U' Universiteit
Antwerpen
Faculty of Science

Department of Bioscience Engineering

Photoactive Nanostructures: from Single
Plasmonic Nanoparticles to Self-assembled Films

Dissertation submitted to obtain the doctorate in Bioscience
Engineering at the University of Antwerp to be defended by

Rituraj Borah

Promoters:
Prof. Dr. Ir. Sammy Verbruggen, Dept. of Bioscience Engineering, UAntwerp
Prof. Dr. Silvia Lenaerts, Dept. of Bioscience Engineering, UAntwerp

Members of the jury:

Prof. Dr. Sara Bals (President), Dept. of Physics, UAntwerp

Prof. Dr. Ir. Rob Ameloot, cMACS, KU Leuven

Prof. Dr. Dirk Lamoen, Dept. of Physics, UAntwerp

Prof. Dr. Ir. Siegfried Denys, Dept. of Bioscience Engineering, UAntwerp

Antwerp, 21% June 2022






Samenvatting

Samenvatting

Fotoactieve nanodeeltjes en hun lichtgedreven toepassingen hebben enorme
wetenschappelijke aandacht gekregen voor het aanpakken van de wereldwijde
milieuproblemen, het voldoen aan de vraag naar alternatieve energie en andere nieuwe
technologische ontdekkingen. Het onderzoekswerk dat in dit proefschrift wordt
gepresenteerd, omvat een fundamenteel onderzoek naar dergelijke nanodeeltjes om
diepere inzichten te verkrijgen die uiteindelijk hun toepassing ten goede zullen komen.
In het bijzonder is de studie van plasmonische metaalnanodeeltjes en
metaaloxidenanodeeltjes voor lichtgedreven toepassingen het hoofdthema van dit werk.
Het onderzoek begint met geisoleerde plasmonische Au- en Ag-nanodeeltjes, gevolgd
door een logische uitbreiding naar kleine clusters van nanodeeltjes en vervolgens naar
volledige films van nanodeeltjes. Voor de computationele studies van de plasmonische
nanostructuren wordt een klassiek elektromagnetisch raamwerk geimplementeerd.
Vervolgens wordt de toepassing van dergelijke plasmonische nanodeeltjesfilms voor
gasfasedetectie van vluchtige organische stoffen onderzocht. Ten slotte wordt
filmvorming van metaaloxide-nanodeeltjes onderzocht met het oog op de fabricage van
fotoactieve functionele oppervlakken.

Ten eerste vergelijkt de studie met geisoleerde bimetallische Au-Ag-nanodeeltjes kern-
schil en legeringsnanodeeltjes in termen van hun optische eigenschappen. Hoewel Ag
een zeer sterke plasmonische respons heeft, is het chemisch onstabiel en ligt de
plasmonresonantie van Ag-nanostructuren bij kortere golflengten in het UV-zichtbare
gebied. Hoewel Au een sterk gedempte plasmonische respons heeft, maakt de
chemische stabiliteit van metallish Au het alsnog nuttig in echte toepassingen.
Bimetallische Au-Ag-nanodeeltjes laten toe om de optische respons en chemische
stabiliteit te tunen door variatie van hun samenstelling. In dat opzicht worden Ag-Au-
legeringen, Ag@Au kern-schil en Au@Ag kern-schil bimetallische plasmonische
nanodeeltjes van zowel sferische als anisotrope (nanodriehoek en nanostaafjes) vormen
vergeleken, na zorgvuldige validatie van de computationele elektromagnetische
modellen. Hoewel zowel Au-Ag-kern-schil als legeringsnanodeeltjes een intermediaire
optische respons vertonen tussen die van pure Ag- en Au-nanodeeltjes, zijn er merkbare
verschillen in de spectrale kenmerken. Ook is het effect van de bimetallische
samenstelling in anisotrope nanodeeltjes sterk verschillend van dat in sferische
nanodeeltjes vanwege de afwezigheid van interbandovergangen voor Au in het eerste
geval. Over het algemeen gaat de verbeterde chemische stabiliteit van Ag-nanodeeltjes
door het incorporeren van Au in hun structuur gepaard met een verlaging van de
plasmonische versterking, die in mindere mate ook van toepassing is op anisotrope
nanodeeltjes. Een fotothermische warmteoverdrachtstudie bevestigt dat verhoogde
absorptie door de incorporatie van Au in sferische Ag-nanodeeltjes ook resulteert in een
verhoogde evenwichtstemperatuur. Aan de andere kant absorberen anisotrope
nanodeeltjes beter het licht, en vormed dus sterkere fotothermische bronnen. Hun
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fotothermische eigenschappen worden blijkbaar niet sterk beinvioed door de
incorporatie van het ene metaal in het andere.

Bij het theoretisch voorspellen van de optische eigenschappen van colloidale
plasmonische nanodeeltjes, met name Ag-nanodeeltjes, wordt vervolgens de kloof
tussen experiment en theorie verder gedicht. Het effect van verschillende factoren
waarvan wordt aangenomen dat ze de optische respons van colloidale nanodeeltjes
beinvloeden, zoals polydispersiteit (grootteverdeling), scheefheid van de
grootteverdeling en oppervlakteruwheid, worden onafhankelijk van elkaar onderzocht.
Hiervoor werden nanodeeltjespopulaties gesimuleerd met grootteverdelingen gebaseerd
op gewenste statistische parameters, door middel van een bottom-up benadering voor
een constant aantal (of mol) atomen. Er werd slechts een zwak effect van de statistische
parameters waargenomen en de LSPR-positie (lokale oppervlakteplasmonresonantie)
blijkt bijna uitsluitend te worden bepaald door de gemiddelde nanodeeltjesgrootte. De
nauwkeurigheid van de theoretische voorspelling van de optische respons hangt
grotendeels af van de optische constanten die in de literatuur zijn beschreven en die
zonder meer worden gebruikt als input voor de theoretische modellen. In dit opzicht
wordt de meest geschikte set optische constanten voor Ag geidentificeerd om in de
latere studies te worden gebruikt.

Van geisoleerde nanodeeltjes is het uitbreiden van het onderzoek naar eindige
nanodeeltjesclusters een logische overgang, aangezien de plasmonische licht-materie-
interactie in clusters wordt verbeterd als gevolg van plasmonische koppeling. In de
context van zelf-geassembleerde nanodeeltjesstructuren worden dicht opeengepakte
tweedimensionale clusters (clusterafmetingen < golflengte van invallend licht) van
sferische Au-nanodeeltjes onderzocht. De collectieve optische eigenschappen met
toenemend aantal nanodeeltjes in de cluster (tot 61 nanodeeltjes) en de resulterende
fotothermische eigenschappen worden bestudeerd om de effecten van de clustergrootte,
de afstand tussen de deeltjes en de deeltjesgrootte te bepalen. De plasmonische
koppeling van ‘kleinere' (d.w.z. 20 nm) nanodeeltjes en 'grotere’ (dwz 40 nm)
nanodeeltjes wordt besproken in termen van near-field en far-field interacties. Er wordt
een maximale lichtabsorptie per deeltje gevonden voor een optimale clustergrootte van
19 nanodeeltjes, waarvoor ook verhoogde fotothermische effecten zijn aangetoond. Een
sterke afhankelijkheid van de stationaire temperatuur van de nanodeeltjes van de
clustergrootte, de positie van de deeltjes in de cluster, de polarisatie van invallend licht
en de afstand tussen de deeltjes geeft nieuwe inzichten in de lokale temperatuurregeling
van plasmonische nanostructuren. Aan de andere kant wijst de sterke near-field-
versterking in de clusters op mogelijke toepassing in oppervlakteversterkte
spectroscopietechnieken (SERS, SEIRA, enz.).

Verder gaand van eindige clusters, worden oneindige nanodeeltjesfilms
(filmafmetingen >> golflengte van invallend licht) van Au- en Ag-nanodeeltjes zowel
theoretisch als experimenteel onderzocht. Au- en Ag-nanodeeltjesfilms worden
verkregen door zelfassemblage aan de lucht-ethyleenglycol interfase en zijn
gekarakteriseerd door TEM-beeldvorming. De experimentele optische respons van deze



Samenvatting

films wordt vergeleken met berekende spectra voor de validatie van de full-field
elektromagnetische modellen. Het is bekend dat in een gesloten gepakte film de
individuele plasmonmodi van de individuele nanodeeltjes met elkaar koppelen om
roosterresonantiemodi te vormen. De optische eigenschappen van de nanodeeltjes
worden bestudeerd met toenemende afstand tussen de deeltjes (dus verzwakking van de
plasmonische koppeling). Het is aangetoond dat het dempingsmechanisme van
nanodeeltjes verandert van niet-stralingsgedreven demping naar stralingsgedreven
demping, wanneer de interdeeltjeskoppeling toeneemt. De optische eigenschappen van
de nanodeeltjesfilms in de Kretschmann-configuratie (ook bekend als de Attenuated
Total Reflection (ATR)-configuratie) worden bestudeerd om de implicaties te begrijpen
van de excitatie van de roosterresonantie door het voorbijgaand veld dat wordt
gegenereerd door totale interne reflectie. Het is aangetoond dat de optische
eigenschappen van de nanodeeltjesfilms voor p-gepolariseerde (TM) en s-
gepolariseerde (TE) invallende straling in de ATR-configuratie sterk verschillen.

Vervolgens wordt, als een veelbelovende toepassing van de zelf-geassembleerde
plasmonische nanodeeltjesfilms, de detectie van vluchtige organische stoffen (VOC) in
de gasfase experimenteel gedemonstreerd, met een rigoureuze theoretische achtergrond.
Ten eerste zijn films aangemaakt van een relatief grote oppervlakte (d.w.z. enkele cm?),
bestaande uit met-oleylamine-afgedekte Au-nanodeeltjes (10 nm), verkregen door
zelfassemblage op een lucht-ethyleenglycol interfase. Het is aangetoond dat door
gecontroleerde verdamping van het colloidale oplosmiddel, tolueen, zelf-
geassembleerde films met een groot oppervliak kunnen worden verkregen. De
sensorische eigenschappen van deze films zijn gebaseerd op de gevoeligheid van de
optische respons op de lokale brekingsindexveranderingen die worden geinduceerd door
de adsorptie van de probemoleculen. Door de aanwezigheid van oleylamine-liganden
vormt de film een netwerk van nanodeeltjes en liganden dat de adsorptie van de probe-
VOC-moleculen vergemakkelijkt, in dit werk van methanol. Hoewel geisoleerde
nanodeeltjes met een grootte van 10 nm in wezen niet-verstrooiend zijn, resulteert de
plasmonische koppeling in sterke optische intensiteiten (reflectie, absorptie of
transmissie) wanneer ze zijn georganiseerd als een dicht gepakte film. Met variérende
dampfaseconcentratie van methanol worden continue optische metingen in situ
uitgevoerd. Sensor-experimenten worden uitgevoerd via in-situ UV-Vis transmissie-
intensiteitsmetingen van de film en in-situ ellipsometrie van de film in de Kretschmann-
configuratie. In-situ ellipsometrie van de zelf-geassembleerde films in de Kretschmann-
configuratie toont verbeterde gevoeligheid in de y (amplitudeverhouding van s- en p-
gepolariseerd licht) en A (faseverschil) parameters met een betere
signaalomkeerbaarheid.

Ten slotte wordt de focus verlegd van plasmonische metaal- naar metaaloxide-
nanodeeltjes. De functionalisering van fotokatalytische metaaloxide-nanodeeltjes van
TiO2, ZnO, WO3 en CuO met amine-getermineerde (oleylamine) en thiol-getermineerde
(dodecaan-1-thiol) alkylketenliganden wordt bestudeerd onder
omgevingsomstandigheden. Een hoge selectiviteit wordt waargenomen in de
bindingsspecificiteit van een bepaald type ligand voor bepaalde types nanodeeltjes van
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deze verschillende oxiden. Er wordt waargenomen dat oleylamine stabiel bindt aan TiO-
en WOs, terwijl dodecaan-1-thiol stabiel bindt aan ZnO en CuO. Op eenzelfde manier
kunnen TiO,- en WOs-nanodeeltjes van een polaire naar een apolaire fase worden
overgedragen door gebruik te maken van oleylamine, maar niet via dodecaan-1-thiol,
terwijl het tegenovergestelde geldt voor ZnO en CuO. De oppervlaktechemie van
ligand-gefunctionaliseerde nanodeeltjes wordt onderzocht door (ATR)-FTIR-
spectroscopie, waardoor de bezetting van de liganden op de actieve plaatsen kon worden
opgehelderd. De fotostabiliteit van de liganden op het oppervlak van de nanodeeltjes
wordt bepaald door de fotokatalytische zelfreinigende eigenschappen van het materiaal
te onderzoeken. Hoewel TiO; en WO3 de liganden binnen 24 uur afbreken onder zowel
UV als zichtbaar licht, blijven liganden op ZnO en CuO onaangetast. Ook vanuit
toepassingsoogpunt zijn de verzamelde inzichten zeer relevant. Omdat de ligand-
gefunctionaliseerde nanodeeltjes bijvoorbeeld hydrofoob van aard zijn, kunnen ze
worden zelf-geassembleerd op het lucht-watergrensvlak om nanodeeltjesfilms te
vormed met aangetoonde fotokatalytische en anticondenserende eigenschappen.

Samenvattend wil dit proefschrift de lezer een grondig, fundamenteel, theoretisch
inzicht geven in de optische eigenschappen van lichtgevoelige plasmonische metalen
nanodeeltjes. De impact van verschillende eigenschappen, waaronder het type metaal,
vermenging van metalen, deeltjesgrootte, deeltjesgrootteverdeling, scheefheid van de
grootteverdeling, ruwheid, clustergrootte, interdeeltjesafstand, polarisatie van invallend
licht, enz., wordt nauwgezet geévalueerd om de resulterende effecten te begrijpen met
het oog op mogelijke lichtgestuurde toepassingen. Bovendien wordt in de laatste
hoofdstukken een experimentele bevestiging en toepassingsdemonstratie van dergelijke
op lichtgevoelige plasmonische nanodeeltjesfilms gegeven, in de hoop verdere
ontwikkelingen binnen dit boeiende domein te stimuleren.

Vi
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Abstract

Photoactive nanoparticles and their light-driven applications have gained tremendous
scientific attention towards remediation of the global environmental problems, meeting
alternative energy demands, and other new technological discoveries. The research
work presented in this dissertation includes a fundamental investigation of such
nanoparticles to gain deeper insights that will ultimately benefit their application. In
particular, the study of plasmonic metal nanoparticles and metal oxide nanoparticles for
light driven applications is the major theme of this work. The investigation begins with
isolated plasmonic Au and Ag nanoparticles, followed by a natural extension to
nanoparticle clusters, and then further to nanoparticle films. For the computational
studies of the plasmonic nanostructures, a classical electromagnetic framework is
implemented. Next, the application of such plasmonic nanoparticle films for gaseous
phase sensing of volatile organic compounds is explored. Finally, film formation of
metal-oxide nanoparticles is investigated with the eye on fabrication of photoactive
functional surfaces.

First, the study with isolated bi-metallic Au-Ag nanoparticles compares core-shell and
alloy nanoparticles in terms of their optical properties. While Ag has a very strong
plasmonic response, it is chemically unstable and the plasmon resonance of Ag
nanostructures lies at shorter wavelengths in the UV-visible region. Although Au has a
rather damped plasmonic response, its chemical stability makes it quite useful in real
applications. Bimetallic Au-Ag nanoparticles enable tuning of the optical response and
chemical stability by variation of the composition. So, the most common Ag-Au alloy,
Ag@Au core-shell, and Au@Ag core-shell bimetallic plasmonic nanoparticles of both
spherical and anisotropic (nanotriangle and nanorods) shapes are compared upon careful
validation of the computational electromagnetic models. Although both Au-Ag core—
shell and alloy nanoparticles exhibit an intermediary optical response between that of
pure Ag and Au nanoparticles, there are noticeable differences in the spectral
characteristics. Also, the effect of the bimetallic constitution in anisotropic
nanoparticles is starkly different from that in spherical nanoparticles due to the absence
of interband transitions for Au in the former case. In general, the improved chemical
stability of Ag nanoparticles by the incorporation of Au comes with a cost of reduction
in plasmonic enhancement, also applicable to anisotropic nanoparticles to a lesser
extent. A photothermal heat transfer study confirms that increased absorption by the
incorporation of Au in spherical Ag nanoparticles also results in an increased steady-
state temperature. On the other hand, anisotropic nanoparticles are inherently better
absorbers and hence better photothermal sources, and their photothermal properties are
apparently not strongly affected by the incorporation of one metal in the other.

Vil
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In theoretically predicting the optical properties of colloidal plasmonic nanoparticles,
especially Ag nanoparticles, the gap between experiment and theory is addressed next.
The effect of different factors that are believed to influence the optical response of
colloidal nanoparticles such as polydispersity (size distribution), skewness and surface
roughness are investigated independently from one another. For this, nanoparticle
populations with size distributions of desired statistical parameters were created by a
bottom-up approach for a constant number (or mole) of atoms. Only a weak effect of
the statistical parameters was observed and the LSPR (localized surface plasmon
resonance) position is found to be determined almost exclusively by the mean
nanoparticle size. The accuracy of the theoretical prediction of the optical response
depends majorly upon the optical constants that are retrieved from literature and are
used as input for the theoretical models. In this regard, the most suitable set of optical
constants for Ag is identified to be used in the later studies.

From isolated nanoparticles, extending the study to finite nanoparticle clusters is a
natural transition as the plasmonic light-matter interaction is enhanced in clusters due
to plasmonic coupling. In the context of self-assembled nanoparticle structures, close-
packed two-dimensional clusters (cluster dimensions < wavelength of incident light) of
spherical Au nanoparticles are investigated. The collective optical properties with
increasing number of nanoparticles in the cluster (up to 61 nanoparticles) and the
resulting photothermal properties were studied to delineate the effects of the cluster size,
interparticle distance, and particle size. The plasmonic coupling of ‘smaller’ (i.e. 20 hm)
nanoparticles and ‘larger’ (i.e. 40 nm) nanoparticles is discussed in terms of near-field
and far-field interactions. A maximum light absorption per particle is found for an
optimal cluster size of 19 nanoparticles, for which enhanced photothermal effects are
also demonstrated. A strong dependence of the steady-state temperature of the
nanoparticles on the cluster size, particle position in the cluster, incident light
polarization, and interparticle distance provides new physical insight into the local
temperature control of plasmonic nanostructures. On the other hand, the strong near-
field enhancement in the clusters indicates possible application in surface enhanced
spectroscopy techniques (SERS, SEIRA, etc.).

Going further from finite clusters, infinite nanoparticle films (film dimensions >>
wavelength of incident light) of Au and Ag nanoparticles are investigated both
theoretically and experimentally. Au and Ag nanoparticle films are obtained by air-
ethylene glycol interfacial self-assembly and characterized by TEM imaging. The
experimental optical response of these films is compared with computed spectra for the
validation of the full-field electromagnetic models. It is known that in a close packed
film, the individual plasmon modes of the individual nanoparticles couple together to
form lattice resonance modes. The optical properties of the nanoparticles are studied
with increasing interparticle distance (thus, weakening plasmonic coupling). It is shown
that the damping mechanism of nanoparticles change from non-radiative to radiative as

viii
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the interparticle coupling increases. The optical properties of the nanoparticle films in
the Kretschmann configuration (also known as the Attenuated Total Reflection (ATR)
configuration) is studied to understand the implications of the excitation of the lattice
resonance by the evanescent field generated by total internal reflection. It is shown that
the optical properties of the nanoparticles films for p-polarized (TM) and s-polarized
(TE) incidence in the ATR configuration are starkly different.

Next, as a promising application of the self-assembled plasmonic nanoparticle films,
volatile organic compound (VOC) sensing in the gas phase is demonstrated
experimentally, with a rigorous theoretical background. First, relatively large area (i.e.
several cm?) oleylamine-capped Au nanoparticle (10 nm) films were obtained by self-
assembly at the air-ethylene glycol interface. It is shown that by controlled evaporation
of the colloidal solvent, toluene, large area self-assembled films can be obtained. The
sensing by these films is based on the sensitivity of the optical response of these films
to the local refractive index changes induced by the adsorption of the probe molecules.
Due to the presence of oleylamine ligands, the film forms a nanoparticle-ligand network
that facilitates adsorption of the probe VOC molecules, which in this work is methanol.
Although isolated nanoparticles of 10 nm in size are in essence non-scattering, when
they are organized as a close-packed film, the plasmonic coupling results in strong
optical intensities (reflectance, absorbance or transmittance). With varying vapor phase
concentration of methanol, continuous optical measurement were performed in-situ.
Sensing experiments were conducted by in-situ UV-Vis transmission intensity
measurements of the film and in-situ ellipsometry of the film in the Kretschmann
configuration. In-situ ellipsometry of the self-assembled films in the Kretschmann
configuration shows enhanced sensitivity in the y (amplitude ratio of s- and p-polarized
light) and A (phase difference) parameters.

Finally, a shift of focus from plasmonic to metal-oxide nanoparticles is made. The
functionalization of photocatalytic metal oxide nanoparticles of TiO,, ZnO, WO; and
CuO with amine-terminated (oleylamine) and thiol-terminated (dodecane-1-thiol)
alkyl-chain ligands is studied under ambient conditions. A high selectivity is observed
in the binding specificity of a ligand towards nanoparticles of these different oxides. It
is observed that oleylamine binds stably to only TiO, and WOs3, whereas dodecane-1-
thiol binds stably only to ZnO and CuO. Similarly, polar-to-nonpolar solvent phase
transfer of TiO, and WOs3 nanoparticles can be achieved by using oleylamine, but not
dodecane-1-thiol, whereas the opposite holds for ZnO and CuO. The surface chemistry
of ligand-functionalized nanoparticles is probed by attenuated total reflectance (ATR)-
FTIR spectroscopy, which enabled the occupation of the ligands at the active sites to be
elucidated. The photostability of the ligands on the nanoparticle surface is determined
by determining the photocatalytic self-cleaning properties of the material. Although
TiO, and WO3 degrade the ligands within 24h under both UV and visible light, ligands
on ZnO and CuO remain unaffected. The gathered insights are also highly relevant from
an application point of view. As an example, because the ligand-functionalized
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nanoparticles are hydrophobic in nature, they can be self-assembled at the air-water
interface to give nanoparticle films with demonstrated photocatalytic as well as
antifogging properties.

Summarizing, this thesis aims to provide the reader with a rigorous, fundamental,
theoretical understanding of the optical properties of light-sensitive plasmonic metal
nanoparticles. The impact of various properties, ranging from the type of metal, mixing
of metals, particle size, particle size distribution, skewness, roughness, cluster size,
interparticle spacing, polarization of incoming light, amongst others, is meticulously
evaluated to interpret the resulting effect in view of potential light-driven applications.
Moreover, in the final chapters an experimental confirmation and application
demonstration of such light-responsive plasmonic nanoparticle films is provided,
hoping to encourage further developments in this exciting field.
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Figure 1.1 (a) Schematic representation of plasmonic oscillation of free 6
electrons in a nanostructure by an electromagnetic field. (b)
Schematic representation of surface plasmon resonance and
localized surface plasmon resonance on a planar metal film and
metal nanostructures respectively. Images were adapted and
reproduced with permission from Bozzola et al.’, Royal Society
of Chemistry (©2017) and nicoyalife.com.

Figure 1.2 (a) Medieval alchemists at work captured in the painting “The 7
Alchemist” by Pietro Longhi, 1661.1 (b) Lycurgus cup from the
4" century A.D. made of glass embedded with Au nanoparticles
(~1% by weight). (c) The colourful rose window of the Notre
Dame cathedral made of dichroic glass. (d) Daguerreotype image
from unknown artists: the SEM images with coloured boundaries
on the side corresponds to the areas marked by colour dots. (e)
Created in 1844, this daguerreotype of Pharaoh Ramses II’s
mortuary temple in Thebes has the sharp clarity of a modern
photograph.t? Figure (a), (d) and (e) were re-produced from the
respective publishers according to the terms and conditions.
Images were adapted and reproduced with permission from the
American Chemical Society ( ©2020), National Academy of
Sciences (© 2019), and William Andrew Publishing: Oxford (©
2015).

Figure 1.3  (a) Plasmonic Au-Pt nanoparticles attached to a positive test line 9
in a later flow test (SEM image scale bar: 3 um).% (b) Glucose
concentration sensing based on refractive index sensitivity of Au
nanocube arrays (with L = 85 nm, h = 8 nm) with SEM image of
the nanocubes (scale bar: 800 nm).?! (c) Transmission electron
microscopy (TEM) images of Janus Au-TiO. nanoparticles and
near-field enhancement map showing maximum enhancement for
Janus NPs compared to bare Au and Au@TiO; core-shell NPs for
water splitting.?? (d) Scanning electron microscopy (SEM) image
of Au NP decorated TiO, nanotubes ((T)NTs).2 (e) Plasmonic Al
nanoparticles utilized for solar desalination with yield well-below
permitted concentration (black column: before desalination, red
column: after desalination).?* 2 (f) Au nanoparticles decorated on
Si nanocones (SEM image scale bar: 1 pm) for surface enhanced
raman spectroscopy (SERS).?® Images were adapted and
reproduced with permission from Elsevier (© 2021), Royal
Society Chemistry (© 2019, 2017, 2009), Wiley-VCH (© 2012)
American Chemical Society (© 2020), Springer Nature (© 2016).
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Figure 1.4  (a) Band gap and band positions of different metal oxides®. (b) 11

In-situ TEM imaging of Hz bubble formation by water splitting
reaction over TiO. nanoparticles under UV illumination®. (c)
Large scale (100-m?) photocatalytic array of panel reactors for
spontaneous solar hydrogen production with an STH of 0.76%.3*
(d) ZnO nanostructures for H, gas sensing application®. ). Images
were adapted and reproduced with permission from Springer
Nature (© 2009, 2018, 2021).

Figure 1.5 (a) Ag nanoparticles self-assembled at the air-water interface in 16
Langmuir Blodgett trough set up.*® The movable barrier can
compress the film towards higher packing density. (b) Au
nanoparticles self-assembled at a fixed air- diethylene glycol
interface. (SEM image scale bar: 500 nm, digital image scale bar:
1 cm) %% (c) The presence of excess ligands at the interface inhibits
wrinkling and folding of the nanoparticle film during
compression (scale bar: 40 um).%2 (i-vii: different stages of
compression for different ligand concentrations) (d) Nie et al.
showed that nanoparticle dispersed in polar solvents (e.g. ethanol)
can also be trapped at the air-water interface by nebulization with
electro-spreading.>® (e) Network-like assemblies can be obtained
by adding myristyl alcohol that forms its polygonal domains
(scale bar: 10 um).>* Images were adapted and reproduced with
permission from Royal Society Chemistry (© 2017), Wiley-VCH
(© 2011) American Chemical Society (© 2015), Springer Nature
(© 2007, 2020).

