spectral changes
associated with the adsorption of an isolated molecule on the surface of metal nanoparticles
with the absorption band detuned by ~200 nm from the SPR of the nanoparticles. Similarly,
the optical responses of nanoparticle-dye interaction at very low concentration of
Rhodamine 6G molecule have be thoroughly investigated by tuning the plasmon resonance
of silver nanosphere lithography with respect to the dye resonance.®. But this may method

lacks surface specificity due to interferences from non-adsorbate molecules in a solution.

The strong and weak coupling regimes may be quantified in terms of the coupling constant

(B), which is based on atom-field interaction that is estimated as®!

K | hwg
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where # is the reduced Planck’s constant, &, the vacuum permittivity constant, w,
transition frequency of the molecule, u the dipole matrix element and V' the effective cavity
volume. For realizing the strong coupling regime, 8 must be large enough to overcome the

cavity loss rate as well as dye scattering rate that is proportional to temperature.

In general, for [1-conjugated molecules like MB, the molecules orient parallel to the surface
resulting in weak coupling with the surface plasmon. In this case, the interaction may be
explained based on dipole-surface interaction that may result in plasmon coupled photon
emission and quenching depending on the competition among different channels. For
molecules, directly adsorbed on metal surface, direct emission by the molecule is unlikely
as the energy transfer to the surface dominates.®> However, important insight into the
molecule-plasmon excitation coupling can be obtained through careful analysis of the
plasmon resonance spectral properties. This analysis may allow determining adsorbate

properties that otherwise are difficult or impossible to quantify.

In this study, we show that molecule-plasmon excitation coupling can be used for
determining the electronic absorption band of adsorbates on metal surfaces. The electronic
transition energy of adsorbates is critical for understanding surface chemical, electronic
and optical properties. For example, determining the spectral overlap between excitation
wavelength with the molecular electronic and particle plasmon resonances should be the
first step in explaining the mechanisms of surface-enhanced fluorescence,® 3 surface-

enhanced Raman scattering,®-" and plasmon driven photochemistry.38-4!

The hypothesis of determining adsorbate absorption band from molecule-plasmon

excitation coupling is tested by comparing the absorption band of plasmonic gold
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nanoisland (AuNI) before and after adsorption of MB and TH molecules that have well
known electronic absorption band in the visible spectral region. The results indicate
reduced absorbance (increased transmission) of the plasmon resonance in the spectral
regions that overlap with the respective absorption band of the adsorbates. The absorption
band of the adsorbate is extracted from the absorption spectrum of the plasmon resonance
through systematic experimental and data analysis procedures.

5.3 Result and Discussion

The schematic in Figure 5.1a shows the principle of the experiment for extracting the
perturbation §(M) on the optical transmission of the plasmonic system induced by the
coupling of the molecular electronic excitation. The molecules represented by the green
dots are adsorbed on the gold nanostructures (Figure 5.1b) that are supported on quartz
glass. The incident light with intensity lo excites both the electronic transition of the
molecule (M — M* transition) as well as the plasmon resonance of the gold nanostructures
(AuNIs). The plasmon near-field concentrated around the AuNIs (Figure 5.1c) enhances
the rate of the molecular excitation, and the excitation energy of the molecule couples back
to the surface plasmon, modifying the intensity of the transmitted light. Modification in the
intensity of the transmitted light can be denoted by I(4) + 6(M), where I(4) is the
intensity of the transmitted light assuming that the effect of the adsorbate is limited to
wavelength (1) shift of the plasmon resonance. Considering §(M) is relevant only for
resonant molecules, the absorbance of non-resonant adsorbate (A,) can be expressed using

the Beer-Lambert law as
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Figure 5.1 Schematic that shows the principle of the experiment. (b) Scanning electron
microscope image of the gold nanoislands formed by electron-beam evaporation of gold
on glass. (c) Calculated near-field distribution at [1 = 680 nm.