Figure 2.1 Schematic of spherical bi-metallic Au-Ag nanoparticles in 25
different configurations: (a) Ag@Au core-shell, (b) Au@Ag
core-shell and (c) alloy with their TEM images and EDX
mappings taken from references® & 9. The images were adapted
and reproduced with permission from American Chemical
Society (© 2017), I0P Publishing (© 2012), Wiley-VCH (©
2019).

Figure 2.2 (a) Comparison of experimental scattering spectra of Patskovsky 30
et al. ?° with computed spectra for optical constants from
different literature sources: Johnson and Christy!? Pefia-
Rodriguez et al.!®, Rioux et al.*® and Gong et al.'*° for pure Au,
pure Ag and 50:50 alloy Au:Ag (Note: Optical constants from
Pefia-Rodriguez et al. ae for 48:52 molar ratio of Au to Ag). Color
codes: black for Au:Ag=100:0, red for Au:Ag=50:50, blue for
Au:Ag=0:100 (b) TEM images of Ag nanocubes (AgNC) with
thin Au protecting layer'?, visualization of 3D nanocube model
in the present study, comparison of experimental extinction
spectra with calculated spectra with constants from and Rioux et
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al. The TEM images are adapted and reproduced from American
Chemical Society (© 2014).

Figure 2.3  (a) Comparison of Johnsona and Christy*?* dielectric constants for 32

Au with Drude-CP model as reported by Etchegoin et al.1*> 116,
The dielectric functions only considering the free electron Drude
term and the interband transition CP term are also shown. (c, d)
Comparison of absorption and scattering cross sections of a 60
nm Au nanoparticle with those calculated considering the Drude
term and the CP terms alone. (e, f) Comparison of absorption and
scattering cross sections of a 20 nm Au nanoparticle with those
calculated considering the Drude term and the CP terms alone.

Figure 2.4  Absorption and scattering cross section of spherical Ag-Au alloy 34
nanoparticles with varying composition and fixed size of 60 nm
in diameter. From pure Ag (in red), Au is incorporated as alloy
increasingly till 100% Au (in purple).

Figure 2.5 Absorption and scattering cross section of spherical Ag@Au 34
core-shell nanoparticles with varying composition and fixed size
of 60 nm in diameter. From pure Ag (in red), Au is incorporated
as a shell increasingly till 100% Au (in purple).

Figure 2.6  Absorption and scattering cross section of spherical Au@Ag 34
core-shell nanoparticles with varying composition and fixed size
of 60 nm in diameter. From pure Ag (in red), Au is incorporated
as a core increasingly till 100% Au (in purple).

Figure 2.7  Shift of the plasmon band in the absorption (a) and scattering (b) 36
cross section spectra with the incorporation of Au in Ag as a shell
in the Ag@Au structure, as a core in the Au@Ag structure and as
a homogeneously mixed element in alloy nanoparticles. The
diameter of the nanoparticles is fixed at 60 nm.

Figure 2.8  The near-field enhancement with respect to the incident field 36
around (a) pure Ag nanoparticle compared with 20% Au (rest
80% Ag) nanoparticles of (b) alloy (c) Ag@Au core-shell (d)
Au@Ag core-shell configuration. The near-field enhancement is
shown at their dipolar plasmon resonance. The diameter of the
nanoparticles is 60 nm.

Figure 2.9 The Effect of extra 2.14 nm thick Au shell on a 60 nm Ag 37
nanoparticle compared to Au incorporation as shell (2.14) in a 60
nm nanoparticle for 20:80 molar composition of Au:Ag. (a)
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Absorption cross section (b) scattering cross section. An Au shell
around Ag is grown to protect Ag against oxidation.

Figure 2.10 The Effect of addition of 20% Au to an Ag nanorod (diameter: 20 38
nm, aspect ratio: 4) as a thin shell or alloy: (a) absorption cross
section (b) scattering cross section.

Figure 2.11 The effect of addition of 20% Au to an Ag nanotriangle (diameter: 39
20 nm, aspect ratio: 4) as a thin shell or alloy: (a) absorption cross
section (b) scattering cross section. Inset (a): schematic of a core-
shell nanotriangle with corner curvatures r; and r2 for the core and
shell respectively. Inset (b): EDX mapping of synthesized
Ag@Au core-shell nanotriangle reproduced from reference®® with
permission from Wiley-VCH (© 2019).

Figure 2.12 The effect of enlargement of Au:Ag = 20:80 alloy nanotriangle 39
(a, b) and nanorod (c, d) by uniform addition of thin layers of the
same 20:80 composition ratio that reduces corner sharpness.
Original Nanotriangle size: ~60 nm each side, 7 nm thick; original
nanorod size: 20 nm in diameter, 80 nm in length.

Figure 2.13 Absorption (a) and scattering (b) cross section of Ag-Au alloy 40
nanorods with varying composition and fixed size of diameter 20
nm and aspect ratio 4. From pure Ag (in red), Au is incorporated
as a shell increasingly till 100% Au (in purple).

Figure 2.14 Absorption (a) and scattering (b) cross section of Ag-Au alloy 40
nanotriangles with varying composition and fixed size of ~60 nm
side length and 7 nm thickness. From pure Ag (in red), Au is
incorporated as a shell increasingly till 200% Au (in purple).

Figure 2.15 Near-field enhancement with respect to the incident radiation 41
around nanorods of (a) pure Ag (b) Ag@Au (c) Alloy, and
nanotriangles of (d) pure Ag (e) Ag@Au (f) Alloy. In
correspondence to Figure 2.10 and 2.11, the Ag@Au core-shell
(b,e) and alloy (c,f) nanoparticles are modifications of pure Ag
nanoparticles in (a, d) by addition of 20% Au as a thin shell or as
alloy. Nanotriangle size: ~60 nm each side, 7 nm thick; nanorod
size: 20 nm in diameter, 80 nm in length. The near-field
enhancement is shown at the plasmon resonance.
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Figure 2.16 Steady state temperatures (°C) of (a) 60 nm Ag nanoparticle (b) 43
60 nm Ag nanoparticle with a 2.14 nm thin Au shell (c,d) 60 nm
Au nanoparticle. The intensity of incident radiation is 1 mW/um?
for all the cases. The nanoparticles are embedded in an infinite
water medium. In Figure (a), (b) and (d), the nanoparticles are
illuminated with their plasmon resonance wavelength.

Figure 2.17 Steady state temperatures (°C) of an Ag nanotriangle (~60 nm 44

each side, 7 nm thick) and Ag nanorod (20 nm in diameter, 80 nm
in length). The intensity of incident radiation is 1 mW/um? for all
the cases. Note: the temperature scale is defined with respect to
nanospheres in Figure 2.16 to make a visual comparison between
the two. The nanoparticles are embedded in an infinite water
medium. The nanoparticles are illuminated with their plasmon
resonance wavelength.

Figure 3.1 (a) Schematic describing the general colloidal synthesis route for 53
plasmonic nanoparticles: formation of a distribution of
nanoparticles from fixed number of atoms. (b) Flow chart
describing how, for a fixed mole of atoms, distributions of
different mean and standard deviation were obtained assuming a
normal distribution. In this work, the total number of atoms is
fixed at 1.5055 x 10° (based on 1 ml of 25 millimolar AgNO3
Ag-precursor solution).

Figure 3.2 For a constant number of Ag atoms (0.025 mmol): (a) 55

nanoparticle size distribution from equation (3.1) for a fixed
mean, | = 20 nm and different values of standard deviation, o (b)
corresponding atomic distribution with respect to size (c) total
extinction cross section of the entire population of nanoparticles
for u =20 nm and different values of & (in cm?) (d) variation of
the right-half width half maximum (HWHM) with increasing o,
fitted to the empirical correlation in eq. (7).

Figure 3.3 For a constant number of Ag atoms (0.025 mmol): (a) 56

nanoparticle size distribution from equation (3.1) for a fixed
mean, | =60 nm and different values of standard deviation, o (b)
corresponding atomic distribution with respect to size (c) total
extinction cross section of the entire population of nanoparticles
for u = 60 nm and different values of ¢ (in cm?) (d) variation of
the right half width half maximum (HWHM) with increasing o,
fitted to the empirical correlation in eq. (7).
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Figure 3.4 For a constant number of Ag atoms (0.025 millimole): (a) 57

nanoparticle size distribution from equation (3.1) for a fixed
mean, 1 = 100 nm and different values of standard deviation, o
(b) corresponding atomic distribution with respect to size (c) total
extinction cross section of the entire population of nanoparticles
for 1 =100 nm and different values of & (in cm?) (d) variation of
the right-half width half maximum (HWHM) with increasing o,
fitted to the empirical correlation in eq. (7).

Figure 3.5 For a fixed NP mean diameter of 60 nm: (a) comparison between 58
normal distribution from equation (3.1) and lognormal particle
size distribution from equation (3.3) for three different values of
o (solid lines: normal distribution, dashed line: lognormal
distribution) (b) corresponding total extinction spectra comparing
normal and lognormal distributions. The skewness factor for the
three values of ¢ = 10, 15, 20 are 0.5045, 0.7656 and 1.037
respectively. (all calculations were done for a constant number of
Ag atoms: 0.025 millimoles)

Figure 3.6 The effect of surface roughness on the optical spectra of Ag 59
nanoparticles of diameter ~ 36 nm. The surface roughness was
artificially introduced. (Optical constants used from Johnson and
Christy)

Figure 3.7 (a) Comparison between experimental (Bastis et al.) and 60
theoretical LSPR wavelength of single Ag nanoparticles of
different sizes (only mean). The data is fitted to the empirical
correlation in equation (3.7) for the convenience in
representation. (b) Comparison of different optical data from
literature in terms of Mie spectra of a 36 hm nanoparticle. (c, d)
Comparison of Bastus et al. data and present experimental spectra
with theoretical spectra computed using Palik’s optical data for
15 and 36 nm mean diameter.

Figure 3.8 Performance of Palik’s optical data in resolving the dipolar (at 61
around ~500 nm) and quadrupolar modes (the shoulder at ~400
nm) of 100 nm mean distributions with varying polydispersity and
comparison with the experimental extinction spectra of 103.1 +
7.4 nm average diameter Ag nanoparticles reported by BastUs et
a|.149
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Figure 3.9 (a) The effect of polydispersity i.e. standard deviation, o on the 65

theoretical scattering intensity distribution (theoretical raw DLS
data) at 660 nm incident laser for a fixed mean of 36 nm. (b)
Intensity distribution peak vs. o fitted to equation (3.10). (c) The
dependence of the theoretical scattering intensity distribution
from optical data source. (d) The dependence of the theoretical
scattering intensity distribution from incident laser wavelength.
Figure (c) and (d) confirms the validity of the intensity
distribution results.

Figure 4.1. Schematic representation of (a) nanoparticle 2D nanoparticle 71
cluster irradiated with plane polarized electromagnetic wave in
normal incidence, (b) top view of nanoparticle cluster with
hexagonal yellow boundaries defining different cluster sizes
considered. The yellow boundaries starting from the outermost
one define clusters of 61, 37, 19, 9 and single nanoparticle(s),
respectively. (c) A cluster of 19 nanoparticles with the definition
of particle diameter D and interparticle distance d.

Figure 4.2 (a) The effect of in-plane polarization angle of incident light on 73
the total absorption cross section in a 37 nanoparticle cluster with
d = 1 nm of interparticle gap. (b) The comparison of absorption
cross section of individual nanoparticles in a similar 37
nanoparticle cluster to show the 2-fold symmetry for a 0°
polarization angle. The diameter of the nanoparticles is 20 nm.

Figure 4.3 (a) Average absorption cross section per nanoparticle and (b) 74
average scattering cross section per nanoparticle for varying
cluster size with interparticle gap of 1 nm. The diameter of the
nanoparticles is 20 nm.

Figure 4.4  Absorption and scattering spectral peak wavelength variation 75
with number of nanoparticles in the cluster from 1 to 61 particles.
The interparticle gap d is 1 nm and the nanoparticle diameter D is
20 nm.

Figure 4.5 Variation of (a) absorption and (b) scattering cross section ofa19 76

nanoparticle cluster with varying interparticle distance d. The
nanoparticle diameter D is 20 nm.
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Figure 4.6  Variation of (a) absorption and (b) scattering cross sectionofal1l9 76
nanoparticle cluster with varying interparticle distance d. The
nanoparticle diameter D is 40 nm.

Figure 4.7 Near-field enhancement in 19 nanoparticle clusters with 77
interparticle distance (a) d = 2 nm and (b) d = 16 nm for a
nanoparticle size of 20 nm. The enhancement of the scattered field
with respect to the incident field is shown. The direction of the
wave is from left to towards right and the polarization of the
electric field is along the vertical direction.

Figure 4.8  Steady state temperatures (°C) of nanoparticles in a cluster: (a) 7 78
nanoparticles (b) 19 nanoparticles (c) 37 nanoparticles (d) 61
nanoparticles upon EM irradiation of respective peak wavelength
in infinite water medium. (e) Temperature profile in a 37
nanoparticle cluster when the incident radiation polarization is
horizontal. (f) Temperature field around a 61 nanoparticle cluster.

The intensity of incident radiation is 1 mW/um? for all the cases.
The wavelength of incidence is the plasmon resonance
wavelength.

Figure 4.9 Steady state temperatures (°C) of a 19 nanoparticle cluster with 80
varying interparticle distance, d. The wavelength of the incident
radiation is the plasmon resonance wavelength of 608 nm for d =
1 nm. The intensity is 1 mW/um? for all the cases. The cluster is
embedded in an infinite water medium.

Figure 5.1 (a) Development of the nanoparticle film during the self-assembly 87
of Au nanoparticles over ethylene glycol surface for 8 hours. (b)
Self-assembled Ag nanoparticle film after solvent evaporation.
(c) Schematic representation of a self-assembled nanoparticle
monolayer with incident and electric field wave vectors w.r.t. the
3-D cartesian axes. The incident angle @ is varied only for the
Krestchmann i.e. ATR configuration as discussed later.
Otherwise, & = 0° i.e. normal incidence in all the cases and the
two polarizations at normal incidence: ¢ = 0° is termed horizontal
polarization <> and ¢ = 90° is termed vertical polarization J also
shown in Figure 7, 8 and 9. (d) Hexagonal and rectangular unit
cells with periodic boundary conditions implemented as the
computational domains in the electromagnetic modeling. (e)
Comparison of the results obtained from rectangular and
hexagonal computational domains.
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Figure 5.2 TEM images of Au (a) and Ag (b) nanoparticle self-assemblies 89
obtained at the air-ethylene glycol interface. The films at different
length scales including both monolayer and bilayer are shown.

The FFT (fast Fourier transform) of the images in the inset
indicates the periodicity in the Fourier space.

Figure 5.3 Experimental transmittance spectra compared with computed 90
spectra for (a) Au nanoparticle monolayer (b) Au nanoparticle bi-
layer (c) Ag nanoparticle monolayer (d) Ag nanoparticle bilayer.
The near-field enhancement with respect to the incident field is
shown in the inset of each plot. The dimensions for the
electromagnetic models were taken from the TEM images
(Figure 5.2). Au nanoparticle diameter and interparticle gap: 10
nm and 2 nm, Ag nanoparticle diameter and interparticle gap: 20
and 2 nm. 8 = 0° and ¢ = 0°in all the cases according to the
schematic Figure 5.1. The irradiance is from the top normal to
the plane of the film.

Figure 5.4 Effect of the interparticle gap in monolayer hexagonal close 92
packed arrays of 20 nm Au nanoparticles in dielectric medium (n
= 1.33): (a) transmittance (b) absorptance (c) reflectance (d) per
particle absorption cross section. The incidence is hormal to the
plane of the film i.e. 8 =0°and ¢ = 0°in all the cases.

Figure 5.5 Effect of interparticle gap in monolayer 2D hexagonal close 93
packed arrays of 20 nm Ag nanoparticles in dielectric medium (n
= 1.33): (a) transmittance (b) absorptance (c) reflectance (d) per
particle absorption cross section. The incidence is normal to the
plane of the filmi.e. 8 =0°and ¢ = 0°in all the cases.

Figure 5.6  Effect of interparticle gap in monolayer 2D hexagonal close 94
packed arrays of 20 nm Ag nanoparticles in vacuum (n = 1)
comparing per particle absorption cross section. The incidence is
normal to the plane of the film i.e. # = 0° and ¢ = 0°in all the
cases.

Figure 5.7  Near-field enhancement w.r.t the incident field for 2D hexagonal 95

monolayer array of 20 nm Au nanoparticle in dielectric medium
(n = 1.33) for different interparticle gaps: (@) 1 nm (b) 4 nm (c)
16 nm and (d) 64 nm. Figure (e) and (f) shows the near-field
profiles at vertical polarization for interparticle gaps 1 and 4 nm
respectively. At normal direct incidence, Figure (a, b, c, d) are for
horizontal polarization i.e. ¢ = 0° and vertical polarization i.e. ¢ =
90°, while @ =0°in all cases.

Figure 5.8  Near-field enhancement w.r.t. the incident field for 2D hexagonal 96
monolayer array of 20 nm Ag nanoparticle in dielectric medium
(n = 1.33) for different interparticle gaps: (@) 1 nm (b) 4 nm (c)
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16 nm and (d) 64 nm. Figure (e) and (f) shows the near-field
profiles at vertical polarization for interparticle gaps 1 and 4 nm
respectively. At normal direct incidence, Figure (a, b, c, d) are for
horizontal polarization i.e. ¢ = 0° and vertical polarizationi.e. ¢ =
90°, while 8 = 0°in all cases.

Comparison of reflectance spectra of Au (a) and Ag (b)
nanoparticle assemblies under normal illumination with 1 nm and
4 nm interparticle gaps at two perpendicular polarizations. The
maximum near-field enhancement spectra and average near-
enhancement spectra of Au (c) and Ag (d) nanoparticle
assemblies (shown only for interparticle gap of 1 nm) at two
perpendicular polarizations. Figure (c): black plots are for left y-
axis, blue plots are for right y-axis. Figure (d): black plots are for
left y-axis, red plots are for right y-axis. From Figure 1, horizontal
polarization is ¢ = 0° and vertical polarization is ¢ = 90°, while &
= 0°%in all cases. (embedding medium, n = 1.33)

(a) Schematic of nanoparticles on substrate with normal direct
incidence. (b) Effect of substrate (Nsu = 1.5, Nmedium = 1.33) 0On
reflectance and near-field enhancement maximum spectra for Au
nanoparticle assembly with large interparticle distance, 64 nm.
Effect of substrate for (C) Nmegium = 1.33 and (d) Nmegium = 1 With
close packed Au nanoparticle assembly i.e. large interparticle
distance 1 nm, comparing reflectance and near-field enhancement
maximum spectra. (&) Nmedium = 1.33 and (f) Nmegivm = 1 With close
packed Ag nanoparticle assembly i.e. large interparticle distance
1 nm, comparing reflectance and near-field enhancement
maximum spectra.

(a) Schematic representation of plasmonic nanoparticle film in the
Kretschmann i.e. ATR configuration. (b) Validation of the angle
resolved electromagnetic models of the Kretschmann
configuration (without nanoparticles) by comparison with optical
spectra obtained from the Fresnel coefficients for p-polarized i.e.
TM polarized and s-polarized i.e. TE polarized incidence.

(a) Transmittance, reflectance and absorptance spectra of a close
packed 20 nm Au nanoparticle film in the Kretschmann i.e. ATR
configuration for p- and s-polarized incident wave, and varying
incident angle. In the Kretschmann configuration, n = 1.5 for the
denser medium, n = 1 for the lighter medium and interparticle
gap: 1 nm. (b) Near-field enhancement with respect to the
background evanescent field (in absence of the nanoparticles) for
p and s-polarized (or TM and TE polarized) incidence.

Transmittance, reflectance and absorptance spectra of a close
packed 20 nm Ag nanoparticle film in the Kretschmann i.e. ATR

XXVi

98

99

101

103

104



Figure 5.14

Figure 6.1

Figure 6.2

Figure 6.3
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configuration for p- and s-polarized incident wave, and varying
incident angle. In the Kretschmann configuration, n = 1.5 for the
denser medium, n = 1 for the lighter medium and interparticle
gap: 1 nm. (b) Near-field enhancement with respect to the
background evanescent field (in absence of the nanoparticles) for
p- and s-polarized (or TM and TE polarized) incidence.

Near-field maximum spectra of close packed 20 nm Au (a, b) and
Ag (c, d) nanoparticle films in the Kretschmann i.e. ATR
configuration for p- and s-polarized (or TM and TE polarized)
incident wave, and varying incident angle. In the Kretschmann
configuration, n = 1.5 for the denser medium, n = 1 for the lighter
medium and interparticle gap: 1 nm.

(a) Schematic representation of the air-liquid interfacial self-
assembly procedure over ethylene glycol surface inside a glass
beaker with a small opening at a corner of the vapor space for the
evaporation of toluene. (b) The time evolution of the film-
formation as the solvent toluene evaporates leaving behind the
close packed Au nanoparticles. (c) Picture of beakers after film
formation indicating the reproducibility of the process. (d) SEM
image showing the uniformity of the films over large surface
areas (scale bar: 2 um).

(a) Schematic representation of an Au nanoparticle self-
assembled monolayer with incident and electric field wave
vectors w.r.t. the 3-D cartesian axes and the plane of incidence
(transparent blue plane). (b) The unit cell rectangular domain with
periodic boundary conditions on the side walls which is
implemented in the electromagnetic modeling of the self-
assembled films. (¢) Schematic of the Kretschmann
configuration: the Au nanoparticle film on glass substrate is
attached to a prism coupler with a connecting glycerol layer in
between to fill the space in between.

(a, b) TEM images of a Au nanoparticle monolayer with fast
Fourier transformation (FFT) in the inset. (c) Comparison of
experimental and computed transmission spectra of the Au
nanoparticle monolayer. (d, €) TEM images of a respective Au
nanoparticle bilayer. In (d), the contrast between bilayer and
monolayer is visible. (f) Comparison of experimental and
computed transmission spectra of the Au nanoparticle bilayer. (g,
h) Near-field enhancement at the resonance of monolayer and
bilayer films w.r.t. the incident field indicating the strength of
plasmonic coupling by near-field overlap. (i) UV-Vis absorbance
spectra of the Au nanoparticles as aqueous colloids compared
with the Mie analytical extinction spectrum for spherical Au
nanoparticles (10 nm).
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Figure 6.4

Figure 6.5

Figure 6.6

Figure 7.1
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(a) Experimental transmittance, reflectance, and absorptance
spectra of a self-assembled film of ~10 nm Au nanoparticles. (b)
Computed optical spectra of the films for comparison. (c)
Computed refractive index sensitivity of the Au nanoparticle film
used in the sensing experiment under normal direct incidence.
Computed reflectance spectra and refractive index sensitivity of
p-polarized incident light (d) and s-polarized incident light (e) in
the Kretschmann i.e. ATR configuration. Computed (f) v and (g)
A spectra from ellipsometry and their refractive index sensitivity
for the Au nanoparticle film in the Kretschmann configuration.
(h) Near-field enhancement around the self-assembled
nanoparticles by p- and s-polarized incident beam in the
Kretschmann configuration. (incident angle for the Kretschmann
configuration: 61°).

(a) A representative schematic of the methanol vapor dosing set-
up with in-situ transmission spectroscopy with illumination from
the bottom (yellow spheres: Au nanoparticles, blue wires:
oleylamine ligand). (b) Transmittance at the resonance
wavelength for increasing methanol concentration (relative
saturation, % P/P;). Time evolution of the transmittance at
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A Brief Review on Photoactive Nanoparticles, Their Self-assembly and Applications

1.1 Photoactive nanoparticles/nanostructures

A widely accepted definition of a ‘nanoparticle’ is a particle in the size range from 1 to
100 nm.! 2 Going by the same definition, a nanostructure is a structure with functional
features as small as, or less than, 100 nm. For comparison, one must realize that a single
human hair is 60,000 nm in thickness and the DNA double helix has a radius of 1 nm.
Photoactive nanoparticles or nanostructures can be simply defined as
nanoparticles/nanostructures that interact strongly with light. It is important to note that
one way or the other, technically all nanoparticles interact with light. Thus, this
definition of photoactive nanoparticles includes those light-matter interactions that can
trigger further chemical/thermal transformations or enhance optical processes in
important applications. While, historically, light-mediated processes have always drawn
great scientific interest, their importance has grown tremendously in the face of the
present global environmental crisis. For instance, photoactive nanoparticles or
nanostructures hold great promise for the development of low-cost technologies for
harvesting solar light to meet the global energy demands in a sustainable way.

In this introductory Chapter 1, two types of photoactive nanoparticles, namely
plasmonic and metal-oxide semiconductor nanoparticles, are described briefly in
sections 1.1.1 and 1.1.2 in terms of their general physicochemical properties and
potential applications. Further in section 1.2, the self-assembly of nanoparticles in
general and its applications are discussed, followed by conclusive remarks. The brief
introduction to plasmonic nanostructures and self-assembly here serves as a prelude to
the original theoretical/computational and experimental results presented in Chapters
2,3,4,5, and 6. The discussion on metal-oxide semiconductor nanoparticles is relevant
to Chapter 7 where original experimental results on the self-assembly of metal-oxide
nanoparticles are reported.

1.1.1 Plasmonic nanoparticles: an introduction from electromagnetic theory

In simple terms, plasmonic nanoparticles are nanoparticles with abundant amount of
free conduction electrons that exhibit resonant light-nanoparticle interactions resulting
in a strong optical response. The most common plasmonic nanoparticles are composed
of conductive metals such as Au, Ag, Cu, Al, etc and combinations thereof. Since light
is an electromagnetic wave, when plasmonic nanoparticles are illuminated, the
oscillating electric field of light induces coherent oscillation of the free electron gas of
the nanoparticles, Figure 1.1 (a). This energy transfer process, when described from a
guantum mechanical perspective, is a coupling between photons and free electrons that
gives rise to quasi-particles called plasmons. The word “plasmon” originates from
plasma physics, taken to the limit of a degenerate electron gas.® From a first-principle
viewpoint, plasmons are particular excited states that involve collective intraband
excitation of electrons from the ground state to excited states.* The plasmon resonance
by virtue of its origin in strong photon-electron coupling has drawn significant attention

3



Chapter 1

over the years as a possible enhancement pathway in important light driven processes.
Theoretically, the plasmonic phenomenon can be described reasonably well by the
classical electromagnetic framework using the effective medium theory. At a plane
metal-dielectric interface, such a resonant oscillation of conduction electrons excited by
light is called surface plasmon resonance, Figure 1.1 (b). In this case, the
electromagnetic surface wave i.e. the surface plasmons (polaritons) propagates in a
direction parallel to the metal-dielectric interface. In a metal nanoparticle much smaller
than the wavelength of incident light, the oscillations are confined within the volume of
the nanoparticle giving rise to a phenomenologically different type of resonance known
as the localized surface plasmon resonance, Figure 1.1 (¢). The light matter interaction
in both the cases results in absorption and scattering/reflection (for a thin metal film) of
light accompanied by the evolution of a strong evanescent electric field at the boundary.
The amplification of the electric field is often termed as near-field enhancement. Thus,
from an electromagnetic point of view, this light-matter interaction is described from
the variation of the electric field and the magnetic field of light in space and time as a
result of varying material dielectric properties. Mathematically this is described by the
Maxwell’s equations as follows:

V-D(t) = pe(t) (1.1)
V-B(t) =0 (1.2)
VxE(t) =289 (1.3)
VxH(@®) =224 )(b) (1.4)

In equations (1.1) to (1.4), E and H are the electric field intensity and magnetic field
intensity vectors. D and B are the electric displacement vectors and magnetic induction
vectors, respectively. J is the current density. While E and B are the fundamental fields,
the fields D and H account for the polarization and magnetization effects of the
materials. Thus, the material dielectric properties relate E to D and B to H as:

D(t) = &(t) *E(t) (1.5
B(t) = pe(t) * H(t) (1.6)

The equation(s) (1.5) and (1.6) are known as the constitutive relations where ¢, (t) and
U (t) are the permittivity and permeability of the medium, respectively. Also, * denotes
a convolution in equation(s) (1.5) and (1.6). These time-domain forms of the Maxwell’s
equations give the transient response of light’s electromagnetic wave. However, the
central problem in this dissertation mainly concerns the spectral response of
nanomaterials in terms of the rate of energy flow and dissipation. Thus, it is convenient
to rather solve the equations in the frequency domain to analyse the electromagnetic
response at desired frequencies (or wavelengths). This requires the frequency domain
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form of the Maxwell’s equations, which can be obtained by Fourier transformation of
equations (1.1 to 1.6), yielding equations (1.7 to 12):

V-D = p, (1.7)
V-B=0 (1.8)
VXE=—jwB (1.9)
VXH=jwD+] (1.10)
D = &,(w)E (1.11)
B = p.(w)H (1.12)

The frequency domain form from equation (1.7) to equation (1.12) now facilitates direct
solution of an electromagnetic problem for any frequency. The free charge density, pe
is zero in the cases considered here as there is no charge accumulation. The convolutions
in equation(s) (1.5) and (1.6) now become multiplications and the complex frequency-
dependent dispersion relations of materials can be used. In equation (1.10), the current
density J can be expressed in terms of the electric fieldas ] = oE. Thus, equations (1.9)
to (1.12) can be combined to derive the wave equation that is solved numerically in the
computational investigations in this dissertation:

V x [“i (V x E)] = k2 e E (1.13)
The magnetic counterpart of equation (1.13) can be similarly obtained as:
vV x [sl (V x H)] =kZuH (1.14)

Where, ko = oV (g0 110) is the wave number. The equation(s) (1.13) and (1.14) above are
applicable to general inhomogeneous materials where the dielectric properties are

function of spatial coordinates. The relative permittivity & in equation(s) (1.13) and
g,

(1.14) is given as &, = i—z —J , Where ¢, is the real part of permittivity, & is the

EoWw
permittivity of free space and o, is the electrical conductivity. Similarly, the relative
permeability . can be given as ur = el o, Where ue and uo are the complex permeability
of the material and permeability of free space respectively. For Ag and Au
nanostructures as considered in this work, ur can be safely assumed to be unity. For the
numerical solution in the frequency domain, the direct wave equation i.e. equation
(1.13) or (1.14), or equation (1.9) to (1.12) can be implemented in a discretization
scheme depending on the code. For example, in COMSOL Multiphysics, the wave
equation is directly implemented in the numerical framework as indicated in the module
(see below). Before the development of numerical codes and computational resources,
the complete analytical treatment of spherical nanoparticle-light (of wavelength larger
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than the nanoparticle) interaction was first given by Gustav Mie® © in 1908 in his
analytical solution to the Maxwell’s equations. However, the solution for other shapes
of particles could only be obtained numerically long after Mie’s work. It took more
than 60 years to obtain the numerical solution for scattering by particles with a
spheroidal shape. With the availability of large computational power and optimized
numerical methods such as T-matrix, discrete dipole approximation, finite-difference
time domain (FDTD), finite element method (FEM), etc, it is now possible to also solve
the Maxwell’s equations for complex arbitrary shapes. The numerical framework
COMSOL Multiphysics used in this dissertation converts the wave equation along with
the imposed boundary conditions into a set of algebraic equations by FEM (finite
element method) discretization that forms a sparse matrix for numerical solution. This
formulation is implemented according to the computational domain and the boundary
conditions defining the plasmonic nanostructures and the surrounding dielectric
environment.

(a)

Electronic cloud

Metallic ~~
nanostructure

(b)
~250 - 1000 nm

Evanescent
plasmon field

~20-40 nm

SPR LSPR

Figure 1.1 (a) Schematic representation of plasmonic oscillation of free electrons in a
nanostructure by an electromagnetic field. (b) Schematic representation of surface
plasmon resonance and localized surface plasmon resonance on a planar metal film and
metal nanostructures respectively. Images were adapted and reproduced with
permission from Bozzola et al.”, Royal Society of Chemistry ( ©2017) and

nicoyalife.com.

Plasmonic nanoparticles were known to alchemists already centuries ago, Figure 1.2
(a). The famous Lycurgus cup from the 4" century AD is a common example of how
colors were created in glass by using metal nanoparticles, Figure 1.2 (b). The ruby red
appearance of the Lycurgus cup is predominantly due to the less than 1% uniformly
dispersed gold nanoparticles embedded in the glass.® Another splendid example of
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plasmonic artwork is the rose window at the Notre Dame Cathedral, Figure 1.2 (c).° In
the 17" century, the glass-colouring process was further refined by Andreus Cassius and
Johann Kunckel.!® In the 18" — 19" century, photography by daguerreotype process
relied on the formation of plasmonic Ag nanostructures from the exposure of a silver
halide layer to light.®! As shown in Figure 1.2 (d), the variation and gradient of colour
was created by varying the nanostructure’s size and density. Even by modern imaging
technology standards, the daguerreotypes could yield images of very high resolution,
Figure 1.2 (e).'? On February 5, 1857, Michael Faraday delivered the historic Bakerian
Lecture of the Royal Society entitled: “Experimental Relations of Gold (and other
Metals) to Light” that not only spawned a new field of chemistry known as colloidal
chemistry but also brought the attention of the world towards the highly light sensitive
plasmonic metal nanoparticles.'®* Given the theoretical and experimental developments
of his time, his intuitive observations were truly remarkable as evident from the
statement “...known phenomena appeared to indicate that a mere variation in the size
of its particles gave rise to a variety of resultant colours...”. The size dependent optical
properties of plasmonic nanoparticles is now a basic fact described quite accurately by
classical electromagnetic theory. In the recent times, the interest in plasmonics surged
in the last decades as a part of the continuous efforts towards the development of new
frontiers in nanotechnology. Also, with the advanced characterization techniques of the
modern times, visualization and chemical analysis of plasmonic nanostructures has
become more accurate than ever, pushing the field of plasmonics rapidly towards new
frontiers.

Figure 1.2. (a) Medieval alchemists at work captured in the painting “The Alchemist”
by Pietro Longhi, 1661.1 (b) Lycurgus cup from the 4" century A.D. made of glass
embedded with Au nanoparticles (~1% by weight). (c) The colourful rose window of
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the Notre Dame cathedral made of dichroic glass. (d) Daguerreotype image from
unknown artists: the SEM images with coloured boundaries on the side corresponds to
the areas marked by colour dots. *}(e) Created in 1844, this daguerreotype of Pharaoh
Ramses II’s mortuary temple in Thebes has the sharp clarity of a modern photograph.*?
Figure (a), (d) and (e) were re-produced from the respective publishers according to the
terms and conditions. Images were adapted and reproduced with permission from the
American Chemical Society ( ©2020), National Academy of Sciences (© 2019), and
William Andrew Publishing: Oxford (© 2015).

In the recent years, the application of plasmonic nanoparticles /nanostructures has
expanded to broad areas such as sensing, photocatalysis, photothermal therapy,
photoacoustic imaging, solar energy harvesting, photovoltaics, amongst others.’® A
rather common application that most people are now familiar with due to the COVID
19 pandemic is the lateral flow test kit which exploits the strong light-matter interaction
in plasmonic nanoparticles. For naked eye detection, Au nanoparticles are used as the
optical detection agent that binds to specific locations (the usual red strips) depending
upon the presence of a biomarker, Figure 1.3 (a).2® Due to the high sensitivity of the
plasmon resonance to the refractive index of the surrounding medium, plasmonic
nanoparticles are also promising in refractive index-based sensing of biomolecules,
liquid mixtures, gas molecules, etc.!” ¥ As shown in Figure 1.3 (b), an example is
provided for refractive index-based sensing of glucose: The change is glucose levels is
detected as a red-shift of the plasmon band i.e., the dip in the reflectivity with increasing
glucose concentration. . In plasmon enhanced photocatalysis, plasmonic
nanoparticles/nanostructures often serve as an antenna for enhanced light-matter
interaction. As shown in Figure 1.3 (c), Janus (i.e. two-faced) nanoparticles consisting
of a TiO; and Au nanostructure have higher photocatalytic activity than pure TiO-
nanoparticles in water splitting due the strong near-field enhancement induced by Au.
Thus, plasmonic nanoparticle decorated photocatalytic nanostructures are promising for
various light driven processes, Figure 1.3 (d). The light absorbed by plasmonic
nanostructures, when not utilized in subsequent reactions through accompanying
guantum-level processes, dissipates as heat. By careful engineering towards maximum
absorption and minimum scattering/reflection losses, solar light can be directly used for
thermal processes such as seawater desalination, Figure 1.3 (e). Again, as shown in
Figure 1.3 (f), the strong near-field enhancement induced by plasmonic nanoparticles
is a common signal amplification strategy in surface enhanced processes such as SERS
(surface-enhanced Raman spectroscopy), SEIRA (surface-enhanced infrared absorption
spectroscopy), etc.®
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Figure 1.3 (a) Plasmonic Au-Pt nanoparticles attached to a positive test line in a later
flow test (SEM image scale bar: 3 um) .2° (b) Glucose concentration sensing based on
refractive index sensitivity of Au nanocube arrays (with L =85 nm, h = 8 nm) with SEM
image of the nanocubes (scale bar: 800 nm).2* (c) Transmission electron microscopy
(TEM) images of Janus Au-TiO, nanoparticles and near-field enhancement map
showing maximum enhancement for Janus NPs compared to bare Au and Au@TiO;
core-shell NPs for water splitting.?? (d) Scanning electron microscopy (SEM) image of
Au NP decorated TiO, nanotubes ((T)NTs).% (e) Plasmonic Al nanoparticles utilized
for solar desalination with yield well-below permitted concentration (black column;
before desalination, red column: after desalination).?* % (f) Au nanoparticles decorated
on Si nanocones (SEM image scale bar: 1 um) for surface enhanced raman spectroscopy
(SERS).?® Images were adapted and reproduced with permission from Elsevier (©
2021), Royal Society Chemistry (© 2019, 2017, 2009), Wiley-VCH (© 2012) American
Chemical Society (© 2020), Springer Nature (© 2016).

The scientific interest around plasmonic nanostructures stems from the intense light-
matter interaction as well as the accompanying quantum processes. The central
questions in the plasmonic enhancement of photo-electro-chemical processes are about
the generation of optically-excited energetic hot carriers i.e. hot electrons and holes, and
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their channelling to subsequent processes. The generation of hot carriers in plasmonic
nanostructures is influenced by various factors such as material optical properties, size
and shape of the nanostructure, polarization of the incident light with respect to the
nanoparticle’s orientation (relevant to anisotropic nanoparticles) and so on?’. The
theoretical description of these processes is an area of on-going research.

1.1.2 Metal oxide nanoparticles

Formation of oxides from pure metals by spontaneous oxidation is an ubiquitous
process. This makes many metal oxides abundant in the earth crust. Interestingly, the
nanoparticles of many metal oxides are highly valuable due to their application in
common chemical reactions in catalysis, photocatalysis, (photo)electrocatalysis,
semiconductor electronics, photovoltaics, sensing, etc.? 2° The photoactivity of some
metal oxide nanoparticles such as TiO,, ZnO, WO3;, MoOs, CuO, ZrO,, etc., originates
from the band gap of these materials, Figure 1.4 (a). Among different oxides, TiO; has
been the most widely explored material in the last decades of research due to its low
cost and wide availability. However, the quest for better materials has only been
intensified in recent years for industrially feasible technologies towards a sustainable
future. The suitability of metal oxides in light driven applications is determined by both
the band gap of these materials as well as the band-gap edges (shown in Figure 1.4 (a)),
which can be determined experimentally.® Upon illumination of light i.e. photons on
these materials, electrons from the valance band are excited to the conduction band
forming a hole in the valence band. While a fraction of these photogenerated electrons
and holes migrate to the metal oxide surface, the rest recombine together with a release
of the energy in the form of heat or photons. The excited electron-hole pair i.e. the
photoexcitons on the surface can interact with adsorbed chemical species to undergo
chemical reactions. Naturally, a small band-gap with a low recombination rate is
desirable so that a large portion of the visible spectrum can excite valence band electrons
that can drive subsequent chemical reactions. However, the effectiveness of these
photoexcitons is also dependent on the band positions with respect to the energy of the
reaction. To facilitate the electron transfer from the photocatalyst to the adsorbate, the
conduction band (CB) minimum of the photocatalyst must be higher than the reduction
potential of the adsorbate. Similarly, the photogenerated holes could generate strong
oxidizing agents like OH radicals by interacting with the adsorbed molecules on the
surface. Here, the valence band (VB) maximum of the photocatalyst must be lower than
the oxidation potential of the adsorbate for efficient hole transfer. For instance, as shown
in Figure 1.4 (a), despite having a low band gap falling within the visible range, good
electron transport properties and low recombination rates, WO3;, MoOs, CuO, Fe,0s3,
and V205 are not efficient photocatalysts due to the fact that their conduction band
position is too low. Thus, the photoexcitons do not have the potential high enough to
catalyse important reactions. In contrast, although TiO, has a large bandgap that
matches only with photons in the UV range, the higher position of the conduction band
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ensures high enough potential of the excited electrons to drive different reactions.
Also, TiO; being an indirect band-gap semiconductor, has slower rate of recombination
due to photon-phonon coupling further enhancing the photocatalytic activity, while for
Fe,0s3, the direct band gap facilitates faster re-combination thereby reducing surface
reactivity by photoexcitons.®2
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Figure 1.4 (a) Band gap and band positions of different metal oxides®. (b) In-situ TEM
imaging of H. bubble formation by water splitting reaction over TiO, nanoparticles
under UV illumination®, (c) Large scale (100-m?) photocatalytic array of panel reactors
for spontaneous solar hydrogen production with an STH of 0.76%.%* (d) ZnO
nanostructures for H, gas sensing application®. ). Images were adapted and reproduced
with permission from Springer Nature (© 2009, 2018, 2021).

Metal oxide nanostructures have been going through intense fundamental investigations
over the last decades for spontaneous photocatalytic water-splitting, which is considered
as the holy-grail for a carbon free future. Figure 1.4 (b) shows in-situ visualization of
H: nanobubble formation as a result of water splitting by TiO, under UV illumination
in an environmental TEM cell. While the working of such a system was proven decades
ago, the efficiencies required for an industrial scale technology still provides a
challenge. Recently, however, the feasibility of a large scale (100 m?) water-splitting
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plant has been shown with a solar to hydrogen efficiency of 0.76%, Figure 1.4 (c).
Obviously, to meet the global energy demands, reaching much higher efficiencies is a
must. Nonetheless, the surface chemistry of metal oxide nanostructures also creates
possibilities to solve non-existential technological problems such as sensing. The
application of metal oxide nanoparticles in gas sensing has been studied quite
extensively®®. Common metal oxide semiconductor (MOS)-based gas sensors can
mainly detect a gas because of the change in electrical signal caused by the gas. When
O, molecules are adsorbed on the metal oxide surface, conduction band electrons are
trapped by the molecules to form ions. As a results, an electron depletion region forms
on the surface which also results in band bending. Reaction of these oxygen species on
the surface with reducing gases or the replacement of the adsorbed oxygen by other
molecules by competitive adsorption can reverse the band bending resulting in an
increased conductivity. Figure 1.4 (d) shows Pt coated ZnO nanostructures for H, gas
sensing as an example.

1.2 Self-assembly of nanoparticles into clusters and films
1.2.1 Definition and classification

While the individual properties of nanoparticles as discussed in Section 1.1.1 and 1.1.2
strongly determine the effectiveness of colloidal nanoparticles in different applications,
the placement of the nanoparticles at a target region or interface in an optimal
arrangement is equally important. In this regard, self-assembly is an efficient technique
for the nanoscale organization of nanoparticles for their optimal performance. As the
term itself suggests, self-assembly, broadly, is a process of autonomous organization of
components into structures without human intervention. While self-organization is an
ubiquitous phenomenon in nature at different length scales, in nanotechnology, self-
assembly is a promising technique to build functional structures and interfaces from
nanomaterials, molecules, and so on. The growing interest on self-assembly stems from
the fact that it enables self-organization at the nanoscale, where mechanical intervention
is not possible. Thus, apart from the access to the unique spontaneous structures, self-
assembly also promises an alternative nanofabrication technology to obtain functional
interfaces more economically.

Generally, self-assembly of nanoparticles has countless possibilities with regard to the
structural make-up from the nano to the macro scale. Based on the present state of
literature, one can divide self-assembled nanoscale structures broadly into two classes
as given in Table 1. The first one comprises of finite clusters of nanoparticles resulting
from assembly in 2D and 3D. The second class encompasses assemblies extending to
infinity in at least one dimension. For instance, a self-assembled nanoparticle film
extends is considered infinite in two dimensions. In practice, no film or structure can be
actually extended to infinity in any dimension. Thus, it is the relative length in one
dimension with respect to the size of a single nanoparticles that is being referred to here.
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Table 1.1 Overview of self-assembly techniques to obtain nanoparticle clusters and
films with existing important literature.

*  Assembly by electrostatic/van-der-
Waals interaction.%”

*  Emulsion directed self-assembly.

Nanoparticle Clusters *  Assembly by molecular binding DNA
origami.38 39

* Magnetic field directed self-
assembly.*°

«  Lithographic patterning.*!

Self-assembly of colloidal *  Lightinduced self-assembly.
nanoparticles

«  Air-liquid interfacial self-assembly

*  Liquid-Liquid interfacial self-
Nanoparticle films assembly.4? 43

»  Evaporative self-assembly.

*  Directed Self-assembly on
functionalized substrate.

As shown in Table 1.1, each class of self-assembly techniques is quite broad to treat in
a single discussion. Therefore, the following discussion is limited to one specific
technique from the above classification namely, the air-liquid interfacial assembly,
which is the technique used in this dissertation.

1.2.2 Air-liquid interfacial self-assembly

Among different self-assembly based techniques that have been developed for the
fabrication of nanoparticle thin films, air-liquid interfacial assembly has been the most
widely investigated approach based on which commercial technologies have also been
developed. These developments have been inspired by the original Langmuir-Blodgett
technique for organic molecules which is extended to nanoparticles to obtain
nanoparticle films.** This technique simply involves trapping of nanoparticles at the
liquid-air interface which form a close packed film when there are enough nanoparticles
to cover the interfacial area available. For self-assembled film of nanoparticles, this
technique is still being explored for further developments towards more complex
nanoscale arrangements and large-scale applications.*® The common Langmuir-
Blodgett trough design has a large area container/trough (for example, Kibron
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Microtrough G4 has a surface area of 930 cm?) where the sub-phase (mostly water) is
filled up to the top. The nanoparticles are introduced on the surface of this liquid to be
trapped at the interface as shown in Figure 1.5 (a).*® The surface area over the liquid is
then reduced by a movable barrier so that the surface area is exactly what is needed for
the nanoparticles to form a close packed monolayer film. The movable barrier in this
design is very important for using water as the subphase as this allows surface pressure
regulation. Due to the high surface tension of water, introduction of nanoparticles onto
an air-water interface with fixed surface area results in increasing surface pressure that
hinders free movement of the nanoparticles to form a continuous close packed film.
Thus, the barrier allows a large surface area in the beginning for a limited number of
nanoparticles to move around freely like in a 2D gas, after which the molecules are
gradually packed into a smaller area by the barrier sliding over the water surface. Also,
the barrier allows for different packing densities in the film, Figure 1.5 (a). Also, the
barrier regulates the surface pressure during the transfer of the film to a substrate by
vertical dipping. An alternative simpler set-up for the air-liquid interfacial assembly
consists of a low surface tension liquid (e.g. ethylene glycol, diethylene glycol, etc.)
contained in a container so that the liquid surface, which is of fixed area unlike the set-
up discussed above, acts as the interface. This method has been used extensively by
Murray et al. as well as other groups to obtain self-assembled films over relatively
smaller areas (up to a few cm?) but also for more complex arrays such as multilayer
films, binary nanoparticle films and so on.*” “ 4 The low surface tension liquid
facilitates easier movement of the nanoparticles at the interface in the formation of the
film without requiring external arrangements for the regulation of the surface area,
Figure 1.5 (b). However, naturally, this method has less control over the monolayer or
multilayer formation. When the number of nanoparticles introduced over the subphase
is exactly equal to what is needed to cover the entire surface, the film tends to be a
monolayer. With increasing number of nanoparticles over this limit, bi-layer or
multilayers are formed at different locations of the films.5° 5! Regardless of the subphase
used, in air-liquid interfacial assembly procedures, the nanoparticles —that are often
synthesized in aqueous medium- need to be functionalized with organic ligands in order
to be dispersed in a volatile organic solvent. Naturally, use of a non-polar solvent (e.g.,
hexane, toluene, chloroform, etc.) as the solvent of the nanoparticle colloid is
convenient as the solvent stays separate over the polar subphase (water or glycols) due
to the immiscibility. For the nanoparticle synthesis procedures that are performed in a
non-polar organic medium, polar to non-polar phase transfer is not required. Usually,
all the excess ligands present in the non-polar phase are removed before self-assembly.
Griesemer et al. systematically investigated the effect of the excess ligands on film
formation to show that a certain excess ligand concentration inhibits the wrinkling and
folding of the film during compression, Figure 1.5 (c). Also, naturally, the interparticle
distance increases with increasing excess ligand concentration.>? For nanoparticles
stably dispersed only in polar solvents, Nie et al. provided a solution by demonstrating
that nanoparticles dispersed even in a polar phase (PVP coated Au nanoparticles in
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ethanol) can spread over a water surface without mixing with it when the nanoparticles
are introduced as an aerosol by electro-spraying, Figure 1.5 (d).>® After nebulization,
the solvent in the tiny colloid droplets evaporates rapidly resulting in trapping of the
nanoparticles at the air-water interface. In fact, complete hydrophobization of the
nanoparticles is not a requirement to trap the nanoparticles at the interface. As Moon et
al. showed, nanoparticles can be trapped at the interface in several ways, such as by
reducing the compatibility of the colloidal dispersion phase with water, increasing the
particle concentration in the colloid, reducing the zeta potential of the colloidal particles,
adding a salt (NaCl) to the suspension, and utilizing soft particles. Morag et al. showed
another interesting possibility by adding elaidic acid and myristyl alcohol to the thiol
coated Au nanoparticles to obtain network-like Au nanoparticle films with polygonal
myristyl alcohol domains, Figure 1.5 (e).>* Elaidic acid, on the other hand, is added for
solubilizing Au NPs at the air/water inter-face at the operating temperature. Table 1.2
summarizes the set-ups used for air-liquid interfacial self-assembly in different
important part studies. Although the air-liquid self-assembly is a mature technology for
molecular films, its success with nanoparticles is determined by many factors. First, for
a well-ordered film, size and morphological uniformity of the nanoparticles is
important. Again, the colloidal synthesis procedures determine the feasibility of further
ligand functionalization of the nanoparticles in order to be compatible with the self-
assembly procedure. For example, the replacement of a polar thiol ligand on Au
nanoparticles with a non-polar ligand can be difficult due to the strong thiol-Au bond.
Such maodifications can be more complicated in hybrid nanoparticles (for example,
janus nanostructures) with multiple surface compositions. On the other hand, among the
techniques listed in Table 1.1 for nanoparticle films, the air-liquid self-assembly
technique is the most evolved for obtaining closed-packed arrays with adequate control
over nanoscale dimensions. Among other techniques, for instance, the liquid-liquid
interfacial assembly has seen little progress regarding the control of the interfacial
pressure during the self-assembly process. Also, transfer of large area (i.e. several cm?)
nanoparticle films from the liquid-liquid interface to a substrate has been proven to be
extremely difficult. Again, both the evaporative assembly and directed assembly on
functionalized substrates are techniques still at early stages. The primary challenge of
the evaporative self-assembly has been to avoid the coffee ring effect which results in
concentration of nanoparticles at the outer edges of a drying colloidal droplet on a flat
surface. On the other hand, directed assembly on functionalized substrate requires
compatible surface chemistry to bind the nanoparticles to the substrate by inter-
molecular bonding.
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Figure 1.5 (a) Ag nanoparticles self-assembled at the air-water interface in Langmuir
Blodgett trough set up.*® The movable barrier can compress the film towards higher
packing density. (b) Au nanoparticles self-assembled at a fixed air- diethylene glycol
interface. (SEM image scale bar: 500 nm, digital image scale bar: 1 cm) > (c) The
presence of excess ligands at the interface inhibits wrinkling and folding of the
nanoparticle film during compression (scale bar: 40 um).%2 (i-vii: different stages of
compression for different ligand concentrations) (d) Nie et al. showed that nanoparticle
dispersed in polar solvents (e.g. ethanol) can also be trapped at the air-water interface
by nebulization with electro-spreading.* (e) Network-like assemblies can be obtained
by adding myristyl alcohol that forms its polygonal domains (scale bar: 10 pm).>
Images were adapted and reproduced with permission from Royal Society Chemistry
(©2017), Wiley-VCH (© 2011) American Chemical Society (© 2015), Springer Nature
(© 2007, 2020).

Table 1.2 Summary of air-liquid interfacial self-assembly procedures reported in
selected literature.