Similarly, for resonant adsorbate that can induce similar plasmon resonance wavelength

shift as the non-resonant one, the absorbance Ax can be written as

Ap = —log <w> Eq3

The change in the absorbance (AA) due to molecule-plasmon excitation coupling for a

resonant adsorbate can then be calculated using the non-resonant adsorbate as a reference.
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AA = Ag — Ay = log(l +%) Eq 4
In Eq 4, §(M) < 0 implies reduced absorbance (AA < 0) due to the coupling of the
molecular excitation energy to the surface plasmon mode that results in enhanced
transmission at the absorption wavelength of the adsorbate. It is important to note that
6 (M) is extremely small compared to the extinction cross-section of the plasmonic metal
nanostructures. Consequently, determining the absorption band of the adsorbate based on
Eq 4 requires measuring the plasmon resonance of the same metal nanostructures before
and after adsorption of the analyte molecule. The principle described above is implemented
by depositing the gold nanoislands on one of the outer surfaces of quartz cuvettes so that
the rigid mount of the absorption spectrophotometer (see method in chapter 2 for sample
fabrication, preparation and measurement details) is used to probe exactly the same
plasmonic surfaces before and after adsorption of the analyte molecules. In Figure 5.2a,
the absorption spectra of the bare gold nanoislands (AuNI-1 and AuNI-2) of ~4.8 nm
thickness determined from atomic force microscope image displayed in Figure 5.3 are
shown by the dotted black and red lines. The absorption spectra of the same AuNIs after
adsorption of resonant MB and non-resonant 6-mercaptohexanoic acid (MHA) are shown
by the solid black and red lines, respectively. The adsorption of both MB and MHA has
resulted in significant and comparable red shifting of the respective plasmon resonances.
More importantly, the adsorption of MB has induced an elbowing effect (small quenching

dip) as can be seen comparing the solid red line (Ag) to the solid black line (4y) (Figure

5.2a).
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Figure 5.2 Experimental procedure for determining adsorbate induced transparency. (a)
The dotted black (AuNI-1) and red lines (AuNI-2) are absorption spectra of two different
bare plasmonic AuNIs. The solid lines (Ay) and (Ar) show the absorption spectra after
the non-resonant MHA and resonant MB molecules are adsorbed on the AuNI-1 and AuNI-
2, respectively. (b) Difference spectrum obtained by subtracting Ay from Ag. (c) The
inverted difference spectrum (blue line) compared to the absorption spectrum of MB in
water (black line).

The elbowing effect is attributed to enhanced transmission due to the coupling of the MB
excitation energy to the plasmon resonance that results in the observation of reduced

absorbance. The magnitude and shape of the absorbance reduction is obtained by
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subtracting Ay from Ay (according to Eq 4) after normalizing the two curves such that they

have the same minima and maxima, and the result (AA) is plotted in Figure 5.2b.

Figure 5.3 Representative AFM image of the AuNI

Clearly, a window of transparency that appears to match the absorption band of the MB
adsorbate is observed. The inverted spectrum (—AA) has reasonable similarity to the
absorption spectrum of MB in water as shown in Figure 5.2c. With respect to the solution
phase absorption band, the inverted spectrum is broad and is shifted to the red by about 24
nm, which is in agreement with the results obtained using integrating sphere absorption
spectroscopy of Rhodamine 700 adsorbed on silver nanoparticles.*? We note that enhanced
transmission at the absorption band of over 30 nm thick cyanine J-aggregates has been
observed when the aggregates are supported on arrays of 200 nm thick gold and silver
nanoholes (100 nm diameter),*> #* while our observation is for sub-monolayer of

adsorbates as demonstrated next.