Literatu Subphase = Nanoparticle/shape/A  Nanoparti  Set-up Film

-re -pprox. size/capping -cle description/uniqu- quality
ligand solvent e feature

Kim et water BaCrOa/nanorod/20 nm  isooctane Commercial Nima Unidirecti-

al.%¢ length, 5 nm Technology M611 -onal

(2001) dia./dioctyl sodium LB trough with Nanorod
sulfosuccinate (AOT or surface  pressure monolayer
Aerosol-OT) regulation.
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Song et water Pt/nanocubes, Chlorofor ~ Commercial Nima Randomly

al.%’ cuboctahedra, and m Technology M611 packed

(2005) octahedra/9-10 nm/ LB trough monolayer

Tao et water Ag/truncated cubes, Ethanol- Commercial KSV Several

al.*6 cuboctahedra, and chloroform  Nima 611 LB cm? close

(2007) octahedra/120, 150 and ~ (1:100 trough packed film
250 nm/PVP ratio)

Dong et Diethylene Binary mixture of Hexane A Teflon well with  Binary

al.*8 glycol FesO4 and FePt/ glass cover for nanocrystal

(2010) nanospheres/15 and 6 slow evaporation superlattice

nm/oleylamine S.

Martin Toluene Au/nanospheres/3.2to  Hexane A droplet of Close

et al.%® (droplet) 5.2 nm/1- Toluene on packed

(2010) dodecanethiol substrate was used  monolayers
as a subphase. of several

mm? area.

Moon et Water Polystyrene, SiOz, Ethanol, Water contained in  Close

al.»® pNIPAmM, Ag, Au Butanol, a petri dish was packed

(2011) /nanospheres/ 500, Isopropano  used as an large area

700, 45,40/PS, SiO2, | interface. The (several
pNIPAM: no ligand, nanoparticles were  cm?) films
Ag, Au: PVP introduced

carefully on the

surface.

Xiong et Water Au and Fe20z binary Toluene A PMMA polymer  Close

al.® mixture/nanospheres/ 5 with layer over water packed

(2013) nm and 13.4 nm/1- dissolved induces contact binary

dodecanethiol PMMA line pinning for the  lattice.
formation of close
packed assembly.

Nie et Water Au/nanosphere/50 Ethanol Nebulization of Several

al.%3(201 nm/PVP nanoparticle cm?

5) colloid by monolayer
electrospraying on  films.
water surface (LB
trough).

Schulz Diethylene Au Toluene A HDPE well (ID Several

etal.® glycol nanoparticles/spheres/2 ~1.1 cm, max. vol mm?films

5 nm/Thiolated 1.0 ml) to
polystyrenes (PSSH) containing the

subphase and glass
cover for slow
evaporation.

*The content in the third column separated by / is in the respective order in the cases where two or more kinds of
nanoparticles are included.

In the recent years, the air-liquid interfacial assembly has been successfully
demonstrated also for the fabrication of more complex structures. One main advantage
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of this method is the control over monolayer film formation. Thus, multi-layered
structures can be obtained by a layer-by-layer approach with desired structural
properties in each layer.®* Similarly, complex multicomponent nanocrystal assemblies
have also been successfully obtained by this technique®?.

1.2.3 Towards applications

The growing interest in the self-assembly of nanoparticles is driven by the application
potential of assembled structures and the process of the self-assembly itself. Broadly,
bottom-up construction at nanoscale with functional nanoparticles can realize complex
structures that are not possible to fabricate by a top-down approach. For instance, the
fabrication of self-assembled thin film of bi-functional plasmonic-photocatalytic core-
shell nanoparticles is only possible using a self-assembly process. In fact, otherwise
sophisticated thin-film techniques can also be replaced by self-assembly based
techniques for certain applications. For an overview, Table 1.3 outlines the known
applications of nanoparticle clusters and films. In this dissertation, Chapters 4 to 7
include results on nanoparticle clusters and films. In Chapter 4 and 5, where optical
properties of plasmonic nanoparticle clusters and films are included from a fundamental
perspective, the implications of the new results on different applications as outlined in
Table 1.3 are discussed wherever relevant. In Chapter 6 and 7, applications of
nanoparticle films are demonstrated experimentally accompanied by theoretical
insights.

Table 1.3: Summary of known applications of nanoparticle clusters and films reported
in selected literature.

e  Broadband light harvesting® (Chapter 4)
e Emulsion clustering for micro reactor®* 6
e Synthesis of Janus particles®®
Nanoparticle e Photothermal effect®” (Chapter 4)
clusters e Porous materials®®
e  Sensing® 7
e  Surface-enhanced spectroscopy™ (Chapter 4)

Application of self-
assembly of colloidal
nanoparticles

e  Functional thin films of nanoparticles for photo
catalysis, electrocatalysis, self-cleaning surface,
etc.”2 3 (Chapter 7)
Nanoparticle e  Sensing™ (Chapter 6)
films e  Surface Enhanced Spectroscopy’ (Chapter 5)
e  Broadband Light harvesting”™ (Chapter 5)
e Photonic crystals’” (Chapter 5)

*the highlighted points in bold indicate applications on which the theoretical and experimental results in this dissertation
have direct implications.
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1.3 General conclusions and outlook

The importance of light-mediated processes in nanotechnology has been growing
exponentially. Colloidal synthesis of photo-active nanoparticles and their self-assembly
for the formation of functional interfaces is a promising area of development for large
scale applications. Apart from facile synthetic procedures, colloidal synthesis is
specifically advantageous for the control of nanostructure dimensions down to a very
small scale (<10 nm) that is out of reach for traditional lithographic techniques. In the
last decades, synthetic chemists have unravelled significant insights into the structural
control of nanostructures in wet chemical procedures and such developments continue
to grow at a fast pace. This progress in the development and understanding of plasmonic
nanoparticles, which is an important class of photo-active nanoparticles, is quite
important as the optical properties of plasmonic nanoparticles are strongly dependent
on the size and shape of the nanoparticles. Most of the advancement on the synthetic
front has been made on Au and Ag nanostructures. Over the years, synthetic procedures
for various structures such as nanorods, nanostars, nanowires, nanotriangles, nanocubes,
etc., have been established. Also, combination of two or more metals in the form of
alloys, core-shell, janus structures, etc., has been shown to be possible with relatively
simple procedures. While, Ag is known to have excellent plasmonic response, its
chemical instability often poses difficulties in applications. Chemically stable Au, on
the other hand, is expensive and its plasmonic response is damped by interband
transitions. Other metals such as Cu, Al, Pd, Pt, etc., have also been explored for
plasmonic applications. But meeting all the important criteria together has still been a
challenge. Thus, design and synthesis of plasmonic or hybrid plasmonic nanostructures
with tailored properties is critical for their application in different light-driven
processes.

On the other hand, the developments on self-assembly techniques are quite
complementary to the progresses on wet-chemical synthesis as ordered arrangement of
colloidal nanostructures to form functional arrays or films is important in many
applications. The combination of colloidal synthesis and self-assembly is a unique nano-
fabrication procedure where the building blocks (i.e. the nanostructures) can be
designed and synthesized for a specific application. This allows desired complexity and
tailoring of the individual nanostructures, before they are arranged to form a bulk phase
by self-assembly. Such flexibility can simply not be offered by conventional thin-film
techniques. Again, self-assembly of plasmonic nanoparticles have a further advantage
as these nanoparticles’ interaction with light is significantly enhanced when they are
arranged closely as arrays. This makes self-assembly even more important in the case
of plasmonic nanoparticles for their application in light-mediated processes. Thus,
colloidal synthesis of nanoparticles and their self-assembly altogether show a new
direction towards the nano-fabrication of advanced functional materials.
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In view of the existing literature and the important current trends, this dissertation aims
to meet primarily three objectives as follows:

Objective 1: To gain fundamental insight into plasmonic noble metal nanostructures
through computational electromagnetic models, going from individual nanoparticles to
infinite particle assemblies, and bridging the gap between theoretical and experimental
optical properties of plasmonic nanostructures.

Objective 2: To bridge the gap between theoretical and experimental optical properties
of plasmonic nanostructure arrays by investigating the self-assembly of plasmonic
nanoparticles and their applications.

Objective 3: To experimentally study the functionalization of metal oxide nanoparticles
for self-assembly and related applications.
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2.1 Introduction

While the search for better plasmonic materials continues, most of plasmonic research
so far has been based on Ag and Au nanostructures due to their excellent optical
properties and ease of fabrication.”® Both elements have their own benefits and
shortcomings. The low interband transition energy of Au (2.3 eV) leads to energy loss
by such transitions, whereas the larger energy gap of Ag (3.7 eV) does not allow this
interband transition, thus implying more efficient use of incident light energy for hot
electron generation.” Thus, while Ag experiences less interband transition loss in the
visible and near-infrared (NIR) range, Au is more resistant to oxidative degradation. For
comparable sizes, Ag nanostructures have a Localized Surface Plasmon Resonance
(LSPR) wavelength shorter than that of Au with stronger near field enhancement. 8 8!
Also, Ag nanoparticles have narrower and more symmetric plasmon absorption bands
compared to Au.®2 While starkly different in optical response as pure metal
nanoparticles, bimetallic Ag-Au nanoparticles show the possibility to tune the optical
features tailored to specific applications by regulating the composition and structure.®
Both core-shell and alloy nanoparticles of Ag-Au bimetallic systems have been shown
to exhibit spectral characteristics that lay between those of pure Au and Ag
nanoparticles.® & 8 & Thys, bimetallic nanoparticles, constituted as both alloy and
distinct core-shell phases, have been explored extensively, not just with Ag and Au, but
also using other metals such as Cu, Pt and Pd, amongst others.® Considerable efforts
have been devoted towards controlled synthesis of both core-shell and alloy
nanoparticles with desired compositions. Generally, wet chemical synthesis of AU@Ag
core-shell nanoparticles is straightforward and proceeds by the controlled reduction of
an Ag precursor in the presence of Au nanoparticles, or seeds, that facilitate
crystallization of Ag as a shell around the Au cores.®® Conversely, Ag@Au core-shell
nanoparticles are difficult to synthesize in a similar way. In the presence of Ag
nanoparticles, Au®* ions trigger a galvanic replacement reaction that results in hollow
structures.® It has been shown that by controlling the relative kinetics of the galvanic
replacement and the reduction by a reducing agent, growth of Au shells on silver
nanoparticles can be achieved with smooth morphology.®! % % While several studies
have reported direct synthesis methods for Ag-Au alloy nanoparticles by co-reduction
of Ag and Au precursors,® * recent work shows that traditional co-reduction methods
do not necessarily lead to fully homogeneous alloys.*® Conversion of a hybrid Ag-Au
nanostructure such as core-shell nanoparticles to alloys simply by heat treatment at
temperatures as low as 250°C has also been shown to be a promising and facile synthesis
route.% °" % The intrinsic aspect that sets alloy nanoparticles apart from bimetallic core-
shell nanoparticles is the overlapping of energy bands of the constituting elements in
the alloy. Thus, the distinct plasmonic behavior of alloy nanostructures results from the
altered dielectric properties of the mixed material.*® In contrast, core-shell nanoparticles
exhibit plasmonic behavior that is a hybrid of the individual plasmon modes of the core
and the shell .1
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This intrinsic difference and the ease of switching from core-shell to alloy naturally
raises a question: Which is the better plasmonic configuration, alloy or core-shell? The
answer clearly is subject to the intended application. In general, gold nanoparticles are
preferred over silver nanoparticles for photothermal applications due to higher stability
and absorption intensity of gold.1* 1°2 Espinosa et al. recently showed that silver
nanoparticles lose their photothermal properties with time due to chemical degradation
inside human mesenchymal stem cells; but with a thin Au shell surrounding the Ag core,
the nanoparticles can be stabilized completely.1% On the other hand, spectral tunability
of Ag-Au alloy nanoparticles enables wider coverage of the visible light spectrum for
plasmon-assisted photocatalysis.®* Similarly, the bimetallic constitution facilitates
spectral tunability for SERS-based sensing.l®® 1% While spectral tunability is an
advantage, plasmonic hot carrier generation is strongly dependent on the nanoparticle
composition.”

The objective of the current chapter is to draw a comparative picture of Au-Ag core-
shell vs. alloy nanoparticles in view of different light-mediated applications. In
particular, the numerical results compare the far-field and near-field properties of Ag—
Au alloy, Ag@Au core-shell, and Au@Ag core-shell bimetallic plasmonic
nanoparticles of both spherical and anisotropic (nanotriangle and nanorods) shapes. By
studying both spherical and anisotropic (with LSPR in the near-infrared region) shapes,
cases with and without interband transitions of Au can be decoupled.

In the first part of this chapter, the problem at hand is specified with a brief description
of the numerical methods implemented. These numerical models are then validated with
existing experimental results and the optical constants to be used for different Au-Ag
alloy compositions are examined by careful comparison among different literature
sources. In the results, spherical nanoparticles are treated first in terms of the far-field
optical spectra and near-field optical properties. Then, anisotropic nanorods and
nanotriangles are dealt with in a similar manner. Overall, the far-field optical spectra of
alloy and core-shell nanoparticles are significantly different qualitatively (features and
shapes), but quantitatively, the optical intensities are similar. In general, the improved
chemical stability of spherical Ag nanoparticles by incorporation of Au comes with a
cost of reduction in plasmonic enhancement, which is also applicable to anisotropic
nanoparticles, but with a much weaker effect. The implications of the optical intensities
on the photothermal properties are investigated in the conduction heat-transfer regime
as the convection is too weak to have any significant effect. The increased absorption
by the incorporation of Au in spherical Ag nanoparticles also results in an increased
steady-state photothermal temperature. On the other hand, anisotropic nanoparticles are
inherently better absorbers and hence better photothermal sources, and their
photothermal properties are apparently not strongly affected by the incorporation of one
metal in the other. This chapter on the optical/spectral and photothermal characteristics
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of bimetallic Au—-Ag alloy versus core—shell nanoparticles provides detailed physical
insight for development of new taylor-made plasmonic nanostructures.

2.2 Problem specification and numerical methodology

The present study involves electromagnetic simulations of isolated bimetallic
spherical and anisotropic nanoparticles with a core-shell configuration as well as an
alloy configuration of Ag and Au. Figure 2.1 shows schematics of spherical
nanoparticles with corresponding Transmission Electron Microscopy (TEM) images
and Energy Dispersive X-Ray (EDX) analysis maps reproduced from literature. Since
scattering is low for small nanoparticles (<50 nm), the size of the nanoparticles in this
chapter was fixed at 60 nm, so that both absorption and scattering are significant over
the entire range of studied compositions in order to draw meaningful comparisons.
Similarly, the studied nanotriangles in this chapter are of 60 nm each side and 7 nm in
thickness, and the nanorods are 20 nm in diameter and 80 nm in length. The implications
for smaller nanoparticles are discussed briefly in the later sections for the completeness

of the results.
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Figure 2.1 Schematic of spherical bi-metallic Au-Ag nanoparticles in different
configurations: (a) Ag@Au core-shell, (b) Au@Ag core-shell and (c) alloy with their
TEM images and EDX mappings taken from references® & 9. The images were
adapted and reproduced with permission from American Chemical Society (© 2017),
IOP Publishing (© 2012), Wiley-VCH (© 2019).
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As discussed in Chapter 1, the classical electromagnetic framework is quite efficient
in describing optical properties of metal nanostructures. This reduces this rather huge
quantum mechanical problem (w.r.t the computational capacities of present times)
involving a sea of electrons to a much simpler electromagnetic problem based on
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Maxwell’s equations that involves only Newtonian mechanics. Thus, the study of any
complex plasmonic nanostructures, for which analytical solutions are impractical, is
possible by rigorous numerical solution of the Maxwell’s equations subjected to
appropriate boundary/initial conditions. In the study of plasmonic nanoparticles, it is
the spectral response that is important rather than the time-varying optical response.
Thus, the frequency domain form of the Maxwell’s equation as given below was
solved numerically in all the different cases:

Oe

VX (U VX Ege) — ko’ (er — j—£)Ese = 0 (2.1)

wey
In equation (2.1), ur, & and oe denote material properties namely relative permeability,
permittivity of free space and electrical conductivity respectively, and k, denotes the
wavenumber. The relative permeability in this case is assumed to 1 as the present
work does not concern with magnetic response. Now, €, is the real part of the complex
relative permittivity (or dielectric constant) and importantly, o is directly connected
to the imaginary part of the dielectric constant as oe = ¢, w, Where &, is the imaginary
part of the dielectric constant. Equation (2.1), as specified in COMSOL Multiphysics,
is the representation of equation (1.13) in Chapter 1 in terms of the scattered electric
field. Thus, the problem at hand can be completely specified with only the complex
dielectric constants as the input material optical properties. Also, the optical properties
of different materials in literature are reported in the form of both dielectric constants
and refractive index. The conversion from one to the other is simple by well-known
mathematical relations. For the numerical solution of Equation (2.1), the computation
domain containing the nanoparticle in the middle and the surrounding medium
enclosed by a spherical shell is shown in Figure 2.1 (d). In the numerical model,
these model components are represented in terms of the spatial coordinates in 3D. The
spherical shell, also known as the PML (perfectly matched layer), is a numerical
construct that imposes a complete absorption condition on the walls of the
computational domain so no electromagnetic wave is reflected back from domain
boundaries. The size of the computational domain surrounded by the PML should be
large enough so that the evanescent near-field around the nanostructure does not touch
the domain boundaries. A spherical domain of radius 15 times the radius of the
nanoparticle at the center is sufficiently large for these computations. The scattered
field solution of equation (2.1) is obtained in terms of the local scattered electric field,
Esc in the presence of a background electric field which is the incident electromagnetic
wave, Einc. The total field E is the superposition of the scattered and incident electric
fields, Esc and Einc respectively. Upon discretization of the computational domain for
the boundary value problem at hand, the FEM solver COMSOL Multiphysics
implemented here converts the partial differential equation(s) into a system of linear
equations to solve for Esc numerically. In the meshing scheme, the PML was discretized
by prismatic elements, while the computational domain including the nanoparticle was
discretized by tetrahedral elements. While for plain spherical nanoparticles this
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discretization scheme has been proven to work well,'% to ensure that it is also valid for
the core-shell nanoparticles with a shell thickness as thin as 2.14 nm, a grid
independence test was carried out. Comparing a 199043 elements grid (minimum
element size: 1.08 nm, maximum element size: 25 nm) with a 594120 elements grid
(minimum element size: 0.144 nm, maximum element size: 14.4 nm) in Figure A2.4
(Appendix) makes it clear that even distinctly different grid geometries provide
excellent agreement in the spectra. This grid independence test validates the accuracy
of the present numerical results.

After the solution, the magnetic field can be directly obtained from the electric field
by the relationship:

1
Hy, = EkXEinc z\/%kXEinc (2-2)
or,

1 r
Hp, = Z\Ek X Einc (2-3)

Where, Z is the complex impedance of the medium/material. In equation 2.2, ¢ and u
are the permittivity of the medium. For the consistency with equation (2.1), the
impedance is expressed in terms of relative permittivity (&), relative permeability (u)
and free space impedance (Zo).

From the numerical solution of the electric field and magnetic field, the optical
intensities are obtained by mathematical post-processing. The energy absorbed per unit

time, W

- and energy scattered per unit time, W, , by the nanoparticle are given by the

sc’

following equations:
1 . . «
Waps = 5 JIf, Re[ (0.E + jwD) - E* + jwB - H"]dV (2.3)
1 *
Wse = E#S Re[Esc X Hsc] ‘ndS (2'4)

The volume integration and the surface integration in the above equations are applied
over the volume and outer surface of the nanoparticle respectively, with n being the unit
normal vector. The superscript * and D stand for complex conjugate and displacement
currents respectively. The absorption cross section, a,;¢, and scattering cross sections,
0sc, for a nanoparticle can be defined as:

Wa S
Oabs = Ib (2.9)

Osc = — (2.6)
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In equation (2.5) and (2.6), I is the intensity of incident light which can be expressed in
terms of the incident field as:

I = %cleinCI2 (2.7)

The heat transfer analysis for the evaluation of the photothermal effect of nanoparticles
in water medium requires solving the steady state form of the heat equation;1% 07

pCp U VT = kV2T + g (2.8)

Here, U and T are the velocity vector and temperature, respectively. While, k, p, and C,
denote thermal conductivity, density and specific heat capacity, respectively. In
equation (2.8), q is the rate of heat generation per unit volume due to absorption obtained
as in equation (2.3). For a given set of values of these parameters, the problem is
essentially simplified to the numerical solution of the conduction equation, as the
velocity vector U in equation (2.8) for the convective velocities of water can be
neglected since convection will not be significant for an object of extremely small
dimensions, also indicated by a very small Rayleigh number, Ra, (in the order of 10
14)108 The insignificance of the convective terms in equation (2.8) was further
ascertained by comparing the results from the solution of the complete heat equation i.e.
equation (2.8) and the conduction equation to find negligible difference in the
temperature. The inspection of the isotherm contours with perfectly circular concentric
patterns also suggests the absence of convective heat transfer contributions. While, the
convection does not influence the development of the temperature field, the
investigation of the convective velocities, however small they are, is also important for
applications in micro-environments. This aspect is not included in this dissertation. A
suitably large domain is chosen that imitates an infinite medium. In practice, the
boundaries have to be extremely far as the temperature spatial decay scales as 1/r, where
r is the distance from the nanoparticle.’® A spherical domain of size 2000 nm in
diameter was found to be suitable as an infinite medium. The thermophysical properties
were taken from relevant literature sources.!® 1! Since the thermal conductivity of
water is significantly low as compared to Au and Ag, the variability of the thermal
conductivity of Au and Ag with temperature does not impact the conductive heat
transfer characteristics. This is also implicit from the low value of the Biot number (Bi)
meaning the lump capacitance approximation is valid for both cases.

2.3 Results and discussion
2.3.1 Model validation

First, the present numerical model was validated using past experimental results. For
alloy nanopatrticles, the literature on reliable optical constant data is scent. Also, not all
of the handful of such studies cover a wide spectral range or, more importantly, can
reproduce experimental results accurately.!'? 1* Reliance on weighted average values
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as shown in some past literature is a too simplistic approach as the energy of the
transitions changes with the alloy composition. & 8 114 In view of the literature available
on this topic, Rioux et al. provides a rigorous model for the optical constants of Au-Ag
alloys based on critical point analysis of the band structure of Au and Ag to show close
agreement between theoretical and experimental values.*® Their model overcomes the
unphysicality of the simple Drude-CP model reported by Etchegoin et al.1%® 118 in spite
of the good quality of the fit obtained. In this model the summation of Lorentzian
oscillators representing individual (interband) transitions in the Drude-Lorentz model
has been replaced by an integration of the joint density of states (jJDOS). The two
functions CP1 and CP2 defined by Rioux et al. for the interband transitions were
obtained by the approximation of the joint density of states (jDOS). Upon defining this
10 parameter model of Ag and Au, the composition dependence of each parameter in
the alloy has been modeled as a second-order polynomial giving rise to 3 sub-
parameters. Thus, a 30 parameter model combined with the Drude free electron term
was obtained for the composition dependent dielectric functions of Ag-Au alloy that
overcomes the shortcomings of the previous literature. For the fitting of this model to
experimental data, they implemented a genetic algorithm suited for multi-parameter
optimization based on least square error.

Nonetheless, it is useful to compare the values reported in different studies, as presented
in Figures Al.1, A1l.2 and Al.3 (Appendix).® 17 118 119 For Ag-Au alloys, the
agreement of Nishijima et al. and Pefia-Rodriguez et al. with Rioux et al. is considerably
better than Gong et al. over the visible light range, Figure A2.3. Further assessment of
these data is done by comparing computed normalized scattering cross section spectra
with experimental results reported by Patskovsky et al. in Figure 2.2(a).1?® Clearly,
optical constants predicted by the theoretical model of Rioux et al. work well in
estimating the extinction spectra of both pure as well as alloy nanoparticles. Au
generally shows a better agreement than Ag using optical constants from different
literature sources, as illustrated in Figures A1.5 and A1.6 (Appendix). When compared
for 60 nm pure Ag nanoparticles, optical constants from Palik!?* appear to give large
deviations from the rest, Figure A2.5. Also, the sharp quadrupolar peak in the
absorption cross section is absent when optical constants from Palik were used. Apart
from the experimental errors in the optical constants, the deviation of the computed
spectral peak position from the experimental one, may also arise from the sensitivity to
the surrounding environment, morphological irregularity of nanoparticles, instrumental
errors and so on.'?2 The effect of nanoparticle polydispersity and morphology on the
optical properties is treated in detail in Chapter 3. In Figure 2.2 (b), computed
extinction spectra using the dielectric constants of Rioux et al. are compared with
experimental UV-Vis spectra of Ag nanocubes with a thin shell of Au reported by Yang
et al.!? The simulated results match the experimental data both quantitatively and
qualitatively. With this overview of the available literature on the optical constants of
Au and Ag alloy, it is reasonable to proceed with the model of Rioux et al. as it estimates
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the constants for any arbitrary composition and the agreement with experiments is
shown to be the most satisfactory.
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Figure 2.2 (a) Comparison of experimental scattering spectra of Patskovsky et al. 12
with computed spectra for optical constants from different literature sources: Johnson
and Christy!?*, Pefia-Rodriguez et al.'*8, Rioux et al.*® and Gong et al.*® for pure Au,
pure Ag and 50:50 alloy Au:Ag (Note: Optical constants from Pefia-Rodriguez et al. ae
for 48:52 molar ratio of Au to Ag). Color codes: black for Au:Ag=100:0, red for
Au:Ag=50:50, blue for Au:Ag=0:100 (b) TEM images of Ag nanocubes (AgNC) with
thin Au protecting layer'?, visualization of 3D nanocube model in the present study,
comparison of experimental extinction spectra with calculated spectra with constants
from and Rioux et al. The TEM images are adapted and reproduced from American
Chemical Society (© 2014).
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2.3.2 Comparison of plasmonic properties: spherical nanoparticles
2.3.2.1 Absorption and scattering behavior

Before delving into bi-metallic nanoparticles, it is useful to analyze the role of the
interband transitions and that of free electrons that eventually results in plasmonic
excitation. As mentioned earlier, Au introduces such interband transitions, while Ag can
be approximated as an entirely free electron contributor in the visible range. While the
free electrons result in plasmonic excitation, with consequent radiative and non-
radiative damping, the interband transition contributes to “non-plasmonic” light capture
and consequent thermalization. Discriminating between both effects is possible by using
a mathematical model for the wavelength dependent dielectric constants, where the
parameters concerning individual effects can be selectively dropped. For this, the
Drude-CP model from Etchegoin et al. that exploits critical point (CP) analysis!® 116
has been shown to fit well with the dielectric constants of Au reported in Johnson and
Christy*?, Figure 2.3 (a) and (b). Figures 2.3 (c) and (d) compare optical spectra
obtained by separately considering the interband transitions (CP terms) and the free
electrons (Drude term) in the dielectric constants with the spectrum that is obtained by
considering the complete dielectric function. The position and the intensity of the LSPR
is an outcome of these two effects coupled together. For a 60 nm nanosphere, the Drude
free electron part in the absence of interband transitions yields plasmonic excitation that
results in large radiative damping (scattering) and small non-radiative damping
(absorption) at the LSPR. It is important to note that this purely plasmonic excitation is
strongly dependent on nanoparticle’s shape and size. In the presence of the interband
transition, however, the LSPR is red-shifted significantly, and the scattering component
is drastically reduced with a proportionate enhancement in the absorption. Thus for 60
nm Au nanoparticles, the absorption cross section has a significant contribution from
the interband transitions. However, whether it is the dominant contributor cannot be
concluded directly. In contrast, the small size of a 20 nm nanoparticle facilitates strong
non-radiative damping of the plasmons contributing to the absorption cross section far
more significantly than interband transitions, Figure 2.3 (e) and (f). Thus, while in the
absence of interband transitions, the plasmonic excitation is remarkably strong as
evidenced by the sharp absorption and scattering peaks; taking interband transition into
account results in a drastic drop of the plasmonic excitation and the consequent optical
cross sections. When interband transitions are excluded, the plasmon band broadening
by the retardation effect in the 60 nm nanoparticle is quite strong in contrast to the
smaller 20 nm nanoparticle for which the retardation effect is much smaller. The
competing effects of free electrons and interband transitions combined with the size and
shape factors will also determine the optical response of Ag-Au bimetallic
nanoparticles, as will be shown further.
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Figure 2.3 (a) Comparison of Johnson and Christy*?* dielectric constants for Au with
Drude-CP model as reported by Etchegoin et al.'*® 16, The dielectric functions only
considering the free electron Drude term and the interband transition CP term are also
shown. (¢, d) Comparison of absorption and scattering cross sections of a 60 nm Au
nanoparticle with those calculated considering the Drude term and the CP terms alone.
(e, f) Comparison of absorption and scattering cross sections of a 20 nm Au nanoparticle
with those calculated considering the Drude term and the CP terms alone.

Figures 2.4 to 2.6 compare spherical Au-Ag alloy nanoparticles, Ag@Au core-shell
nanoparticles, and Au@Ag core-shell nanoparticles, respectively, all of 60 nm in
diameter and different compositions. The general trends of the bimetallic constitution
are discussed first before delving into the specific cases. In general, incorporation of Au
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in Ag nanoparticles induces a red-shift of the plasmon band accompanied by a reduction
in scattering, and an increase in absorption as seen for both alloy and core-shell
structures. From the discussion related to Figure 2.3, it can be attributed to the interband
transitions in Au. Incorporation of even 20% Au significantly increases the absorption
cross section for both alloy and core-shell nanoparticles accompanied by a
corresponding drastic reduction in the scattering component. It is useful to note that the
absorption component of the total energy extinction dissipates thermally while the
scattered part is re-radiated to the surroundings. The absorption in Au is contributed by
interband transitions from the d-band and plasmon decay, both resulting in hot carrier
generation that eventually thermalize if not utilized in some other way.'?® 126 Zheng et
al. showed that hot carriers from plasmon decay are more energetic than those from
interband transitions and are able to cross a ~1 eV Schottky potential barrier more
efficiently. While in silver, the interband transitions are absent.'?” The resulting optical
intensities are a cumulative effect of these mechanisms (resulting in absorption) and
radiative damping of the plasmons i.e. scattering. A 60 nm Ag nanoparticle is
characterized by a strong radiative decay of plasmons (large scattering component) and
weaker absorption. Incorporation of Au in Ag consequently introduces new interband
transitions and reduction of the plasmonic excitation of the pure Ag state. The net result
is an increase in the absorption component and a decrease in scattering. It is important
here to bring up the case of 20 nm nanoparticles, for which Ag exhibits significantly
higher absorption at LSPR than Au, as a consequence of strong non-radiative decay of
plasmons and weak scattering limited by the small size. In this case, since the absorption
is primarily from plasmon decay, incorporation of interband transitions via addition of
another material would be detrimental to the absorption. Thus, incorporation of Au into
(small) 20 nm Ag nanoparticles reduces the plasmonic excitation of the pure Ag state
as Au introduces new interband transitions. The net result of this is reduced absorption
as the dominating mechanism behind the high absorption is strongly damped. This is in
contrast to 60 nm Ag nanoparticles as discussed above, for which much of plasmonic
excitation is lost to radiative decay i.e. scattering instead of thermalization, addition of
even a small amount of Au only increases the absorption cross section due to increased
interband transitions and radiative losses by scattering is also reduced. The resulting
decrease in the overall extinction intensity upon introduction of Au in Ag is also clear
from Figure A2.7. Importantly, this effect of interband transition is not seen in the case
of anisotropic nanoparticles as will be discussed later. The change of optical intensities
with the amount of Au incorporated does not seem to follow a continuously increasing
trend. While for alloy nanoparticles, it can be attributed to the changes in the optical
properties with different alloy compositions; for core-shell nanoparticles, it is rather
attributed to the coupling of different sizes of the core and the shell.?
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Figure 2.4 Absorption and scattering cross section of spherical Ag-Au alloy
nanoparticles with varying composition and fixed size of 60 nm in diameter. From pure
Ag (in red), Au is incorporated as alloy increasingly up to100% Au (in purple).

50000
16000 1 (a) = Pure Au o (b) Pure A
g AuAg=80:20 | E ure Au
= 14000 - = 40000 1 — Au:Ag=80:20
~ — Am:Ag=060:40 | = AusAg = 60:40
£ 12000 AuAg=40:60 | 5 P
= — AuAg=20:80 | 30000 AuiAg =40:60
& 10000 . ; o —— Au:Ag =20:80
- Pure Ag @ —— Pure A
w 8000 - ure Ag
4 £ 20000
S 6000 £
=
2 4000 2010000 -
= E
@
5 2000 z .,
@ ]
2 0 o
« 7]
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 2.5 Absorption and scattering cross section of spherical Ag@Au core-shell
nanoparticles with varying composition and fixed size of 60 nm in diameter. From pure
Ag (in red), Au is incorporated as a shell increasingly up to 100% Au (in purple).
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Figure 2.6 Absorption and scattering cross section of spherical Au@Ag core-shell
nanoparticles with varying composition and fixed size of 60 nm in diameter. From pure
Ag (in red), Au is incorporated as a core increasingly up to 100% Au (in purple).

Further comparison of alloy with core-shell constitutions shows that the optical spectra
of the alloy nanoparticles, Figure 2.4, are generally sharper (with one characteristic
LSPR peak) than the core-shell ones, Figures 2.5 and 2.6. Experimental evidence of
these trends has been reported in literature by means of UV-Vis data of bimetallic
nanoparticles.’?® 12 The asymmetric broadening of the LSPR peaks of core-shell
nanoparticles with different intermediate Ag: Au compositions, shown in Figure 2.5 and
2.6, is also in agreement with experimental observations for Au@Ag core-shell
nanoparticles.t® 13t 132 According to the plasmon hybridization theory, the hybrid
plasmon modes expressed in the asymmetrical optical spectra that are constituted by
individual plasmon modes of core and shell are strongly dependent on the core and shell
sizes. In contrast, an alloy nanoparticle has a homogeneous composition with its optical
properties determined by the composition. Alloys exhibit optical properties that are
intermediary between pure Ag and Au.13 134 8 87 |t js noteworthy that recent research
on Au-Ag alloy nanoparticles has shown that similar single dipolar LSPR peaks are also
obtained for inhomogeneous bimetallic nanoparticles that attain a core-shell-like
architecture.® These differences in the spectral characteristics between core-shell and
alloy are well supported by experimental results.** It is important to note that the
diffusion of one metal to the other in the core-shell nanoparticles is a spontaneous
process which is extremely slow at room temperature. Thus, this slow spontaneous
conversion from core-shell to alloy configuration at room temperature is not expected
to become apparent in the optical properties in a short period of time (i.e. a few months,
as for our study).

Considering the use of bimetallic nanoparticles for the tuning of the LSPR wavelength
by variation of the composition, it is useful to understand the dependence of the spectral
shift on the composition for both alloy and core-shell configurations. As apparent from
Figure 2.7, the spectral shift upon introduction of Au in Ag is considerably different for
all three configurations, Ag@Au, Au@Ag and alloy, taking into consideration the
dipolar resonance peak. For alloy nanoparticles, the red-shift is proportionate to the
amount of Au as alloy when moving from pure Ag to Au, also supported
experimentally.®” 8 For core-shell nanoparticles, the red-shift is not gradual. For
instance, in Figure 2.7 (a), going from 40% to 60% Au in the Ag@Au core-shell
nanoparticle, the red-shift of the absorption spectra is significantly larger than that while
going from 60% to 80%. Also, core-shell nanoparticles have irregular and wider spectra.
For both absorption and scattering components in Figure 2.7 (a) and (b), the LSPR
peaks for the Au@Ag core-shell nanoparticle are located at longer wavelengths than
those for the alloy nanoparticles of the same overall composition.
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Figure 2.7 Shift of the plasmon band in the absorption (a) and scattering (b) cross
section spectra with the incorporation of Au in Ag as a shell in the Ag@Au structure,
as a core in the Au@Ag structure and as a homogeneously mixed element in alloy
nanoparticles. The diameter of the nanoparticles is fixed at 60 nm.

2.3.2.2 Near-field enhancement

Despite the reduction of plasmon induced hot carriers upon introduction of Au in Ag,
the chemical stabilization of Ag by Au is often quite useful. The result of energy
consumption by interband transition is reduced plasmonic excitation. Zheng et al.
quantified the hot carrier generation by plasmon decay separated from that by interband
transitions and showed good correspondence with experiments.'?® Generally, for
spherical nanoparticles, the near-field enhancement is always weaker in gold
nanospheres than in silver due to the contribution by interband transitions, Figure A2.8.
Figure 2.8 shows that addition of 20% Au in Ag also significantly weakens the near-
field enhancement around the thus-obtained alloy or core-shell nanoparticles when
compared to the near-field enhancement of pure Ag nanoparticles. The alloy
nanoparticle does not seem to be significantly different from the core-shell particle in
terms of the attenuation of the near-field enhancement. Thus, stabilization of Ag
nanoparticles in atmospheric environment by adding a thin Au shell has strong
consequences with respect to the plasmonic properties.

435 nm 450 nm 440 nm 440 nm
Incident Wavelength

Figure 2.8 The near-field enhancement with respect to the incident field around (a) pure
Ag nanoparticle compared with 20% Au (rest 80% Ag) nanoparticles of (b) alloy (c)
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Ag@Au core-shell (d) Au@Ag core-shell configuration. The near-field enhancement is
shown at their dipolar plasmon resonance. The diameter of the nanoparticles is 60 nm.

Importantly, while 20% Au addition significantly alters both the spectral and near-field
characteristics of a pure Ag nanoparticle, the thin shell of Au around Ag is only 2.14
nm in that case. Since the preceding comparisons were for a constant 60 nm nanoparticle
size, incorporation of Au as the shell material entails a corresponding reduction of the
Ag core size. To show that the drastic reduction in scattering and increase in absorption
is not due to the shrinking of the core, optical spectra for a 60 nm Ag nanoparticle with
a 2.14 nm Au shell around it (total diameter: 64.28 nm) were evaluated, Figure 2.9.
Clearly, the effect of a slightly shrunk core is insignificant compared to that of the
addition of the thin shell, resulting in strong changes in the optical spectra for a 2.14 nm
thick shell surrounding a 60 nm particle core. The resulting optical response of the 64.28
nm nanoparticle differs from that of the 60 nm nanoparticle primarily due to the overall
enlargement of the particle size.
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Figure 2.9 The Effect of extra 2.14 nm thick Au shell on a 60 nm Ag nanoparticle
compared to Au incorporation as shell (2.14) in a 60 nm nanoparticle for 20:80 molar
composition of Au:Ag. (a) Absorption cross section (b) scattering cross section. An Au
shell around Ag is grown to protect Ag against oxidation.

2.3.3 Comparison of optical properties: anisotropic nanoparticles
2.3.3.1 Absorption and scattering behavior

The discussion so far concerned nanospheres for which the LSPR wavelength falls in
the wavelength range in which Au exhibits interband transitions. Thus, it is interesting
to investigate the effect of bimetallic constitutions when the LSPR is in the near-infrared
or infrared region where Au does not have interband transitions. In that regard, synthesis
of anisotropic nanoparticles such as nanorods and nanotriangles, which exhibit LSPR
in the near-infrared and infrared region, has seen considerable progress in the recent
years. '
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In continuation of the preceding discussion, the effect of incorporating 20% Au in an
anisotropic Ag nanoparticle as a shell or alloy on the optical response is shown in Figure
2.10 and Figure 2.11. In this case the LSPR is located in the near-infrared and infrared
region. The effect of addition of 20% Au in Ag in this case is interestingly different
from the behavior that was observed in the case of nanospheres. In the absence of
interband transitions, the absorption with the consequent thermalization is only caused
by non-radiative plasmon decay. Thus, apart from the obvious shift in plasmon band
position, both the LSPR absorption and scattering intensities of an Ag nanorod, Figure
2.10, and a nanotriangle, Figure 2.11, are not significantly altered after adding an Au
shell. Interestingly, when Au is added as alloy, the absorption is reduced a bit more, but
the scattering is reduced dramatically. This rather strong change in the plasmonic
response can be attributed to the altered band structure of the alloy. Experiments
comparing the plasmonic hot carrier generation in Ag@Au core-shell and alloy
nanorods or nanotriangles would thus provide useful insight into these observations.
Regarding the spectral shift, while the Ag@Au core-shell nanorods and nanotriangles
both exhibit a blue shift, in the case of alloying only the nanotriangles shows a blue shift
but not the alloy nanorods. At this point it is also important to inspect the effect of corner
sharpness changes even by addition of a thin layer, which for nanotriangles is obviously
significant. Figure 2.12 (a) and (b) show that layer by layer uniform enlargement of
nanotriangles smoothens the corners leading to a blue shift of the spectra accompanied
by an increase in both absorption and scattering. While for nanorods, adding uniform
layers results in a usual red-shift due to elongation and remains unaffected by any edge
effect, Figure 2.12 (c, d). Thus, it is clear that the edge smoothening also has a
significant role in the LSPR blue shift of nanotriangles when 20% Au is added as shell
or alloy.
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Figure 2.10 The Effect of addition of 20% Au to an Ag nanorod (diameter: 20 nm,
aspect ratio: 4) as a thin shell or alloy: (a) absorption cross section (b) scattering cross
section.
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Figure 2.11 The effect of addition of 20% Au to an Ag nanotriangle (diameter: 20 nm,
aspect ratio: 4) as a thin shell or alloy: (a) absorption cross section (b) scattering cross
section. Inset (a): schematic of a core-shell nanotriangle with corner curvatures r; and
r, for the core and shell respectively. Inset (b): EDX mapping of synthesized Ag@Au
core-shell nanotriangle reproduced from reference®® with permission from Wiley-VCH
(© 2019).
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Figure 2.12 The effect of enlargement of Au:Ag = 20:80 alloy nanotriangle (a, b) and
nanorod (c, d) by uniform addition of thin layers of the same 20:80 composition ratio
that reduces corner sharpness. Original Nanotriangle size: ~60 nm each side, 7 nm thick;
original nanorod size: 20 nm in diameter, 80 nm in length.
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It is also useful to look further into the effect of alloying of nanorods and nanotriangles
for a fixed volume, hereby excluding the geometrical effects. Figure 2.13 and Figure
2.14 compare the optical spectra of alloy nanorods and nanotriangles, respectively,
showing that Ag exhibits both stronger absorption and scattering than Au in the infrared
region. Interestingly, absorption and scattering intensities of alloy nanoparticles are
lower than for both pure Ag and Au nanoparticles. Although the LSPR is red shifted for
Au, the shift has been found to be rather discontinuous when moving from pure Ag to
Au.
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Figure 2.13 Absorption (a) and scattering (b) cross section of Ag-Au alloy nanorods
with varying composition and fixed size of diameter 20 nm and aspect ratio 4. From
pure Ag (in red), Au is incorporated as a shell increasingly up to 100% Au (in purple).
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Figure 2.14 Absorption (a) and scattering (b) cross section of Ag-Au alloy
nanotriangles with varying composition and fixed size of ~60 nm side length and 7 nm
thickness. From pure Ag (in red), Au is incorporated as a shell increasingly up to 100%
Au (in purple).

The above analysis for anisotropic nanoparticles considered the direction of the incident
electric field to be parallel with the nanorod’s axis i.e., longitudinal, while for
nanotriangles the electric field is parallel to the triangular plane as shown in the Figures
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above. However, the alignment of the nanorods and nanotriangles with respect to the
incident light has a significant effect on the plasmonic enhancement.**® 137 While the
plasmonic enhancement is dependent on the incident angle, the dependence is
proportional. For instance, slight deviations from the longitudinal excitation for
nanorods also results in slight reduction in the LSPR excitation.*” Similarly, for
nanotriangles, all the other orientations with respect to the incident irradiation results in
strong plasmonic extinction and the intensity is still more than half of that for the most
favorable orientation.®*® Most importantly, the LSPR wavelength is independent of the
orientation in all cases. Thus, the above results are still applicable in all different
situations with varying degree of optical intensity. Also, certain applications of
anisotropic nanoparticles particularly exploit this orientation dependence of plasmonic
response.r®” 1% 139 |t js useful to state that the problem of orientation dependence in other
applications can be solved with nanostars which exhibit strong LSPR at large
wavelength irrespective of the orientation.'4

2.3.3.2 Near-field enhancement

In the absence of interband transition of Au, it is also interesting to observe the near-
field characteristics of nanorods and nanotriangles in Figure 2.15. Clearly, due to edge
effects, nanotriangles have significantly stronger near-field enhancement than nanorods.
Overall, the optical cross sections in Figure 2.10 and 2.11 suggest that more light is
captured by the nanorod. However, the sharper corners of the nanotriangles facilitates
concentration of light over a smaller volume resulting in stronger near-field
enhancement. So, one must also keep in mind that uniform layer by layer enlargement
of the nanorod will also strongly affect the near-field enhancement.

1350
| 1300

| {250

150
100

740 nm 720 nm 710 nm

Figure 2.15 Near-field enhancement with respect to the incident radiation around
nanorods of (a) pure Ag (b) Ag@Au (c) Alloy, and nanotriangles of (d) pure Ag (e)
Ag@Au () Alloy. In correspondence to Figure 2.10 and 2.11, the Ag@Au core-shell
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(b,e) and alloy (c,f) nanoparticles are modifications of pure Ag nanoparticles in (a, d)
by addition of 20% Au as a thin shell or as alloy. Nanotriangle size: ~60 nm each side,
7 nm thick; nanorod size: 20 nm in diameter, 80 nm in length. The near-field
enhancement is shown at the plasmon resonance.

Itis clear from Figure 2.15 that the near-field enhancement is weakened by the addition
of an Au shell to both the Ag nanorods and Ag nanotriangles, implying an overall
reduction in plasmonic near-field enhancement. Importantly, addition of Au as alloy
weakens the near-field enhancement to a much greater extent. This along with the
corresponding strong decrease in the scattering component (Figure 2.10 and 2.11)
confirms a significant reduction in plasmonic excitation.

2.3.4 Photothermal effect of spherical and anisotropic nanoparticles

For spherical nanoparticles, while weakening of the optical response (scattering and
near-field enhancement) is generally disadvantageous for applications such as SERS,
plasmonic phototcatalysis, etc.; the enhanced absorption and reduction of scattering due
to Au incorporation is certainly advantageous for photothermal applications.'*
Likewise, the widening of the spectra in the case of core-shell nanoparticles provides a
wider window of usable wavelengths. A large 60 nm Ag nanoparticle with high radiative
loss and low absorption does not reach a maximum photothermal steady state
temperature as high as a pure Au nanoparticle of the same size. In Figure 2.16, the
steady state temperature of 45.5°C of a 60 nm silver nanoparticle, Figure 2.16 (a), is
increased by ~70% to 77.2°C simply by growing a thin gold shell of 2.14 nm around it,
Figure 2.16 (b). Also, the LSPR band does not exhibit any significant shift, Figure 2.9.
The steady-state temperature for a 60 nm Au nanoparticle under the same irradiation
conditions is low (47.5°C at 435 nm), unless the incident wavelength is changed to 530
nm in order to achieve a similar steady-state temperature of 78°C, Figure 2.16 (c, d).
Such enhancement of the photothermal response of Ag nanoparticles by the
incorporation of a thin shell of Au is an interesting aspect as the chemical stabilization
of Ag nanoparticles by Au in cellular environments has already been demonstrated.%!
It is worth noting that the nanoparticle size is an important factor. For a smaller size of
20 nm, Ag exhibits strong non-radiative decay of plasmons that leads to considerably
higher absorption than Au (for which the absorption also has contributions from
interband transitions). In this case, the temperature of Ag will be considerably higher
than that of Au. Also, incorporation of Au in Ag in this case will reduce the absorption
of pure Ag. However, due to smaller absolute absorption for smaller nanoparticles, the
steady state temperature is in turn significantly lower than for large nanoparticles.

The disadvantages of silver nanoparticles in the context of biomedical applications are
the LSPR being in the high frequency region and small bandwidth (FWHM ~ 9 nm).
Thus, LSPR tuning of silver nanostructures over a wide wavelength range is important
for their utility in different applications. This is enabled by anisotropic nanoparticles
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such as nanoplates, nanotriangles, nanorods, etc.’*® For comparable sizes, Figure 2.17
shows that Ag nanotriangles and nanorods have significantly higher photothermal
steady state temperature than spherical nanoparticles. Since the same color map scale
of Figure 2.16 is used in Figure 2.17, one can see a much larger >75 °C region around
the nanotriangle and nanorod. The implications of addition of Au as alloy or a protective
layer around Ag nanorods and nanotriangles on the absorption are evident from Figure
2.10 and Figure 2.11. A thin protective layer of Au does not reduce the absorption
greatly, implying a similar steady state temperature. On the other hand, addition as alloy
results in a greater reduction in the absorption. However, the peak broadening provides
a wider window of useful wavelengths.

Using the renewed physical insights from the present study, one may envisage the
possibility of chemically stabilizing such anisotropic Ag nanostructures with a thin gold
shell.1° In view of the present trends of bimetallic nanoparticle synthesis and
photothermal applications of nanoparticles, the present results open up new avenues for
further investigation.

(a)

Wavelength: 435 nm Wavelength: 435 nm

@ 45

25

Wavelength: 435 nm Wavelength: 530 nm

Figure 2.16 Steady state temperatures (°C) of (a) 60 nm Ag nanoparticle (b) 60 nm Ag
nanoparticle with a 2.14 nm thin Au shell (c,d) 60 nm Au nanoparticle. The intensity of
incident radiation is 1 mW/um? for all the cases. The nanoparticles are embedded in an
infinite water medium. In Figure (a), (b) and (d), the nanoparticles are excited at their
plasmon resonance wavelength.
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Wavelength: 740 nm Wavelength: 800 nm

Figure 2.17 Steady state temperatures (°C) of an Ag nanotriangle (~60 nm each side, 7
nm thick) and Ag nanorod (20 nm in diameter, 80 nm in length). The intensity of
incident radiation is 1 mW/um? for all the cases. Note: the temperature scale is defined
with respect to nanospheres in Figure 2.16 to make a visual comparison between the
two. The nanoparticles are embedded in an infinite water medium. The nanoparticles
are excited at their plasmon resonance wavelength.

2.4 Conclusions

Chapter 2 compares the plasmonic properties of isolated Ag—Au alloy and core—shell
bimetallic nanoparticles and shows the implications on the optical response and the
photothermal effect. The comparison includes spherical as well as anisotropic
nanoparticles (rods and triangles) to cover structures with and without the contribution
of interband transitions of Au, respectively. The effects of bimetallic constitutions for
these two cases are starkly different from each other. For 60 nm spherical nanoparticles,
the LSPR band shifts proportionally with changing composition in the alloy
constitution, while for the core—shell constitution, the shift does not follow a
proportional trend. Alloy nanoparticles display sharper spectral features with a
characteristic LSPR peak in contrast to the widened spectra of core—shell nanoparticles.
Incorporation of even a small amount of Au (20%) in Ag (60 nm nanoparticles) as alloy
or core—shell significantly increases the absorption cross section due to interband
transitions in Au. On the other hand, scattering is drastically reduced by the
incorporation of the same amount of Au. Apart from the spectral characteristics, the
optical intensities of alloy and core—shell nanoparticles are comparable. For nanorods
and nanotriangles of comparable sizes, incorporation of Au in Ag results in a reduction
of both absorption and scattering. While this reduction is not significant in a core—shell
constitution, absorption and scattering are reduced dramatically in alloy nanoparticles.
In particular, the drastic reduction in scattering suggests changes in the band structure
by alloying that are detrimental to plasmonic enhancement. Also, unlike spherical
particles, there is not a proportionate shift of the LSPR band with changing alloy
composition from pure Ag to pure Au. In addition, for nanotriangles, the edge effects
play a pivotal role in the LSPR intensity and spectral position. Thus, in anisotropic
nanoparticles, geometrical effects become crucial while determining the plasmonic
response. An increase in absorption and peak widening due to incorporation of Au in
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Ag improves the photothermal characteristics of 60 nm nanoparticles. In general,
nanotriangles and nanorods are significantly better for photothermal applications due to
much higher absorption in their optimal orientation. Addition of a thin Au shell around
Ag nanorods or nanotriangles does not reduce the absorption intensities; thus, the
photothermal effect is well retained, while the Ag structure is chemically stabilized. At
room temperature, the diffusion of one metal from the shell towards the core (and from
core to shell) is a slow kinetic process. Thus, the stabilization of Ag nanoparticles by a
Au shell is a practical strategy for low temperature applications. However, the Kinetics
can be accelerated at elevated temperature (for instance already at 200 °C) to obtain
homogeneous alloy nanostructures in just a few hours. In anisotropic nanoparticles, an
accompanying effect of the alloying at elevated temperature is the reshaping of the
nanoparticles towards a more energetically favourable geometry i.e. sphere. As the
optical properties of the alloy and core-shell nanoparticles have been shown to be
different in many aspects, thermal conversion of a nanoparticle’s configuration can be
useful depending on the application. The numerical results and the obtained physical
insights show interesting possibilities for the use and adaptation of bimetallic
nanoparticles according to the required function.
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3.1 Introduction

In Chapter 2, the optical properties of single plasmonic nanoparticles were compared
elucidating the effect of nanoparticle bimetallic composition (Au and Ag), shape and
size, and the implications in different applications. In general, the application potential
of plasmonic nanostructures in various areas such as solar energy harvesting'*?,
photocatalysis*, sensing®*, photothermal therapy* 146, etc., have been growing over
the years. Thus, well-controlled (with respect to dimensions) as well as economical
fabrication of such nanostructures has emerged as an important field of research. For
this reason, wet chemical synthesis of plasmonic nanoparticles has gained considerable
attention over the years'#’ 8, The wet chemical route is advantageous due to its facile
procedures, cost-effectiveness and high throughput when compared to clean-room
fabrication techniques (also see Chapter 1) 149 150, The wet-chemical route can even
facilitate synthesis of nanoclusters of a few hundreds of atoms or less,*! 152 prompting
considerable efforts towards the development of large-scale continuous reactor systems
for the synthesis of nanoparticles.’>® ¥ A major challenge in the wet chemical route,
however, is the lack of full control over all nanoparticle characteristics. Due to the
inherent randomness in the nucleation and the subsequent growth process, the size
distribution of the nanoparticles is difficult to control.*® Polydispersity is also a
challenge in the synthesis of nanoparticles by pulsed laser ablation.'*® 157 Thus, the
minimization of the polydispersity is one of the important challenges of this synthesis
route as highly polydisperse or irregular particles pose difficulties for further
applications.t®® 159 160 |t js widely believed and accepted that the optical properties of
plasmonic nanoparticles strongly depend on the size, polydispersity and non-uniformity
of the particle morphology.t6! 162 163 164|t has also been shown that polydispersity has a
strong effect on the total energy absorption and thus, on the plasmonic heat
generation.'®® However, after a detailed analysis, the effect of particle polydispersity
seems to be rather speculative as no study can be found elucidating the exact role of the
size distribution in determining the optical spectral response.