In all our experiments, the adsorption of the analyte molecules is carried out by immersing
the AuNIs in solutions of 100 — 220 [1M concentration for 1 — 2 hours. Next, we confirm
that these solution processes produce sub-monolayer to monolayer surface coverage. For
correlating the surface concentration to the induced transparency, the absorption

measurement has been repeated on AuNIs after increasing the adsorption times
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successively for a duration of 1 minute. The results presented in Figure 5.4a shows that as
the adsorption time increases, the plasmonic absorbance at the absorption wavelength of
the MB adsorbate decreases continuously. The effect of the adsorption time is more
apparent in the difference spectra plotted in Figure 5.4b. Signature of the adsorbate
absorption band that results from molecule-plasmon excitation coupling is observed at
short adsorption time (one minute). The magnitude of the AA increases with increasing

time as the number of MB adsorbates per unit area increases.
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Figure 5.4 Spectral evolution depending on adsorption time. (a) The absorption spectra of
the same AuNIs as the adsorption time of MB is increased from 0 (black line, bare gold) to
60 minutes (pink line). (b) Difference spectra obtained by subtracting the spectrum of
AuNI-MHA from the AuNI-MB spectra at different adsorption time. The numbers next to
each plot are the adsorption time in minutes. (c, d) Same as (a, b) for thionine as adsorbate.

Interestingly, the shoulder peak that is observed in the solution phase absorption spectrum

MB (see Figure 5.2c) appears to be reproduced in the series of spectra in Figure 5.4b. To
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obtain insight into the adsorption properties depending on molecular structures, the results
obtained for MB adsorbate (Figure 5.4a-b) are compared to that of thionine (Figure 5.4c-
d). The peak position in the difference surface absorption spectra for thionine (Figure
5.4d) has shifted to the red by about 57 nm with respect to the absorption band of thionine
in water that peak at 599 nm (see chapter 2), compared to the 24 nm red shift for MB. This
large wavelength shift for thionine is accompanied by drastic linewidth broadening. The
more pronounced wavelength shift and broadening for TH than for MB is attributed to the
more favorable dye-surface interaction due to the absence of the four methyl groups at the
N-terminal of MB (chapter 2). Replacing bulkier methyl groups with hydrogen atoms
upon converting MB to TH increases the interaction of the molecule through the amine

functional groups as the adsorption geometry reported by Guo et al suggests.*

The absorbance changes observed as a function of substrate incubation time in the solutions
are analyzed using the Langmuir adsorption isotherm based on the integral area under the
curves in Figure 5.4b and d by defining a parameter as

. AAi,t
Ay

n Eq 5

where AA; , and AA; ,,, respectively, are integral (i) areas at any time (t) and infinite time
when monolayer (m) surface coverage is assumed. As shown in panel (a) and (b) in Figure
5.5 for MB and TH, n increases with time first rapidly and then saturates exhibiting
characteristics of a Langmuir adsorption isotherm for monolayer surface coverage. The rise
time constants are estimated as 3 — 9 minutes for both MB and thionine adsorption on the
gold nanostructures by fitting an exponential function. We note that the adsorption

isotherms determined from the induced absorption changes compares favorably with the
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time dependence of the plasmon resonance wavelength shift presented in Figure 5.5¢ and
d for MB and TH, respectively. However, it is important to note that the plasmon

wavelength shift (A4) increases much faster than n initially.
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Figure 5.5 (a, b) Adsorption isotherms determined from plasmonic absorbance intensity
changes induced by MB (a) and TH (b). (c, d) Adsorption isotherms determined from
plasmon resonance wavelength shifts induced by MB (c) and TH (d). (e, f) Correlation
between normalized intensity changes and plasmon resonance wavelength shift for MB (e)
and TH (f) The numbers in (e) indicate the concentration in [JM of MB water, in which
nominally the same AuNIs are immersed.
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Fitting a bi-exponential function (A1 = AA,, — ae~t/™ — be~ /T2 where AA,, is the
plasmon resonance wavelength shift at infinite adsorption time that may result in
monolayer surface coverage) to the data produces AA,,, = 69 nm, 1, = 0.74 minand t, =
17 min for MB and AA,,, = 122 nm, t; = 0.76 min and t, = 16 min for thionine. While
the time constants for MB and thionine adsorbates are comparable, AA,,, varies from sample
to sample significantly, ranging from 69 nm to 113 nm for MB on five different AuNIs.
On the other hand, for most fabricated gold nanoislands, adsorption of TH shifts the
resonance wavelength outside the detection window of our spectrometer as shown in
Figure 5.4c. It is interesting to note that the larger plasmon resonance shift for TH
corresponds to the more pronounced molecular resonance shift as mentioned earlier in

comparing the results in panel b and d of Figure 5.4.