For nanoparticles of 10 nm in size or bigger, the classical electromagnetic theory can be
used with sufficient accuracy to calculate the optical properties, as the quantum size
effects are not significant enough for larger clusters. This requires an accurate set of
optical constants determined experimentally for the given metal or the alloy
composition with similar crystal properties. The high optical absorbance obtained at the
resonance frequency in the optical spectra of the nanoparticles, resulting from Localized
Surface Plasmon Resonance (LSPR), is captured quite realistically by solving
Maxwell’s equations as elaborated in the previous chapters. While for Au, the
agreement between the calculated spectra of single isolated nanoparticles using classical
Mie theory, which is the analytical solution of the Maxwell’s equations, and the
experimental spectra of the colloidal nanoparticles is often satisfactory!®®, the same is
not at all the case for Ag. Often, the simulated optical spectra are blue shifted by over
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10 nm, accompanied by a much smaller bandwidth (characterized by the full width half
maximum, FWHM) relative to the experimental spectra.’®” Apart from the general
deviation of the theoretical LSPR wavelength and bandwidth from the experimental
ones, the higher order resonance peaks are not visible in the optical spectra of large Ag
nanoparticles (>100 nm).X*® Apart from the uncertainty in the experimental optical
constants used in the calculations and polydispersity, morphological irregularities are
also often stated to explain the large difference between experimental spectra and
theoretical optical spectra obtained for perfectly spherical and monodisperse
nanoparticles. %8 16 The Ag optical data from two highly cited literature sources, Palik™
and Johnson and Christy*™, show significant differences in the imaginary part of the
refractive index, possibly due to the difference in the sample preparation methods that
determine the crystallinity. Generally, such discrepancies are observed across various
experimental data sets.}’? 173 174 158 Thys, with many possible factors such as particle
crystallinity, morphology, particle size distribution, etc., to be playing their roles, it is
our aim to understand the effects of these factors independently from one another.
Further insight into these factors will be helpful in the accurate prediction of the optical
response of Ag nanostructures in general, which is in turn important for many
application scenarios. For instance, the determination of the particle size of plasmonic
nanoparticles from their optical spectra is promising for fast characterization.
Commonly used dynamic light scattering (DLS) measurements are influenced by
morphological features (surface ligand, nanoparticle shape, roughness, etc.),
deconvolution models for the correlation function and so on.!® In contrast,
determination of the particle size from the plasmonic response can be fast and
straightforward!’’, and has been studied in some previous works, especially for Au.1’
179 In order to obtain detailed information about a population of colloidal nanoparticles,
the effect of all the different factors discussed above needs to be understood
individually.

In Chapter 3, first, the effect of the particle size distribution is established explicitly by
varying the standard deviation for a constant mean size while keeping the total number
of atoms constant in a normal distribution. This is achieved by a bottom-up statistical
approach to generate nanoparticle size distributions from a fixed number of atoms as
described in section 3.2. Apart from the plasmon band broadening and the expression
of the multipolar modes, this also clarifies the effect of a higher volume contribution by
larger nanoparticles for sizes larger than the mean. As shown in section 3.3.1, the effect
of polydispersity increases with increasing mean size. However, the position of the
plasmon band is not altered significantly by the polydispersity as long as the mean is
constant. Then, a normal distribution was converted to a log-normal distribution to study
the effect of the skewness in the distribution. Overall, for the range of polydispersity
observed in colloidal synthesis, the difference between normal and log-normal
distributions in terms of the optical spectra appears little significant. Further, the effects
of surface roughness and different optical constants from different literature are
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compared, section 3.3.2. The comparisons of theoretical results with experimental
results are validated by reproducing the simple experiments of Bastis et al.'*® to
synthesize Ag nanoparticles, and their optical spectra were recorded for comparison.
Also, the most suitable set of optical data for Ag is identified. Finally in section 3.3.3,
the implication of the present results in the DLS intensity distribution measurements is
discussed. It is shown that the intensity distribution band inherently shift towards larger
values as the polydispersity increases while keeping the mean fixed. For plasmonic
nanoparticles, since the mean is determined by the LSPR position, the DLS can indicate
how polydisperse the population is. In short, it is clear that the mean particle size is the
most important parameter, while the standard deviation and skewness only exert a minor
influence on the prediction of theoretical spectra with appropriate optical constants.

3.2 Theoretical formulation
3.2.1 Mie analytical solution for a distribution of nanoparticles

Normal distribution. The size distributions based on constant mass were obtained by a
bottom-up approach with considerations to the colloidal reduction methods. Although a
top-down synthesis method like pulsed laser ablation is conceptually completely
different, the particle size distribution still follows similar trends owing to the
universality of the central limit theorem.*® For the calculations based on a fixed atomic
population, the number of Ag atoms was fixed at 1.5055 x 10*° (based on 1 ml of 25
millimolar AgNOs; Ag-precursor solution) according to a generic one-pot synthesis
procedure reported by Bastus et al.’*® The reproducibility of the protocol was tested
experimentally in order to ensure the validity of the theoretical assumptions and
comparisons. Thus, this method emulates colloidal plasmonic nanoparticles of
concentrations at the Beer Lambert limit in contrast to previous works on planar particle
arrangement on a substrate.'8! 182 The formation of polydisperse nanoparticles from the
given number of metal atoms is described in the schematic in Figure 3.1 (a). Regardless
of the reducing agent and accompanying stabilizing reagents, the basic principle of the
formation of the nanoparticles remains the same. For a fixed number of atoms, desired
mean and standard deviation, the particle size distribution was obtained by an iterative
procedure as shown in the flow chart in Figure 3.1 (b). In the second step of this iterative
process, the assumption for the number of nanoparticles has to be made judiciously
towards obtaining a number of atoms as close to the initial fixed number as possible.
For comparisons, the mean particle diameter was fixed and the standard deviation was
varied which also obviously results in variation in the total number of nanoparticles.
Assuming a normal distribution of the particle size, the Gaussian function for the
particle size distribution for a fixed number of particles is:
D u

f0) = Mttt oxp -1 (222)" | (31)
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The number of nanoparticles, n, in a predefined frequency interval, Ad, can thus be
obtained from equation (1) as:

n=2Ad x f(D)
or
n=Ad x \/T‘”exp [—— —”) ] (3.2)

In equation (3.1) and (3.2), Nrowr is the number of total nanoparticles, D is the mean
diameter in the interval, x is the mean diameter of all the nanoparticles and, o is the
standard deviation. The particle size distribution for specific values of x and o was
obtained by the iterative procedure. The number of particles, Nt had to be first
estimated with different values until the total number of atoms calculated from the entire
distribution of nanoparticles with the given x and & results in 1.5055 x 10°. The molar
mass and density values used in the calculations were 107.9 g/mole and 10.5 g/cm?.

Log normal distribution. In order to study the effect of asymmetry in the distribution
leading to skewness, the number of particles in a frequency interval, Ad in a lognormal
distribution can be given as:

n=Ad x f(D) (3.3)

D\/_
The location parameter u* and shape parameter ¢* in equation (3.3) are related to the
mean and standard deviation of the distribution as:

Nrotal lnD— u* 27. . . .
where, f(D) = -exp [—— T) ] is the lognormal distribution function.

o= |[In (ea— + 1) (3.4)

(3.5)

Thus, for a given mean diameter, p and standard deviation, o, defined for a standard
normal distribution, a corresponding lognormal distribution can be obtained whose
skewness can be given as:

Sk = (exp(a*?) + 2) /exp(a*z) -1 (3.6)
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Figure 3.1 (a) Schematic describing the general colloidal synthesis route for plasmonic
nanoparticles: formation of a distribution of nanoparticles from fixed number of atoms.
(b) Flow chart describing how, for a fixed mole of atoms, distributions of different mean
and standard deviation were obtained assuming a normal distribution. In this work, the
total number of atoms is fixed at 1.5055 x 10?° (based on 1 ml of 25 millimolar AgNO;
Ag-precursor solution).

Mie theory calculations for a distribution of nanoparticles. Upon obtaining the particle
size distribution, the optical cross sections were calculated using a MATLAB script (see
Appendix A2). The underlying equations for the optical cross sections from the Mie
analytical solution for spherical nanoparticles are well-known and are documented
elsewhere.'’” 18 For each set of wavelengths, corresponding complex optical constants
of Ag and refractive index of the medium (n = 1.33 for water), the extinction, absorption
and scattering cross sections were computed for the entire particle population normally
distributed about the mean size as shown in Figure A3.1 (appendix). Specifically, the
optical cross section computed for a given size (interval size: 0.1 nm) was multiplied
with the number (frequency) of the nanoparticles in that interval/bin. Finally, the optical
cross sections for each frequency interval were added in order to obtain the total optical
cross sections for a specific wavelength. The important condition for the addition of the
optical intensities of individual particles of the distribution is that the concentrations
should be at the Beer-lambert limit so that the intensity is proportional to the
concentration.
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3.2.2 Calculation of optical response by numerical simulation

In order to investigate the effect of particle surface morphology, Maxwell’s equations
were solved for the scattered field in the frequency domain. The computational details
can be found in section 2.2 of Chapter 2.

3.2.3 Experimental section

For the verification of the literature data used herein, Ag nanoparticles were also
synthesized experimentally following the protocol of BastUs et al.1*° All the chemicals
were obtained from Sigma Aldrich. Briefly, 1 ml of 25 mM AgNOs; solution was
injected into a 100 ml boiling solution of sodium citrate (5 mM) and tannic acid under
vigorous stirring. The concentration of tannic acid determines the mean size of the
nanoparticles. Thus, for 15 nm and 36 nm nanoparticles, the tannic acid concentrations
were 0.1 and 1 mM respectively. After the addition of AgNOs, the solution was left to
boil for another 10 minutes before rapid cooling in an ice bath. The nanoparticles were
then centrifuged twice at 10000 rpm for 30 minutes for the removal of excessive citrate
and tannic acid. The UV-Vis spectra of the nanoparticle colloids were recorded by a
Shimadzu spectrophotometer (UV 2600).

3.3 Results and discussion
3.3.1 Effect of particle size distribution for fixed number of Ag atoms

When the number of Ag atoms is fixed, for instance when starting from 1 mL of 25 mM
AgNOs as in the experimental synthesis protocol by BastUs et al.**°, different scenarios
for the particle size distribution can be envisaged. The mean size and the standard
deviation are commonly reported as the primary indicative parameters of the
distribution. Thus, naturally, a normal distribution is the first basic assumption for the
size distribution. The deviations from the normal distribution will be discussed in the
later sections. It is expected that with increasing standard deviation, i.e. widening of the
size distribution, the collective plasmon band should also be widened as the contribution
of the smaller and larger nanoparticles relative to the mean size will enhance the
extinction intensities around the LSPR of the mean. In Figure 3.3 to 3.5, the effect of
standard deviation in the normal distribution of nanoparticles with mean sizes of 20, 60
and 100 nm is delineated. It is important to note that a symmetric size distribution
around a mean implies that the volume distribution will be skewed towards right due to
bigger sizes. Since the optical absorption and scattering increase with increasing size,
one may expect that with increasing standard deviation, the LSPR might red-shift due
to a more dominant effect by the larger nanoparticles. However, it is clear that for 20
and 60 nm particles as the mean, the effect of standard deviation, in general, does not
have a significant effect on the LSPR band position (Figure 3.2 and 3.3). Even a
standard deviation of 33% of the mean did not result in any significant shift of the LSPR
although the volume distribution is strongly shifted towards particles of larger
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diameters. While the band position remains constant, the effect of the standard deviation
on the right-HWHM (half width at half maximum) is relatively stronger for the 60 nm
average distributions than 20 nm average distributions (Figure 3.2 and 3.3). The LSPR
position is determined by the condition at which the generalized multipolar resonance
frequency, w;’(D), for a diameter D and different Eigenmodes {l = 1, 2...}, is equal to
the incident wave frequency. Derkachova and Kolwas show by numerically solving the
dispersion relation for sodium that w;’(D) decreases first slowly (starting from radius: 0
nm) leading to a faster fall up to >200 nm, then to eventually become slow again.8
This trend is particularly strong for the dipolar mode i.e., | = 1 which is also the strongest
in the extinction spectrum of smaller nanoparticles. Thus, it is expected that the effect
of size distribution on the optical spectra will also exhibit an increasing trend with
increasing mean size at least up to 150 nm. For the 60 nm mean, the quadrupolar mode
(I'=2) is also quite visible as a shoulder on the left side of the spectra that gets smeared
out with increasing polydispersity (Figure 3.3).
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Figure 3.2 For a constant number of Ag atoms (0.025 mmol): (a) nanoparticle size
distribution from equation (3.1) for a fixed mean, p = 20 nm and different values of
standard deviation, ¢ (b) corresponding atomic distribution with respect to size (c) total
extinction cross section of the entire population of nanoparticles for p = 20 nm and
different values of ¢ (in cm?) (d) variation of the right-half width half maximum
(HWHM) with increasing g, fitted to the empirical correlation in eq. (3.7).
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Figure 3.3 For a constant number of Ag atoms (0.025 mmol): (a) nanoparticle size
distribution from equation (3.1) for a fixed mean, g = 60 nm and different values of
standard deviation, o (b) corresponding atomic distribution with respect to size (c) total
extinction cross section of the entire population of nanoparticles for p = 60 nm and
different values of & (in cm?) (d) variation of the right half width half maximum
(HWHM) with increasing o, fitted to the empirical correlation in eq. (3.7).

For particles with a large mean diameter (for example, 100 nm, Figure 3.4), apart from
the stronger size dependence of the LSPR shift in this size regime, the peaks due to both
the dipolar (Eigenmode, | = 1) and the quadrupolar modes (I = 2) are strong.'® Thus,
for the distributions with 100 nm as the mean, both these bands play a role in the overall
spectra of the population. The effect of both of these aspects is clear from Figure 3.4,
where the LSPR band is significantly influenced by the increasing standard deviation,
thus resulting in weakening of both the modes to eventually become indistinguishable
from one another. Importantly, similarities between these theoretical spectra and
experimental ones also strongly depend on the correctness of the optical constants used
in the theoretical simulations, which will be discussed in later sections. It is convenient
to correlate the dependence of the LSPR bandwidth (right HWHM) and the
polydispersity, o for the prediction of the band-broadening for any standard deviation.
An exponential growth function describes this relation empirically but with sufficient
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accuracy as given in equation (3.7), where Ynwnm and o are right-HWHM and standard
deviation:

Yowum = Co + Cc1x + ¢y exp (c30 + ¢,) (3.7

In equation (3.7), c,, ¢1, ¢, and c, are empirical coefficients. The statistical parameters
in Table A2.1 show that the correlation fits the data points satisfactorily.
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Figure 3.4 For a constant number of Ag atoms (0.025 millimole): (a) nanoparticle size
distribution from equation (3.1) for a fixed mean, p = 100 nm and different values of
standard deviation, ¢ (b) corresponding atomic distribution with respect to size (c) total
extinction cross section of the entire population of nanoparticles for g = 100 nm and
different values of & (in cm?) (d) variation of the right-half width half maximum
(HWHM) with increasing o, fitted to the empirical correlation in eq. (3.7).

While the normal distribution is a simple approximation, it is known that in reality the
formation of smaller clusters is actually favored, which leads to a skewness towards
smaller sizes.’®8" As per the coagulation model of Smoluchowski'®, this is a self-
preserving size distribution during Brownian coagulation which takes place at the
nucleation and crystallization stages of nanoparticle formation. In an alternative
modeling approach, Kriss et al. showed that distribution of growth time determines the
skewed lognormal distribution.'®® For smaller standard deviations, a normal and a
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lognormal distribution are indistinguishable. However, with increasing polydispersity,
a lognormal distribution tends to be progressively skewed with respect to a normal
distribution with the same mean and standard deviation. As shown in Figure 3.5 (), for
a mean of 60 nm, the distribution with a standard deviation of 20 nm is significantly
skewed towards left with a skewness factor, Sk, of 1.037 in contrast to standard
deviation of 10 (Sk = 0.5045). It is, however, clear that even for highly polydisperse
particles, the spectra for the lognormal distribution do not deviate much from those for
the normal distribution. Even for a standard deviation of 33.3% of the mean, which can
be described as a highly polydisperse population in view of the present literature on
nanoparticle synthesis, the spectrum is only slightly blue shifted for the lognormal
distribution. In case of the protocol reported by Bastus et al., a normal distribution is
thus a satisfactory assumption as the standard deviations are too low to have any
significant effect. It is clear that in general under typical colloidal synthesis conditions,
the mean size is the most important statistical parameter that determines the optical
spectrum, while polydispersity and skewness only have a minor influence.
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Figure 3.5 For a fixed NP mean diameter of 60 nm: (a) comparison between normal
distribution from equation (3.1) and lognormal particle size distribution from equation
(3.3) for three different values of & (solid lines: normal distribution, dashed line:
lognormal distribution) (b) corresponding total extinction spectra comparing normal and
lognormal distributions. The skewness factor for the three values of ¢ = 10, 15, 20 are
0.5045, 0.7656 and 1.037 respectively. (all calculations were done for a constant number
of Ag atoms: 0.025 millimoles)

3.3.2 The deviation of theoretical predictions from experimental optical spectra

Another important aspect that determines the optical properties of plasmonic
nanoparticles is the surface morphology, as the optical response is strongly influenced
by the surface characteristics as well as the shape.'®® Gonzélez et al. demonstrated
moderately pronounced effect of the surface morphology on the optical spectra for small
Ag nanoparticles from 4 to 13 nm in size.** In the larger particles synthesized by Basttis
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et al.**°, high morphological irregularities can be observed (Figure A3.2) and it is
possible that they might be playing a significant role in shaping the optical spectra. In
order to study the effect of such surface irregularities, the optical spectrum of an ideal
spherical nanoparticle was compared to that of roughened nanoparticles, Figure 3.6.
Although the artificially induced roughness resulted in a reduction of the total volume
and irregularities on the surface, the LSPR position and the bandwidth do not change
enough to drastically alter the spectrum. This is in line with the work of Linge et al.,
defining plasmon length for Au nanoparticles as the determining parameter of a
plasmonic particle’s optical spectrum, which is a characteristic path length of plasmon
oscillation independent of the surface morphology.®? Also, for larger sizes, the edge
effects become progressively less important.
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Figure 3.6 The effect of surface roughness on the optical spectra of Ag nanoparticles
of diameter ~ 36 nm. The surface roughness was artificially introduced. (Optical
constants used from Johnson and Christy)

The preceding discussion has shown that, in general, for a fixed mean particle size,
varying polydispersity of the population as well as moderate surface irregularities do
not influence the optical spectra significantly. In view of the reference synthesis
protocol for this study by Bastls et al.'*®, the polydispersity, skewness and
morphological irregularities are low enough to not be playing any significant role in
spectral characteristics. Thus, the remaining primary factor deemed to be determining
the spectral characteristics in theoretical simulations is the suitability of the optical
constants used in the calculations. While the optical constants data from Johnson and
Christy™* work well for Au nanoparticles (Figure A3.3), there is a major mismatch for
Ag nanoparticles, Figure 3.7 (a) and A3.4. In comparison, the constants from Rioux et
al.’* and Palik'"® have a much better performance in predicting the LSPR position. The
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complete spectra in Figure 3.7 (b) show that, except from Palik'’, all the other optical
data result in much narrower spectral bands as well as differences in the LSPR position.
Since the recent data from Wu et al.’”® were obtained for monocrystalline Ag thin films,
this difference is consistent with the existence of several crystalline domains even in
colloidal Ag clusters of sizes as small as 5 nm.*® Hence, the important factor here
appears to be the degree of polycrystallinity or defects in the thin film samples that were
used for the measurement of the optical constants, and the extent to which this matches
the crystallinity of the colloidal Ag nanoparticles. From the comparisons done in this
work, the optical constants from Palik'™® seem to be the best for the theoretical
prediction of the optical spectra both in terms of LSPR position and plasmon bandwidth,
Figure 3.7 (c) and (d). For the legitimization of the comparisons reported in Figure 3.7,
the experiments of Bastus et al.’*® were successfully reproduced for this chapter and
excellent agreement was obtained with the UV-Vis absorbance spectra for both a target
average diameter of ~15 and ~36 nm. The standard deviation calculated out of a
population of 500 nanoparticles remains within 15% of the diameter as they claim that
the protocol yields highly monodisperse particles. Clearly, for 15 nm average size, the
standard deviation has almost no effect on the spectra, while also for 36 nm average
size, even a standard deviation much larger than their reported value does not lead to
any significant qualitative/quantitative change, which is fully consistent with our
findings above.
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Figure 3.7 (a) Comparison between experimental (Bastus et al.) and theoretical LSPR
wavelength of single Ag nanoparticles of different sizes (only mean). The data is fitted
to the empirical correlation in equation (3.7) for the convenience in representation. (b)
Comparison of different optical data from literature in terms of Mie spectra of a 36 nm
nanoparticle. (c, d) Comparison of BastUs et al. data and present experimental spectra
with theoretical spectra computed using Palik’s optical data for 15 and 36 nm mean
diameter.

In Figure 3.4 (c), for 100 nm mean distributions, the quadrupolar mode is quite strong
in spectra calculated using the optical data of Johnson and Christy'’?, especially for
narrow distributions. It also smears the dipolar band in wider distributions, resulting in
a plateauing effect between the quadrupolar and the dipolar peaks. However, in
experimental spectra, such high intensities for the multipolar modes are not observed.#°
19 In Figure 3.8, the expression of the dipolar and quadrupolar modes by the Palik’s
optical data in spectra obtained by applying Mie theory, is shown for different standard
deviations and a constant mean diameter of 100 nm. While the quadrupolar mode is
relatively weaker in this case, the experimental spectra still show a much weaker
intensity resulting only in a faint shoulder. For wider distributions, the plateauing of the
spectra due to equal intensities of the two modes is also quite strong. Nonetheless, the
familiarity between the experimental spectra for 103.1 + 7.4 particles and theoretical
particles assert the overall suitability of Palik’s data.
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Figure 3.8 Performance of Palik’s optical data in resolving the dipolar (at around ~500
nm) and quadrupolar modes (the shoulder at ~400 nm) of 100 nm mean distributions
with varying polydispersity and comparison with the experimental extinction spectra of
103.1 + 7.4 nm average diameter Ag nanoparticles reported by Bastus et al.1*°

In order to correlate the dependence of the theoretical LSPR position with the size of
Au nanoparticles, Haiss et al. implemented an exponential function, which despite being
purely empirical, fits experimental data almost perfectly.'’® Since it is the mean that
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determines the LSPR position with minimal influence of the polydispersity and
skewness, such a correlation allows one to predict the mean nanoparticle size directly
from the optical spectra. The usefulness of such a correlation only obtained from
theoretical results is, however, dependent on the suitability of the optical constants used.
For Au, the theoretical predictions are quite satisfactory even with the commonly used
Johnson and Christy’s'"* optical data (Figure A3.3). Based on the present work, a
similar correlation can now also be defined for Ag nanoparticles, where c¢,, ¢; and c,
are empirical constants:

ALspr = Co + €1 €xp (¢;D) (3.8)
or
D = In[(Aspr — Co)/c1l/c2 (3.9)

In equation (3.8) and (3.10), A, spr is the LSPR position and D is the particle diameter.
The quality of the fit for the different data sets given in Table 3.1 shows that equation
(3.8) correlates the wavelength dependence of LSPR quite well. Thus, equation (3.9)
can be used along with the appropriate empirical constants to predict the mean particle
size simply based on the LSPR position. However, due to the larger differences between
the theoretical and the experimental results for Ag nanoparticles (Figure 3.7), the
correlations from theoretical Mie solution in Table 3.1 can predict mean sizes (D) that
are slightly off from the real (experimental) mean. In this regard, the correlations from
Rioux et al. and Palik’s optical data are better in terms of the closeness to the
experimental data. One can also use the first correlation, which is based on the
experimental data, directly rather than the theoretical size-LSPR dependence. In this
context, it would be interesting to have a standard set of experimental data available,
with complete characterization correlating the mean size to the LSPR position, to be
used as a universally accepted reference for the practical implementation of the equation
(3.8) for the estimation of mean size from optical spectra.

Table 3.1. Fitting parameters with statistics correlating mean size and LSPR position in
Figure 3.7 (a) with equation (3.8).

parameters Statistics
data Co C1 C2 R? Adj. R?
Bastus et al. ~0 388.75 | 0.0021 0.9954 0.9948

(experimental)

Mie (Johnson & 355.6469 | 21.2390 | 0.0176 0.9996 0.9995
Christy)

Mie (Rioux et al.) 354.0039 | 33.5452 | 0.0143 0.9993 0.9992
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Mie (Palik) 349.5965 | 35.9518 | 0.0135 0.9976 0.9973

While the theoretical data in Figure 3.7 (a) follow a clear exponential trend over the
reported size range, the experimental data tend to be more linear over this range
although a very slow exponential growth also results in a decent fit. For comparison,
the data from Agnihotri et al.’® were inspected (Figure A3.5) and a similar size
dependence was observed. Since the mean largely determines the LSPR position, this
experimental trend is unlikely to be false due to any reason other than a wrongly
estimated mean particle size. Given that both BastUs et al.1*® and Agnihotri et al.1%
characterized the size by TEM, these estimations depend on how representative the
sample is with respect to the whole population. Based on the observed trends above, it
appears that the experimental LSPR position-size relationship for Ag nanoparticles has
a more linear tendency than that the theoretically predicted LSPR position-size
relationship (Figure 3.7 (a)). Thus, the problem of theoretical prediction of optical
spectra of Ag nanoparticles trickles down to finding the right optical constants. In this
regard, Palik’s data exhibit quite some differences from those from other sources®, but
also out-perform others in matching the experimental results. While the physical aspects
down from the atomic level behind these observations is not in the scope of this study,
the need for better experimental optical data capturing the crystallinity real colloidal
nanoparticles remains.

3.3.3 Implications for dynamic light scattering (DLS)

The fact that for moderate polydispersity the assumption holds of a normal particle
distribution, has interesting implications for particle size analysis with dynamic light
scattering (DLS). Dynamic light scattering is a non-intrusive technigue to estimate the
particle size distribution. However, it is often difficult to estimate the true size
distribution of nanoparticles with DLS as the hydrodynamic diameter strongly depends
on the particle morphological features. Even for particles with a perfect spherical shape
and smooth morphology, fundamentally, the intensity distribution given by DLS as the
raw data for a fixed mean size shifts towards larger sizes with increasing polydispersity,
Figure 3.9 (a) and (b). Thus, it is difficult to measure the true mean of the nanoparticle
population as the polydispersity always leads to larger values than the real. For instance,
as reported by BastUs et al.}*, the mean from DLS for the 36.9 nm expected mean
diameter (from TEM) population is 48.6 nm; a much higher value. Generally, the DLS
mean is at least 25% above the expected TEM mean. One cannot also rely completely
on TEM data as during imaging one may tend to select the more monodisperse part of
the population for better representation, while leaving out the extremes. In addition, one
needs to ensure that the ensemble of particles studied by TEM is representative for the
entire nanoparticle population. The fundamental disadvantage of DLS measurements is
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besides the draw-back that the hydrodynamic diameter is estimated from the diffusivity,
which in turn depends on the surface ligands.

Since it has been established that the normal distribution is a decent approximation for
polydisperse particles obtained via colloidal synthesis methods and the mean can be
approximated directly from the LSPR position, the standard deviation can be estimated
from how much the intensity distribution peak obtained in DLS deviates from the mean
due to the polydispersity. For instance, the intensity distribution peak in DLS for the
36.9 nm mean particles from Bastus et al.}, lies at 43 nm (Figure A3.6). In contrast,
the optical absorption spectrum suggests that the true mean diameter is ~ 34 nm, which
is close to the reported mean of 36.9 nm from direct TEM analysis. The difference
between the DLS intensity distribution peak and the true mean, 9 nm, is therefore
indicative of the polydispersity. The larger this difference, the more polydisperse the
sample. As shown in Figure 3.9 (b), the relationship between the population standard
deviation and the theoretical intensity distribution peak can be correlated empirically
with the following equation in analogy with equation (3.7):

Yint. dist. peak = Co + €10 + ¢; exp (c30 +¢4) (3.10)

In equation (3.10), Yint. aist. peak @Nd o are the scattering intensity distribution peak
position and the standard deviation respectively, and c,, ¢;, ¢, and c, are empirical
parameters. The goodness of the fit for the different data sets given in Table 3.2 shows
that equation (3.10) correlates the o dependence of Yi.¢ gist. peax Quite well. The
relationship in Figure 3.9 (b) is an example of how for a fixed mean, the intensity
distribution peak depends on the standard deviation correlated by equation (3.10). Such
a relationship can be derived for any mean size after the mean has been estimated from
the LSPR position.

Table 3.2. Fitting parameters with statistics correlating intensity distribution peak,
Yint. aist. pea @Nd standard deviation, o (Figure 3.9 (b)) for distributions with 36 nm
as the mean.

Parameters Statistics
Co C1 C2 C3 C4 R? Adj. R?
10.7299 | 3.0545 | 2.6707 | -0.119 | 2.2463 0.9997 0.9996

It is important to note that the accuracy of the direct conversion of the intensity
distribution to a volume or population distribution is again subject to the accuracy of
the optical constants used in the Mie theory calculations.*®® This is shown in Figure 3.9
(c), by using two different optical datasets yielding two different size distributions
(FWHM). The higher frequency for Palik’s!™ data is because of the fact that at 52 nm
particle size (intensity distribution peak), the scattering cross section obtained using
Palik’s'™ data is 757 nm?, higher than that obtained from Johnson and Christy*™, 620
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nm?2. However, the position of the intensity distribution peak is not influenced by the
quality of the data. Thus, the estimation of the standard deviation from Figure 3.9 (b)
is unaffected by the choice of optical constants. Also, these trends also apply to any
other solid nanoparticle or even emulsion droplet populations. Figure 3.9 (d) further
corroborates the theoretical formulation of the size distribution by showing that the
intensity distribution is not dependent on the wavelength of laser used in the DLS, as
the laser type varies from manufacturer to manufacturer. Thus, the relationship between
the intensity distribution peak and standard deviation shown in Figure 3.9 (b) is
independent of the choice of optical constants and wavelength of illumination. It is
however useful to use a wavelength closer to the LSPR, which is 530 in this case, so
that the strength of the signal is higher.
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Figure 3.9 (a) The effect of polydispersity i.e. standard deviation, o on the theoretical
scattering intensity distribution (theoretical raw DLS data) at 660 nm incident laser for
a fixed mean of 36 nm. (b) Intensity distribution peak vs. o fitted to equation (3.10). (c)
The dependence of the theoretical scattering intensity distribution from optical data
source. (d) The dependence of the theoretical scattering intensity distribution from
incident laser wavelength. Figures (c) and (d) confirm the validity of the intensity
distribution results.
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3.4 Conclusion:

With the above results in Chapter 3, the ambiguity around the role of particle size
distribution, intrinsic optical properties and particle surface morphology in determining
the collective optical response of colloidal plasmonic nanoparticles is resolved. The
rather insignificant contributions of the polydispersity and the skewness for smaller
colloidal Ag nanoparticles (~60 nm or less) synthesized via standard protocols in
literature have been established. Generally, the mean size is the most important
statistical parameter and determines the optical spectrum. The insignificance of the
other statistical parameters implies that one only needs the suitable optical constants for
theoretical calculations of the spectra. Also, it works well to assume a normal particle
distribution as far as the optical spectra are concerned, since the tendency towards a
lognormal distribution has no significant impact. It is possible that polycrystallinity
plays a big role and Ag nanoparticles are mostly polycrystalline. It is shown that the
position of the LSPR wavelength is not influenced by the particle size standard deviation
when the mean is fixed, although the volume distribution shifts towards larger values as
the standard deviation increases. For larger nanoparticles, however, the polydispersity
and skewness become increasingly important as the size dependence of the LSPR
increases with size. Also, the expression of the multipolar modes leads to broadening of
the overall spectra. Based on the fact that the LSPR position is determined by the mean
diameter, the mean diameter can indeed be accurately estimated from the optical spectra.
For that, either carefully obtained standard experimental data can be used as universal
reference, either theoretical calculations with suitable optical constants are required.
Relying on the dependence of the DLS intensity distribution mean on the standard
deviation, it is also possible to estimate the polydispersity from the difference between
the mean size and the intensity distribution peak. While the results in Chapter 3 clear
all the ambiguity regarding the primary factors determining the optical spectra of
colloidal plasmonic nanoparticles, these findings pave way for the studies in later
chapters (Chapter 5 and 6) where experimental and computational results are compared
for further insights.
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Finite two dimensional Au nanoparticle clusters: optical properties for light enhanced processes

4.1 Introduction

In Chapter 2 and 3, optical properties of individual Au and Ag nanoparticles were
discussed. In Chapter 4, two dimensional clusters of Au nanoparticles are discussed,
whose optical properties are enhanced due to the plasmonic coupling among the
nanoparticles.’ % The interaction among the plasmon modes of individual
nanoparticles of a cluster or assembly gives rise to interesting optical characteristics
such as higher order modes, magnetic resonance!®® and fano-like resonance?® that are
promising for various applications.?’* 22 For instance, the fano-like resonance can be
useful in chemical and biological sensing, electro-optics, switching, etc.2®® Thus,
considerable efforts have been devoted towards the understanding and fabrication of
such composite nanostructures, 204 205 206 207 Qpviously, the discussion on collective
plasmonic behavior starts with simple dimers for which many past studies have shed
light on relevant aspects such as the polarization dependence, near-field enhancement,
spectral shift, and the effect of interparticle distance.2%® 20° 210 2L Apart from the classical
electromagnetic field theory, the analogy of molecular hybridization theories with the
interaction of plasmon modes has yielded an alternative approach to explain the
collective plasmonic behavior of composite nanostructures.?? 22 Importantly, the
spectral red-shift and the significant enhancement of the near-field between the particles
are striking features of dimers. As one adds more nanoparticles to a linear arrangement,
the red-shift gets stronger with increasing chain length.?4 215 On the other hand, it is
interesting to note that an equilateral 2D arrangement of three nanoparticles exhibits
little dependence on the in-plane polarization angle of incident light. This planar
symmetry is even further extended to 3D isotropy for 3D symmetric tetramers. One
important aspect of many particle systems is the interaction among the radiative modes
that results in constructive and destructive interference often indicated by the Fano-like
characteristic dip in the scattering spectra. In the discussion of nanoparticle clusters, an
obvious question arises regarding the infinity limit beyond which the cluster size
becomes insignificant. The formalism given by Modinos et al. for the estimation of the
optical response of infinite arrays of nanoparticles is based on the methods developed
in relation to electron scattering by two-dimensional atomic layers.?® 217 218 The
estimated optical spectra from this formulation have been shown to agree reasonably
well with the experimental spectra for gold nanoparticle lattices. An alternative
approach among others is the Korringa—Kohn—Rostoker (KKR) method which has been
demonstrated as a robust approach for electromagnetic waves in a periodic dielectric
medium in their full complexity.?*® 22 Zundel and Manjavacas discussed this infinity
limit for large 100 nm nanoparticles arranged in a square array, a system with strong
far-field coupling.?? Infinite nanoparticle films are discussed in the next Chapter 5,
while in the present chapter finite arrays of Au nanoparticle will be discussed whose
overall size is smaller than the exciting wavelength.
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For the fabrication of nanoparticle/nanostructure oligomers or clusters, techniques like
e-beam lithography or ion beam milling are widely used due to their high
controllability.??? 22 However, these techniques are expensive and inefficient at small
dimensions. On the other hand, formation of nanoparticle clusters with precise
dimensions by self-assembly techniques is a challenging task and an important area of
investigation.?2# 225 226 227 The thermo-plasmonic effect and resulting phenomena such
as plasmo-fluidic convection, phase transition, vapor generation, etc., in nanoparticles
and nanoparticle arrays have gained considerable attention over the years.?2 229 230 231
232 233 234 235 238 |y yiew of the immense possibilities and rapid advances in the area of
nanostructure design and applications, promising research avenues are continuously
emerging.

Pertaining to self-assembled structures, plasmonic response of clusters of small (<50
nm) nanoparticles is an important unexplored aspect of investigation as such systems
promise many applications. Particularly due to low scattering and high absorption, small
nanoparticle systems are very relevant to photothermal applications as well as hot
electron mediated processes. Based on rigorous validation of the numerical methods
used, in this Chapter 4, the collective plasmonic properties and the resulting
photothermal effects in 2D close packed nanoparticle clusters of small (20 and 40 nm
in diameter) Au nanoparticles is discussed. Clusters of varying size and interparticle
distance were considered in order to delineate the effect of these structural aspects on
the collective plasmonic (optical) behavior. The results compare the optical response of
clusters of different sizes ranging from a single nanoparticle up to large assemblies of
61 nanoparticles. Increasing the cluster size induces significant changes to the spectral
position and optical intensities. The effect of the particle size and interparticle distance
is investigated to elucidate the nature of plasmonic interaction in terms of near-field and
far-field coupling. Apart from the optical response, the steady state temperatures of the
nanoparticles in an aqueous medium were calculated in order to evaluate the
photothermal characteristics of these clusters. A strong dependence of the steady state
temperature of the nanoparticles on the cluster size, particle position in the cluster,
incident light polarization, and interparticle distance was observed. Based on these
outcomes, an optimal cluster size for maximum absorption per nanoparticle is also
determined for enhanced photothermal effects.

4.2 Problem specification and numerical methodology

The results included in this chapter involve electromagnetic simulations of close
packed 2D assemblies of Au nanoparticles with varying number of nanoparticles and
interparticle distance (Figure 4.1). The details of the numerical methodology are
described in Section 2.2 of Chapter 2. For the models, the optical constants for Au
were taken from Johnson and Christy.?*” Similar to Chapter 2, equation (2.1) is to be
solved for the scattered field in a homogeneous medium in the presence of a plane
polarized incident electric field. The minimum interparticle distance considered in this
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study is 1 nm for which quantum tunneling effects can be neglected.?® The
computational domain was discretized with tetrahedral elements in the physical domain
i.e., the nanoparticles and the surrounding medium. While the perfectly matched layer
was discretized by prismatic elements. The optical cross sections were calculated by
post processing of the numerical results as given in section 2.2. Similarly, equation 2.8
was solved for the photothermal studies with the convection contribution neglected as
at such an extremely small length scale i.e. extremely small Grashof number, Gr, the
contribution of convection to heat-transfer is negligible. The thermophysical properties
of Au and water are taken from Chen et al.}*® Considering the strong variation of the
thermal conductivity of Au as a function of the thickness of the film used for
measurement, the temperatures for k = 110 W/m.K and k = 317 W/m.K were compared
to show that the variability of the thermal conductivity has little effect on the steady
state temperature profile (Table A4.1 and Figure A4.2). Since the thermal conductivity
of water is significantly low as compared to Au, this variability does not impact the
conductive heat transfer characteristics. From dimensional considerations, for both the
values of k, the value of the Biot number is very low implying that a lump capacitance
approximation is valid for both the cases.?*

(a) (b) (c)

- - J

Closed packed 2D assembly
of Au nanoparticles

Figure 4.1 Schematic representation of (a) nanoparticle 2D nanoparticle cluster
irradiated with plane polarized electromagnetic wave in normal incidence, (b) top view
of nanoparticle cluster with hexagonal yellow boundaries defining different cluster sizes
considered. The yellow boundaries starting from the outermost one define clusters of
61, 37, 19, 9 and single nanoparticle(s), respectively. (c) A cluster of 19 nanoparticles
with the definition of particle diameter D and interparticle distance d.

4.3 Results and discussion

The reliability of the present computational method is established upon previous
literature that has shown good agreement between COMSOL Multiphysics numerical
solutions, analytical solutions, as well as with experimental results.1% 240 Even for more
complex nanostructures, good agreement between the computational method and
experimental data has been obtained. 22 241 8 For the present work, Figure A4.1 and
A4.2 illustrates the validation of the numerical models used in this study by comparing
them to existing numerical as well as experimental results.?** 2*8 Since the photothermal
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effect is a direct consequence of the optical characteristics of the nanostructures
considered, the optical behavior is discussed in detail in section 4.3.2, followed by the
discussion on the thermal effects of the important cases in section 4.3.3.

4.3.1 Model validation

Reproduction of the results by Fan et al.®? and Barrow et al.*®® is useful as their
experimental results for Au nano-shell heptamers and nanoparticle trimers, respectively,
are in excellent agreement with numerical results (Figure A4.1). Fan et al. also showed
experimentally that the effect of a silica substrate on the optical output of a nano-shell
heptamer is weak. Despite using the same numerical framework, the minor deviation of
present results from the numerical results of Barrow et al. can be attributed to the
dissimilarities in mesh quality, PML or domain size. Nonetheless, the spectral features
are in complete agreement. Importantly, the agreement between experimental and
theoretical results from classical electromagnetic theory when the interparticle gap is as
small as 0.5 to 1 nm validates the exclusion of quantum tunneling effects. Additionally,
the results reported by Baffou et al. for an array of 15 nanospheres were also compared
with the present results to compare BEM and FEM based computations (Figure A4.2).
At this point, it is concluded that the electromagnetic models of nanoparticle clusters
built in COMSOL Multiphysics are successful in reproducing various sets of
experimental and numerical data from literature, and will from hereon be used to study
clustering effects in more detail.

As even small clusters with 3 equilaterally placed nanoparticles exhibit polarization
independence for in-plane polarized incident light, it is naturally expected that bigger
clusters will also exhibit similar planar isotropy and the results in Figure 4.2 (a)
illustrate this for a 37 nanoparticle cluster. To understand this polarization independence
i.e. axial symmetry, it is more convenient to work with a simple system like an
equilateral trimer for which, using plasmon hybridization theory, nine hybrid plasmon
modes (or Eigen modes) can be derived.?®® 2*2 The excitable planar modes for an
equilateral trimer are symmetric linear combinations of the individual plasmon modes,
basically meaning that plasmons mix into each other with the same symmetries that they
exhibit at infinite separation.?*® Thus, the symmetry in a larger cluster can be explained
using the same principle. However, such an analysis for a 37 nanoparticle cluster would
be much more complicated. Figure 4.2 (b) shows for the same cluster that the system
also has 2-fold symmetry in terms of individual optical spectra about the dotted axes
shown in the diagram in the inset, due to which the individual spectra of corresponding
nanoparticles from each quarter coincide completely. Thus, the cluster can be divided
into four equal sections equivalent to one another. Figure A4.4 presents the absorption
spectra of individual nanoparticles in a 61 nanoparticle cluster. It is clear from both
Figure A4.4 and Figure 4.2 that the absorption spectra for individual nanoparticles vary
strongly with the position in the cluster implying that similar position dependence of the
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photothermal effects can also be expected. This aspect is discussed further in the later
sections addressing the near-field and thermal effects.
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Figure 4.2 (a) The effect of in-plane polarization angle of incident light on the total
absorption cross section in a 37 nanoparticle cluster with d = 1 nm of interparticle gap.
(b) The comparison of absorption cross section of individual nanoparticles in a similar
37 nanoparticle cluster to show the 2-fold symmetry for a 0° polarization angle. The
diameter of the nanoparticles is 20 nm.

4.3.2 Effect of cluster size for strongly interacting nanoparticles

In order to delineate the effect of cluster size, spectra for close packed nanoparticle
clusters were compared by varying the number of nanospheres from 1 to 61. Since the
individual radiative damping is very small for 20 nm nanoparticles, the interparticle
distance considered was 1 nm so that there is strong interaction among the near-field
generated by individual nanoparticle. As apparent from Figure 4.3, the LSPR is red-
shifting for both absorption and scattering spectra with increasing number of
nanoparticles. Obviously, increasing the number of particles will increase the total
optical intensity. However, from the perspective of efficiency , it is more important to
guantify the intensity as the “average intensity per particle”. Thus, the comparison in
Figure 4.3 is shown in terms of average absorption and scattering cross section per
nanoparticle. It is rather intuitive to expect that in the limit of an infinite number of
nanoparticles, the average optical cross section per nanoparticle will remain unchanged
upon further expansion of the cluster. This is quite clear for the average absorption cross
section while varying the cluster size from 1 to 61 nanoparticles in Figure 4.3. It is
worth noting that in the infinity limit, it is the average optical intensity, absorption or
scattering, that remains constant upon addition of nanoparticles as the total absorption
and scattering will obviously increase with more nanoparticles. While, although the
average scattering cross section continually increases untill 61 nanoparticles, the rate of
increase becomes smaller implying that at a certain number it will reach a plateau or a
maximum. Thus, the optimal cluster size is not the same for absorption and scattering.
Interestingly, 20 nm nanospheres have a significantly large average scattering cross
section per particle in the cluster in contrast to their diminishingly small scattering cross
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section when isolated (Figure 4.3 (b)). Since an isolated 20 nm nanoparticle is
essentially “non-scattering”, this enhancement in scattering can be attributed to near-
field coupling of the nanoparticles.’®® 2*4 If the collective optical response of the
nanoparticles in a cluster is due to the interaction of near-fields, the cluster can behave
like a single entity bridged together by inter-connected near-fields (see further, Figure
4.7). Since the radiative modes of individual particles become strong in cluster, the
coupling of these strengthened radiative modes is also possible. Thus, the collective
response is a correlative effect of near-field and far-field interactions. However, the
relative strength of these two interaction modes is an important aspect discussed later in
this work, Figure 4.5, 4.6 and 4.7. Another interesting way to view this collective
behavior is a hybridized plasmon mode of constituent individual plasmon modes
analogous to a molecular orbital from the hybridization of individual atomic orbitals in
molecular orbital theory.?? 190 245 nterestingly, akin to the red-shift of optical cross
sections with increasing size for an isolated nanostructure, the collective optical spectra
for clusters also red-shift with increasing cluster size. Also, the scattering is greatly
enhanced for bigger clusters. An important feature of a nanoparticle cluster is that as the
cluster size increases, even to the macro-scale, the localized plasmons remain intact. In
contrast, a single nanoparticle is known to lose its optical properties derived from
localized surface plasmon resonance if the size increases beyond a certain point, as the
localized plasmons give way to bulk plasmons. The LSPR wavelength vs. number of
nanoparticles in the cluster is plotted in Figure 4.4 and clearly evidences that the red-
shift tends to become weaker and weaker with increasing cluster size. Thus, after a
certain limit, there will not be any red-shift upon addition of more nanoparticles
implying that the infinite limit is reached. While extending the present numerical model
to find this infinite limit is a coveted aspect, the increase in the required computational
power with increasing cluster size unfortunately limits this endeavor. Thus, the use of
theoretical formalisms of Modinos et al. or KKR method will be more practical in this
regard.®3"  The coupled dipole method is an alternative approach to tackle this
problem, but it is based upon assumptions that significantly simplify the model.??t 24
Use of a theoretical formalism for infinite arrays of nanoparticle remains an important
objective of our future research.
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Figure 4.3 (a) Average absorption cross section per nanoparticle and (b) average
scattering cross section per nanoparticle for varying cluster size with interparticle gap
of 1 nm. The diameter of the nanoparticles is 20 nm.
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Figure 4.4 Absorption and scattering spectral peak wavelength variation with number
of nanoparticles in the cluster from 1 to 61 particles. The interparticle gap d is 1 nm and

the nanoparticle diameter D is 20 nm.
4.3.3 Effect of interparticle gap and particle size

As discussed above, Figure 4.3 (a) and (b) show that the absorption per particle
increases (then decreases) with cluster size and otherwise non-radiative 20 nm
nanoparticles have significant ‘per particle’ average scattering cross sections when they
are clustered together. To further understand the nature of this interaction, it is
instructive to study the effect of interparticle distance in a cluster with particles with
different individual scattering power.

To start with, the effect of interparticle distance was studied for a 19 nanoparticle
cluster, as it has been shown for closely packed (d = 1 nm) 20 nm nanoparticles that the
average absorption cross section per nanoparticle is the highest in that case. Now in
Figure 4.5 (a) and (b), both absorption and scattering spectra red-shift with increasing
intensity as the interparticle distance decreases. These trends are consistent with the
hypothesis that the interparticle interaction happens primarily through overlapping near-
fields as the spectral features are intact. Thus, with decreasing gap, the cluster tends to
show a collective optical response like an integrated large nanostructure. The
interparticle interaction in clusters is understood further by analyzing the effect of the
interparticle gap in a cluster of 40 nm nanoparticles for which the individual scattering
power is higher (Figure 4.6). The interaction among these bigger nanoparticles is
enabled through both overlapping of the near-fields i.e., near-field coupling and the
interference of the radiative modes i.e., far-field coupling. Importantly, when 40 nm
nanoparticles are clustered, the characteristic resonance peak in the absorption spectra
loses its sharp feature and intensity, while the scattering intensity increases. The
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evidence of the strong interference of the radiative modes is the fano-like characteristic
resonance in the scattering spectra resulting from super-radiant and sub-radiant modes
for an interparticle gap of 2 and 4 nm.?*" It is interesting to note here that the fano-dip
is also dependent on the interparticle gap. This intensification of the radiative damping
through the interference of scattered radiation may be connected to the loss of spectral
characteristics in the absorption spectra. Evidently, the larger nanoparticles require a
larger interparticle distance to be free from interparticle interaction. Figure 4.7 shows
the difference in the strength of interparticle interaction for a 1 nm and a 16 nm
interparticle gap by comparing the near-fields. As expected for the 1 nm gap, the
strength of the electric field between the particles is significantly higher than that for a
16 nm gap. Also, for 16 nm gap the dipolar plasmon modes of individual nanoparticles
are dominant with weak enhancement of the near-field in the interparticle gap. In
contrast, for the 1 nm gap individual dipolar modes are lost as they couple together to
form hybridized modes. These hybridized modes result in strong near-field
enhancement in specific locations of the cluster.
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Figure 4.6 Variation of (a) absorption and (b) scattering cross section of a 19
nanoparticle cluster with varying interparticle distance d. The nanoparticle diameter D
is 40 nm.

d=2nm

Ao N A N*
A A NN N

v“‘f\/\ﬂv

72NN

Peak wavelength:578 nm Peak wavelength: 530 nm

Figure 4.7 Near-field enhancement in 19 nanoparticle clusters with interparticle
distance (@) d = 2 nm and (b) d = 16 nm for a nanoparticle size of 20 nm. The
enhancement of the scattered field with respect to the incident field is shown. The
direction of the wave is from left to right and the polarization of the electric field is
along the vertical direction.

The near-field enhancement at specific locations in a cluster for a certain incident
wavelength corresponds with the fact that individual nanoparticles in a cluster have
significantly different absorption characteristics. Apparently in Figure A4.4, the
absorption spectra of individual nanoparticles in a 61 nanoparticle cluster differ one to
another greatly with varying peak positions in the spectrum. Thus, the near-field
enhancement corresponding to these individual absorption peaks also varies with the
location of each individual particle in the cluster. Figure A4.5 shows the near-field
enhancement in a 61 nanoparticle cluster for different incident wavelengths. For 645
nm incident wavelength, the near-field enhancement is along the nanoparticles at the
left and right boundaries of the cluster. But at 720 nm wavelength, the near-field
enhancement is now in the core of the cluster. This spatial variability of near-field
enhancement is an interesting observation with regard to many applications of
plasmonics. For instance, it has been found that strong near-field enhancement and hot-
electron injection catalyzes certain reactions, photocatalytic processes, etc. Local
control of these processes is possible due to this spatial variability of near-field
enhancement.