The plots presented in panels e and f of Figure 5.5 indicate a linear correlation between n
and AA except at the transition from the bare AuNIs to the shortest adsorption time (one
minute). This deviation can be attributed to lack of clear background reference for
extracting the adsorbate induced change in the plasmonic absorbance, while the plasmon
resonance shift can be monitored accurately and unambiguously. A more accurate
procedure for extracting n accurately is particularly important at very short incubation time

that results in low number density of adsorbates.

So far, the reduction of the plasmonic absorbance intensity at the absorption band of the
adsorbates has been discussed in terms of the electronic excitation energy coupling to the
surface plasmon modes. Alternatively, the observation may be explained in terms of
chemical interface plasmon damping (CIPD) in which the surface plasmon field is used up

for pumping the electronic excitation of the molecular adsorbates. Since the adsorbates are
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directly adsorbed on the metal surface, vibrational relation in the excited electronic state
may be unlikely to compete with the excitation coupling to the plasmon mode. This
explains the similarity of the AA spectral shape (see Figure 5.4b) to the absorption band of
MB in solution as opposed to the fluorescence band, which appears as the mirror image of
the former. In this regard, the CIPD effect can result in the same experimental observation
except that the terminology is appropriate only to account for the dephasing of plasmon
resonances. We note that CIDP effect has been studied extensively based on homogeneous
linewidth broadening of single particle scattering spectra.*>*® However, it is practically
impossible to read out signatures of absorption bands of adsorbates based on the CID effect
on single particle spectra, which are relatively narrow and shifts significantly upon
adsorption. The broad plasmon resonance of the evaporated gold nanoislands is
advantageous to observe the electronic transition bands of adsorbates in analogy to infrared

vibrational absorption spectroscopy.

5.4 Conclusion

In this study, we established a method of sub-monolayer sensitivity to measure surface
absorbance of methylene blue and thionine dyes on gold nanoparticles via coupling of
adsorbate excitation and localized surface plasmon resonance of well-defined nanoisland
structure in thin gold film. The magnitude of spectral red shift and line shape broadening
of electronic absorption band of physisorbed molecules depend on the degree of molecule-
surface interaction and their preferential orientation on the surface. Parallel trend is
determined in adsorption Kkinetics of the dye molecules which is analyzed from the area
under surface absorption curve as function of time. Linear correlation is observed between

the adsorption isotherm and adsorption induced shifts in peak wavelength of the localized
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surface plasmon resonance of gold nanostructure. The method is simple and requires
conventional UV-visible spectrometer and it is surface specific process offering useful
insights in the interpretation of ultrasensitive spectroscopic signature and enhanced surface

photochemistry of molecular species.
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6 Future work

6.1 Plasmon Assisted photobiology of phenothiazinium dyes

Methylene blue and its N-demethylation analogous are among the most prominent
compound, are perhaps the best-known photosensitizers used in photodynamic inactivation
of bacteria and viruses!® as well as photodynamic therapy in cancer treatment.*®
According to photophysical and photochemical investigations, plasmon assisted
characteristics of phenothiazinium dyes are very important for application in
photobiology.” The physisorption of these cationic dyes on gold nanorods (AuNR)
facilitates uptake pathways in the internalization process of dye-particle system into a
biological target.® Notably, the dye-AuNR system has higher tendency to be localize and
bind selectively to a target organelle (e.g. mitochondria).®*! This is very crucial as free
dyes are usually distribute in several cell components and organelles and limits fraction of
dyes bound to the target. More importantly, the optical density of these dyes are highly
amplified by resonance excitation of the gold nanorods and enables the photosensitizer to
generate high quantum yield of singlet oxygen at a lower dose. Both gold nanorods and the
phenothiazinium dyes absorb photons in the therapeutic window (600-950 nm) and the
coupled systems undergo very efficient intersystem crossing, a highly desirable property

for photodynamic therapy (PDT) that selectively enhance singlet oxygen generation.

Hence, plasmon-enhanced electronic excitation of organic adsorbates can be readily

extended to research in photobiology and optimize methods for medical application.
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6.2 Correlation of near-field distribution and Raman scattering

Tip-based near-field optical microscopy can map near-field distribution (Figure 6.1)>4
and Raman scattering™®*® in real space with high spatial resolution. These super-resolution
capabilities can be combined to correlate plasmon-field localization with reactivity because
with continual improvements of the tip-based microscopy it may be possible to resolve the
distribution of the reactant and product species adsorbed on individual plasmonic
nanoparticles. For example, a recent report by Apkarian and co-workers demonstrates the
possibility of imaging electrostatic fields with sub-molecular spatial resolution using tip-
enhanced Raman scattering for imaging charge density distribution on single
metalloporphyrins adsorbed on Au(111).*®

Opticalamplitude

) AFM cantilever
Scattering

. | 300
Opticalphase

Figure 6.1 Experimental setup and near-field optical amplitude and optical phase images
of gold nanorods randomly dispersed on oxide-coated silicon wafer. Adapted with
permission from reference * Copyright (2014) American Chemical Society.
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6.3 Exciton-Induced excitation of higher order plasmonic mode

Because of diffraction limited resolving capacity, mechanistic study of interparticle
interaction of nanoscale materials applicable in emerging technologies such as sensing, %
catalysis,?* and energy conversion?? is difficult by using conventional optical microscopy.
Developing a novel high resolution near-field optical microscopic imaging method is
crucial to study the fundamentals of the interaction between metamaterials such as

semiconductor quantum dot (QD) and plasmonic metal nanoparticles.

To this end, we developed a method to control and understand the behavior of self-
assembled quantum dots that will be coupled with plasmonic metal nanoparticle. The
schematic of the model system for future study is depicted in Figure 6.2. Preliminary
studies of the behavior of QD at different interfaces before placing mono-dispersed
plasmonic metal nanoparticle for coupling study have be performed and the results are

presented in Figure 6.3-Figure 6.6.

P Excitonic
; Scattered light K Plasmonic
b detection 3 gt ——
e /
Plasmonic (e. g. AuNR) ka kr knr
Coupling I I I spacer
Excitonic (e.g. QDs)
v
‘ Substrate Ground electronic state

Excitation light

Figure 6.2 schematic show method for probing plasmon-exciton interaction
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The self-assembly of close-packed QDs and optically transparent spacing material films
were prepared by layer-by-layer assembly using Langmuir-Blodgett (LB) technique. The
thickness of LB film was characterized by AFM (Figure 6.3a) and their photoluminescence
spectra of two QDs, yellow emitting (QD450 nm) and red emitting (QD645 nm) is shown

in Figure 6.3c.
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Figure 6.3 AFM image of Langmuir Blodgett (LB) monolayer films of CdSeS/ZnS-645,
QD645 (orange) on top of monolayer of CdSeS/ZnS-450, QD450 (red). The substrate
(black) is an oxide coated silicon wafer. (b) AFM film thickness profile measured along
white dashed line. (c) Photoluminescence spectra of QD450 and QD645. The average size
of QD450 and QD645 are 9.1 and 12.6 nm respectively
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A close-packed monolayer of Oleic acid on the surface of the dots maintains ~1.1 nm
spacing between the QDs. The optical phenomena due to the close-packed of arrays of
ternary QDs of different size and composition were studied by the continuous illumination
(I = 55 kw/cm?) of monolayer film with 532 nm laser. The change in optical properties,
i.e. peak intensity, peak wavelength, and full width at half maximum (FWHM) have been
determined for spectra acquired at different time interval for a period of 1.40 hrs. It has
been observed (see Figure 6.4a,c) that for a double layer of QD645-QD450 system the
peak position and peak intensity undergone dramatic decrease with time upon a continuous
illumination of the sample with 532 nm excitation wavelength. Whereas the peak PL
position and peak intensity for a system of QD645 on oxide coated silicon and a binary QD
(CdSe/zZnS (QD 630)) were observed to show no change upon exposure to the laser for the
same duration. We fit the abrupt decline in the peak position as a function of time to the
exponential decay with time constant t1 and 12 equals to ~8.40 min. and 1 %2 hrs,,
respectively. Figure 6.4b shows the change in the change in full width at half maxima
(FWHM) undergo drastic exponentially increase for the QD645-QD450 system, whereas
the corresponding values remain constant for the QD645 on glass and QD630-QD450
system. These show a particular type of interaction is happening between the monolayers

of these ternary QDs.

The major difference between the QD450 (yellow emitting) and QD645 (red emitting)
ternary QDs is that Se/S mole ratio in the core of the red QD is greater than that of yellow.
This situation causes anisotropic strain within the core and at the core/shell interface in

each monolayer. If the system under this constraint is photo-excited on the red absorption
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edge of the QD450, the applied optical field may induce strain that will result in the

modulation of the optical properties of the system.
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Figure 6.4 Photoluminescence (PL) peak position shift (a), FWHM shift (b), and
normalized peak intensity (c) as a function of time at excitation wavelength of 532 nm for
a system of QD645 on QD450 (blue dot); QD645 on glass (black diamond); QD630 on
QD450 (green triangle).

Figure 6.5 summarizes results of the excitation of the film from the blue absorption edge

of the yellow (QD450). Electronic energy transfer from the slightly smaller QD450
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(yellow) to the larger QD645(red) cause rapid quenching of the PL of yellow dot while that
of red dot is significantly enhanced as a result of strong inter dot coupling. The exponential
red-shift of PL peak position of QD450 with time while that of QD645 is blue shifting may

be attributed to electronic energy transfer coupling
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Figure 6.5 Photoluminescence (PL) peak position shift (a), FWHM shift (b), and
normalized peak intensity (c) as a function of time at excitation wavelength of 405 nm for
a system of QD645 on QD450. Blue dot is for QD645 spectrum and black diamond is for
QD450
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The data in Figure 6.6 show the variation of the QD645-QD450 model system at different
intensities of a laser source. The trends in emission peak, fwhm, and normalized intensities
with time at various intensities of light source follow a linear increase in the energy gap
with time for low intensity laser. The non-linearity in the band-gap energy with increasing

laser power indicates the presence of nonlinear effect at higher intensities.
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1 Appendix A
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A 1 Vibrational frequency shift as a function of exposure time. Top panels: the first (black
line) and the last (red line) spectra out of 400 spectra recorded sequentially during the
continuous illumination of the MB-AuNR sample for ~207 seconds in (a) air, (b) oxygen
and (c) nitrogen atmospheres. Bottom panels: the vibration frequency peak values plotted
as a function of exposure time. The peak values are extracted by fitting Gaussian functions
to the spectra. Each spectrum is acquired with 0.5 s acquisition time at 633 nm excitation
wavelength and 0.4 mW incident laser power.
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A 2 The initial relative intensity of the 1435 cm-1 band as a function of exposure time at
0.4 mW incident laser power and 0.5 s acquisition times.
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A 3 Frequency shift of the 1392 cm-1 and 1620 cm-1 vibration bands as a function of
exposure time in nitrogen atmosphere at different incident laser powers as labeled for a
different sample from that used to obtain the data in Figure 3. In each case, the peak values
are extracted from 1000 spectra recorded within 120 s continuous exposure time using 0.1
s acquisition time for each spectrum.
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A 5 Representative atomic force microscope topographic images of the gold nanorod
aggregates.
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A 6 AFM topography of AUNRs on gold film. (b) AFM image showing the AuNR within the
square. (c) Dark-field image of AuNRs on gold film for the same sample as in (a) but not
necessarily the same location.



147

h
g O | mode | spot |
T 213 pA [ 15.0 kV 5x| SE |55 10.2mm

A7 Self-assembled gold nanorods used as a SERS substrate
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