4.3.4 Photothermal effect of clusters

The inevitable consequence of energy absorption is thermal dissipation and thus,
temperature rise of the nanoparticle cluster and its surrounding, while the scattered
energy is simply radiated away. Thus, the absorption spectra of the nanoparticles and
their assemblies readily correspond with the resulting temperature fields. Since the
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absorption characteristics are dependent on the nanoparticle position in a cluster,
individual nanoparticles will exhibit different steady state temperatures according to
their relative position and polarization angle, Figure 4.8 (a) to (d). Interestingly, the
number of nanoparticles strongly influences the steady state temperature of the cluster
due to enhanced absorption in hybridized plasmon modes in a cluster and containment
of heat by the outer spheres of the cluster. Thus, absorption and heat containment
simultaneously influence the steady state temperatures of the particles.
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Figure 4.8 Steady state temperatures (°C) of nanoparticles in a cluster: (a) 7
nanoparticles (b) 19 nanoparticles (c) 37 nanoparticles (d) 61 nanoparticles upon EM
irradiation of respective peak wavelength in infinite water medium. (e) Temperature
profile in a 37 nanoparticle cluster when the incident radiation polarization is horizontal.
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(f) Temperature field around a 61 nanoparticle cluster. The intensity of incident
radiation is 1 mW/um? for all the cases. The wavelength of incidence is the plasmon
resonance wavelength.

In a water medium at 25°C, a single nanosphere is heated up to only ~30°C (Figure
A4.6), while the 7 nanoparticle cluster attains a temperature over 62°C when irradiated
at 1 mW/cm?. Similarly, for 19 and 37 nanoparticle clusters, the temperature of the
“hottest” nanoparticle in the cluster will exceed 100°C. Interestingly, the average
aborption per particle is higher for a 19 nanoparticle cluster as compared to the 37
nanoparticle cluster, but the 37 nanoparticle cluster has a higher steady state temperature
for the central nanoparticles than the 19 nanoparticle cluster. Clearly, although the
absorption is less, the central nanoparticles in the 37 nanoparticle cluster are surrounded
by more nanoparticles than a 19 nanoparticle cluster implying greater heat retention and
steady state temperature in the core. However, for the 61 nanoparticle cluster, the steady
state temperature of the “hottest” particles again drops to ~95 °C because the decrease
in the average absorption per particle is the dominating factor. Also, for the 61
nanoparticle cluster, nanoparticles at the boundaries have high temperature in spite of
lower heat retention as the high absorption compensates for the higher heat loss rate to
the surrounding. The temperature variation with the position of the particles is an
important aspect demonstrated here. In Figure 4.8 (e), the change of the temperature
profile in the 37 nanoparticle cluster is shown when the incident radiation polarization
is horizontal in contrast to vertical polarization in Figure 4.8 (c). This indicates the
possibility of controlling the temperature profile in a cluster. The temperature field of
the 61 nanoparticle cluster with the surrounding is shown in Figure 4.8 (f).

It is worth mentioning that although the steady state temperature is significantly
enhanced by clustering nanoparticles as compared to isolated nanoparticles, the light
intensity required to achieve this heating effect is considerably high. In Figure A4.7, it
is clear that a drop of one order of magnitude in the intensity results in a significantly
lower steady state temperature. When the intensity is two orders of magnitude lower,
there is almost no apparent heating. It is also important to note that the present model
assumes an infinite water medium which is not an insulating material. To check the
extreme limit, heat transfer analysis was also done for a 37 nanoparticle cluster in an air
medium, a good insulating medium, while keeping the absorption values the same as
those in water, Figure A4.8. For the intensity corresponding to Figure 4.9, the overall
cluster temperature was estimated to be as high as around 900 °C, attained solely by
altering the thermal properties of the medium. It is to be noted that the convective effects
are excluded in this calculation. With this fundamental insight, it is clear that raising the
steady state temperature is a matter of improving the energy input rate and heat retention
by better optical and thermal design of the system. For instance, attaining a high
temperature under sunlight would require improved heat trapping possibly by clustering
in 3D and embedding in an insulating matrix as shown by Dhiman et al. for dendritic
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plasmonic colloidosomes.?*® In contrast to 20 nm nanoparticles considered in this work
for which the heating is rather weak, an isolated large nanoparticle of 100 nm diameter
can induce a temperature rise >50 °C for the intensity considered in this study.?*® This
promises further development in the cluster heating with larger nanoparticles. The
present results demonstrate the possibilities to improve and control the thermal effects
of nanoparticles by clustering in suitable configurations.
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Figure 4.9 Steady state temperatures (°C) of a 19 nanoparticle cluster with varying
interparticle distance, d. The wavelength of the incident radiation is the plasmon
resonance wavelength of 608 nm for d = 1 nm. The intensity is 1 mW/um? for all the
cases. The cluster is embedded in an infinite water medium.

The effect of interparticle distance on the absorption spectra of clusters is another aspect
that leads to interesting thermal effects. In Figure 4.8 (b), it has been shown that a 19
nanoparticle cluster can attain significantly higher temperature as compared to an
isolated nanoparticle when irradiated by an electromagnetic wave of their peak
wavelengths. However, this temperature is for the smallest interparticle gap of 1 nm. As
the interparticle gap increases, the absorption intensity as well as the spectral peak
changes. The consequence of this on the thermal effect is obviously direct. In Figure
4.9, the steady state temperature of a 19 nanoparticle cluster with varying interparticle
gap is shown. For an interparticle gap of 8 nm, the thermal effects of the nanoparticle
cluster are practically gone. It is however useful to point out the difference in the
representation of Figure 4.8 and 4.9. In Figure 4.8, the spatial variation of temperature
only in the nanoparticles is shown, while in Figure 4.9, the cluster as well as the
surrounding temperature field is shown. The results in Figure 4.9 also promise
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interesting applications of local temperature control and sensing. For instance, it has
been shown how the interparticle gap of nanoparticle assembly embedded in a substrate
can be controlled by thermal treatment, chemical modification or mechanical strain of
the substrate without structural distortion.®® 25 252 |t is important to note that
demonstrated photothermal effect due to tuning the interparticle gap is only possible
with 20 nm particles according to our simulation. As we have shown that the 40 nm
nanoparticle cluster does not exhibit similar dependence of absorption characteristics
on the interparticle gap. Due to strong coupling of radiative modes, the absorption rather
decreases with smaller interparticle gap. Detailed experimental studies on 2D clusters
of weakly radiant nanoparticles as small as 20 nm have not been carried out yet. Thus,
experimental verification of these theoretical results is of significant practical
importance with regard to the numerous possible applications.

4.4 Conclusion

In Chapter 4, the coupled plasmonic response and resulting photothermal effects of
isolated Au nanoparticle clusters of different sizes were discussed. The collective
optical response is analyzed in terms of near-field and far-field coupling among
constituent nanoparticles in the cluster. Otherwise weakly radiative 20 nm Au
nanoparticles, when coupled through overlapping of near-fields in a close packed 2D
cluster, exhibit an optical response as an integrated structure resulting in strong
absorption and scattering with a spectral shift. As optical cross sections obviously
increase with increasing cluster size, it is more useful to determine average
absorption/scattering per particle from an efficiency perspective. As shown for 20 nm
nanoparticle clusters with small interparticle gap (1 nm) i.e. strong near-field coupling,
the absorption intensity per particle increases with cluster size up to an optimal cluster
size beyond which the average intensity reaches a constant value at the limit of an
infinite cluster. For absorption, the optimal cluster size is 19 nanoparticles, while, for
scattering the optimum could not be determined in the present study that covers cluster
sizes up to a maximum of 61 nanoparticles. The spectral red-shift with increasing
cluster size is apparent in all cases. Since the coupling among weakly scattering 20 nm
nanoparticles is predominantly through the near-fields, increasing the interparticle gap
rapidly weakens the collective modes and the individual dipolar modes of the
nanoparticles become strong. However, due to their stronger radiative modes, 40 nm
nanoparticles in a cluster are coupled through both near-field and far-field, enabling far
reaching interparticle interaction. The effect of decreasing the interparticle gap, thus
enabling stronger collective modes in a cluster, is a red-shift of the spectra. However,
the contrast between 20 nm and 40 nm nanoparticles is that the absorption intensity
increases for 20 nm particles while decreases for 40 nm particles with decreasing
interparticle gap. Also, the absorption characteristics in a cluster vary strongly from
particle to particle. Since the steady state temperature of individual particles depends
upon the individual absorption intensity and the heat retention around the particle, the
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steady state temperature of individual nanoparticles varies strongly in a cluster. This
variation is stronger for stronger laser intensity and also dependent on the incident
polarization. The effect of interparticle distance on absorption intensity leads to
interesting photothermal effects in a cluster which can be controlled by varying this
distance. The present study provides new theoretical insight into plasmonic behavior of
close packed Au nanoparticle clusters and resulting photothermal phenomena. The
photothermal effect in the clusters shows the possibility of nanoscale temperature
control.
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Chapter 5

Plasmonic nanoparticle films obtained by air-liquid interfacial
assembly: optical properties for light mediated applications
Based on:

Rituraj Borah, Rajeshreddy Ninakanti, Sara Bals, Sammy Verbruggen, Plasmonic
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5.1 Introduction

Chapter 4 dealt with finite plasmonic nanoparticle clusters (cluster dimension <
wavelength of incident light). In Chapter 5, the study is extended to infinite films of
plasmonic nanoparticles (film dimensions >> wavelength of incidence). In multiple
applications of nanoparticles, ordered periodic arrays are particularly interesting since
the light-matter interaction is enhanced in such periodic assemblies. Given an optimal
spacing between the nanoparticles, this effect occurs due to the coupling of the
individual plasmons, resulting in an amplified coherent optical response i.e. lattice
resonances.?®® To exploit this plasmonic coupling, periodic arrays of nanostructures
have gained considerable attention.?®* For instance, plasmonic nanostructure arrays
have been demonstrated for light-harvesting enhancement in photovoltaic
applications.?® Furthermore, the intense near-field enhancement upon plasmonic
coupling in closely packed periodic nanostructure arrays results in a significant
improvement in surface-enhanced Raman spectroscopy (SERS)?*®, fluorescence®’,
surface-enhanced infrared absorption spectroscopy (SEIRA)?%, and photoemission and
photodetection®® signals. Self-assembly is a promising technique to obtain such
periodic arrays of nanoparticles in a simple and cost-efficient way.?° The use of tailored
nanoparticles as building blocks allows application-specific functionalities in which the
macro-scale interface or bulk phase properties arise from the individual nanoparticles.?®*
262 263 |n recent years, self-assembled films of nanoparticles have gained attention, both
in terms of fabrication techniques and novel applications.?%* Air-liquid interfacial
assembly, a technique originally devised for monolayer films of organic molecules, also
provides a promising route towards nanoparticle arrays. Current approaches based on
air-water interfacial assembly such as Langmuir-Blodgett troughs involve precise
control of the interfacial pressure through compression and expansion of the interfacial
area to tune the film morphology. An alternative liquid phase is ethylene glycol, which
has been extensively used by, e.g., Murray and co-workers, for obtaining monolayer

films as well as binary nanoparticle arrays with nanoparticles of two different sizes.?%®
266

In view of the growing importance of self-assembled plasmonic nanoparticle arrays,
thorough understanding of their optical properties is important for their application®3.
In this regard, Ag and Au are widely investigated metals with their known advantages
and disadvantages. Apart from the direct normal incidence of light on the nanoparticle
arrays, the ATR (attenuated total reflection) also known as the Kretschmann
configuration is an interesting optical configuration that is commonly used in sensing
applications.?®” In this Chapter 5, the optical properties of self-assembled arrays of Au
and Ag nanoparticles in direct normal incidence and Kretschmann i.e. ATR
configuration are investigated. The individual optical properties of nanoparticles in
close packed arrays and when they are isolated are compared. The computational
models are first validated with experimental results obtained for Au and Ag nanoparticle
films self-assembled at the air-ethylene glycol interface. The optical properties of the
nanoparticle arrays are then studied in terms of their far-field and near-field optical
properties.
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5.2 Materials and methods
5.2.1 Synthesis of Au nanoparticles and phase transfer

Au nanoparticles were synthesized by the well-known citrate reduction method. A 100
mL 5 mM tri-sodium citrate solution in water was brought to boil before the addition of
1 mL of 25 mM HAuCI, solution. Following the precursor addition, the solution was
kept boiling for 20 more minutes for complete reduction. The as-synthesized
nanoparticles were centrifuged at 12500 rpm for 30 minutes and redispersed in 10 mL
Milli-Q water to obtain a 10 times more concentrated colloidal solution. The
concentrated Au nanoparticles in the agueous phase were transferred to a toluene phase
by using oleylamine as a hydrophobic ligand. 3 mL of toluene were gently added onto
the surface of 1 ml of aqueous Au nanoparticle colloid so that the toluene floats over
the water as a separate phase. To this bi-phasic liquid, 2 mL of oleylamine in ethanol
solution (200 mg in 20 mL ethanol) were added followed by gentle shaking for thorough
mixing and then resting for separation of the toluene and ethanol-water phases. After
resting the mixture for 24 hours, the nanoparticles appear in the toluene phase above
(indicated by a distinct red color) and the ethanol-water phase below becomes
transparent. The nanoparticles in the toluene phase were then carefully pipetted out for
further processing

5.2.2 Synthesis of Ag nanoparticles and phase transfer

Au nanoparticles were synthesized by the well-known citrate reduction method in
presence of tannic acid as reducing agent,as reported by Bastus et al.?®® A 100 mL 5
mM tri-sodium citrate and 0.1 mM tannic acid solution in water was brought to a boil
before the addition of 1 mL of 25 mM AgNO3 solution. Following the precursor
addition, the boiling of the solution was continued for 20 more minutes for complete
reduction of the Ag ions. The as-synthesized nanoparticles were concentrated 10 times
by centrifuging at 11000 rpm for 30 minutes and re-dispersing in milli-Q water. The
concentrated Ag nanoparticles in the agueous phase were transferred to the toluene
phase by a procedure similar to Au nanoparticles as described above. A higher
concentration of oleylamine in ethanol (100 mg in 20 mL Ethanol) was used in this case.
Also, the oleylamine solution was added first to the nanoparticle colloid before the
addition of the toluene phase and mixing.

5.2.3 Self-assembly

The same self-assembly procedure was adopted for both Au and Ag nanoparticles. The
nanoparticles in toluene after phase transfer (2 mL) were concentrated by centrifugation
at 12000 rpm for 20 minutes to 200 pL and then introduced onto the surface of ethylene
glycol contained in a glass container of 30 mm in diameter. The beaker was then
immediately covered by a glass plane, allowing toluene to evaporate slowly, Figure 5.1
(a and b). After the complete evaporation of toluene (in 8 hours), the nanoparticle films
were transferred to the substrates for further characterization and application. The
nanoparticle films were transferred to a glass substrate by careful vertical dip coating
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similar to the Langmuir-Blodgett technique. The films were dried under vacuum at 40°C
for 48 hours. For bi-layer films, two films were deposited sequentially one on the other.

5.2.4 Characterization

The as-obtained films on glass were characterized by UV-Vis spectroscopy in
transmission mode, using a Shimadzu UV2600 apparatus. For the bright field
transmission electron microscopy (TEM) of the self-assembled nanoparticles, an FEI
Tecnai G2 operated at an accelerating voltage of 200 kV was used. To prepare the TEM
samples, the nanoparticle films were immobilized on a hydrophobic copper grid by dip
coating before vacuum drying at 100°C for 12 hours.
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Figure 5.1 (a) Development of the nanoparticle film during the self-assembly of Au
nanoparticles over ethylene glycol surface for 8 hours. (b) Self-assembled Ag
nanoparticle film after solvent evaporation. (c) Schematic representation of a self-
assembled nanoparticle monolayer with incident and electric field wave vectors w.r.t.
the 3-D cartesian axes. The incident angle @ is varied only for the Krestchmann i.e. ATR
configuration as discussed later. Otherwise, = 0° i.e. normal incidence in all the cases
and the two polarizations at normal incidence: ¢ = 0° is termed horizontal polarization
<> and ¢ = 90° is termed vertical polarization J also shown in Figure 5.7, 5.8 and 5.9.
(d) Hexagonal and rectangular unit cells with periodic boundary conditions
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implemented as the computational domains in the electromagnetic modeling. (e)
Comparison of the results obtained from rectangular and hexagonal computational
domains.

5.2.5 Electromagnetic modeling

The computational electromagnetic models for the rigorous solution of the Maxwell’s
equations are built on an FEM solver COMSOL Multiphysics as mentioned in the
previous chapters. The infinite 2D arrays were approximated by a unit cell with periodic
boundary conditions on the side walls, Figure 5.1 (c, d). The incident electromagnetic
field was introduced from the top with the wave outlet at the bottom for the full-field
solution. A perfectly matched layer (PML) was implemented on the top and the bottom
boundaries to ensure total absorption of the propagating wave. To ensure the accuracy
of the periodic boundary conditions, both rectangular and hexagonal unit cell models
were constructed for comparison, Figure 5.1 (d) and (e). To ensure the mesh and the
domain independence of the numerical results, mesh and domain independence tests
were performed with varying mesh elements and domain sizes. The computational
domains and the meshing scheme in the rectangular and hexagonal unit cell are shown
in Figure A5.1 and A5.2.

5.3 Results and discussions
5.3.1 Characterization of the films and computational validation.

Figures 5.2 (a) and (b) show the self-assembled monolayer films of Au and Ag
nanoparticles, respectively. The overall packing order of the films is clear from the fast
Fourier transformations (FFT) of the images. The average sizes of the nanoparticles
were estimated to be 10 £ 2 nm with an interparticle gap of ~2.1 nm for Au and 21 + 3
nm with an interparticle gap of ~3 nm for Ag nanoparticles, Figure A5.3 and A5.4.
While the films, overall, have the hexagonal close packed structure, the lattice is highly
polycrystalline with local defects and irregular particle morphology. It has been shown
that the presence of excess free ligands and excess nanoparticles (i.e. more nanoparticles
than needed to cover the complete surface with a monolayer) enhanced the degree of
ordering during the self-assembly process.?®® 27° Thus, after the water-to-toluene phase
transfer, the nanoparticle colloids were concentrated to the desired concentration for
self-assembly without further washing steps so that a certain amount of excess free
ligands remained in the colloid to facilitate the ordering during self-assembly. As the
number of Au nanoparticles (~2 x 10%3) introduced over the ethylene glycol surface was
much higher (> 4 times) than the number required (~5 x 10'?) for covering the total
surface area available, the excess nanoparticles exert pressure on the film for close
packing. For this concentration of nanoparticles, the excess nanoparticles accumulate at
the outer boundary of the film resulting in a predominantly monolayer film. A 3-4 times
higher concentration on the other hand leads to the formation of large bilayer areas,
Figure 5.2 (a, b). In order to ensure a uniform bi-layer, deposition of one monolayer
over another is a more effective strategy.
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monolayer bilayer

~
&

Au nanoparticle

(b)

Ag nanoparticle

Figure 5.2 TEM images of Au (a) and Ag (b) nanoparticle self-assemblies obtained at
the air-ethylene glycol interface. The films at different length scales including both
monolayer and bilayer are shown. The FFT (fast Fourier transform) of the images in the
inset indicates the periodicity in the Fourier space.

For the electromagnetic modeling of the self-assembled films, the average values of the
nanoparticle diameter and interparticle distance in a unit cell with a hexagonal close
packing were used. As shown by Schatz and co-worders, the irregularities in the 2D
lattice such as polycrystallinity, small variations in the particle diameter and the
interparticle gap do not lead to any dramatic changes in the optical properties.?’* Thus,
average lattice parameters (given in Figure 5.3 title) are sufficient to describe the optical
properties of the films by electromagnetic models. The experimental transmittance
spectra of the monolayer and bi-layer nanoparticle films were measured after
immobilization of the films on glass followed by vacuum drying at 40° C for 12 hours.
Thus, the refractive index of the medium was assumed to attain a constant value of 1.4
to take in to account the ethylene glycol still present in the film?72. The optical constants
for Au and Ag were taken from Johnson and Christy?’3, and Palik?’ respectively. While
optical constants of Au reported in various literature have a general agreement, for Ag,
there exist some variations, as discussed in detail in earlier chapters. The suitability of
the optical constants of Palik in predicting plasmonic response of colloidal nanoparticles
has been established by taking into consideration all the influencing factors such as
particle polydispersity, skewness of size distribution, morphological irregularity, and so
on.2”® Figure 5.3 shows that the computed spectra largely match with the experimental
spectra for all cases with respect to the lattice resonance positions and spectral features.
The plasmon bands at ~600 and ~500 nm for Au and Ag nanoparticle films,
respectively, are significantly red-shifted from their respective LSPR positions at ~532
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and ~408 nm when isolated, confirming the findings from Chapter 4 for smaller clusters.
Also, there is no significant difference in the lattice resonance position for monolayer
and bilayer configurations. The near-field enhancement plots in the insets show that the
films exhibit lattice resonance by strong near-field coupling. As small nanoparticles
have low scattering intensity, far-field coupling is negligible or very low in these cases.
For both Au and Ag, the near-field enhancement is stronger for monolayers as compared
to bilayers. The suppressing effect of the lower layer of the bilayer stems from the
reflection from the lower layer that interferes destructively with the field around the top
layer.?5® Since the top layer of the Ag nanoparticle bi-layer is highly reflective with little
transmission to the bottom layer (near-field in Figure 5.3 (d)), the suppressive effect on
the near-field is significantly less than in the case of a Au nanoparticle bilayer film. In
the simulated spectra of Figure 5.3 (c) for Ag nanoparticles, a mild shoulder is observed
at ~400 nm, which in the experimental spectra seems to be hidden with only a mild
inflection in that wavelength region. While the implication of this feature is not
immediately clear at this point, some interesting implications of it in the near-field and
detailed far-field (transmittance, absorptance and transmittance) spectra will be
discussed in the later sections.
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Figure 5.3 Experimental transmittance spectra compared with computed spectra for (a)
Au nanoparticle monolayer (b) Au nanoparticle bi-layer (c) Ag nanoparticle monolayer
(d) Ag nanoparticle bilayer. The near-field enhancement with respect to the incident
field is shown in the inset of each plot. The dimensions for the electromagnetic models
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were taken from the TEM images (Figure 5.2). Au nanoparticle diameter and
interparticle gap: 10 nm and 2 nm, Ag nanoparticle diameter and interparticle gap: 20
and 2 nm. # =0°and ¢ = 0°in all the cases according to the schematic Figure 5.1. The
irradiance is from the top normal to the plane of the film.

5.3.2 Far-field optical properties in direct normal incidence

As the interparticle gap in a close packed nanoparticle array increases, the particle-
particle coupling naturally weakens resulting in increasingly weaker lattice resonance.
Also, gradually, the individual plasmon modes (predominantly dipolar) becomes more
prominent as shown in Figure 5.4 for Au and Figure 5.5 for Ag nanoparticles. Thus,
the plasmon band which is red-shifted due to the lattice resonance, now blue shifts as
the nanoparticles become distant from one another. At a small interparticle distance, the
transmittance is naturally low, Figure 5.3 (a), but it is mainly the reflectance that makes
the highest contribution. Thus, the plasmonic enhancement by lattice resonance is not
necessarily useful in applications where radiation/reflection losses are not desirable. For
instance, in solar energy harvesting, a packing too dense will lead to the reflection of
most of the incident energy. For 20 nm Au nanoparticles in water, an interparticle gap
of at least 32 nm is necessary to ensure minimum reflection losses while still
maintaining considerable absorption for complete harvesting of the light in multiple
layers. Again, at large interparticle gaps, the long wavelength light remains inaccessible.
As shown in Figure 5.4 (d), the individual absorption cross sections of the nanoparticles
approach the Mie solution for isolated nanoparticles as the interparticle distance
increases. The individual absorption cross section of 20 nm Au nanoparticles in a closely
packed array is significantly lower with a weak plasmon band in contrast to isolated
nanoparticles with only absorption and almost no scattering. Thus, the excitation of the
plasmons in nanoparticles closely packed as an array leads to changes in the plasmon
relaxation pathways with the radiative damping dominating over non-radiative
damping. This has strong implications in plasmonic hot electron driven processes as the
hot electrons typically result from non-radiative damping.2’®
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Au nanoparticles in dielectric medium (z# = 1.33)
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Figure 5.4 Effect of the interparticle gap in monolayer hexagonal close packed arrays
of 20 nm Au nanoparticles in dielectric medium (n = 1.33): (a) transmittance (b)
absorptance (c) reflectance (d) per particle absorption cross section. The incidence is
normal to the plane of the film i.e. # = 0° and ¢ = 0°in all the cases.

The plasmonic response of Au nanoparticles in visible light is dampened by the
interband transitions due to the low interband transition energy of Au (2.3 eV) that
overlaps with the visible spectrum.?”” On the other hand, the response of Ag
nanoparticles is dominated by only free electron excitation in the visible range, hence,
resulting in more efficient plasmonic excitation. In 20 nm diameter nanoparticles, while
Au nanoparticles have almost no radiative damping i.e. scattering (1%< of total
extinction), Ag nanoparticles have a small contribution (~5% of total extinction) from
scattering at the localized plasmon resonance. This implies that, although 20 nm Ag
nanoparticles in 2D arrays will exhibit lattice resonance mainly by near-field coupling,
weak far-field coupling is also present due to the interaction of the scattered fields. As
Ag nanoparticles individually have significantly higher optical cross sections than Au,
relatively higher optical intensities are maintained for the same interparticle gap i.e.
packing density, Figure 5.5 (a, b, c). With decreasing interparticle gap, the
strengthening plasmonic coupling is evident from the large bands in transmittance (dip)
and reflectance (peak). Also, as shown in Figure 5.5 (d), a greater distance as compared
to Au nanoparticles is required for Ag nanoparticles to become completely isolated.
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This is due to the far-field coupling of the Ag nanoparticles as confirmed by the near-
field plots in the following discussion. Interestingly, if Figure 5.5 (a) and (b) are
compared, the transmittance and the absorption spectra for the interparticle gap = 1 nm
or 2 nm show two distinct features. While the lowest transmittance dip is at 600 nm for
the 1 nm interparticle gap case, the absorptance has the highest peak at around 400 nm
with only a broad band at 600 nm. In the transmittance and reflectance, a small shoulder
at ~400 nm is observed. Thus, the absorption peak at 400 nm also indicates a strong
plasmon resonance that relaxes mainly non-radiatively. For an interparticle gap of 2 nm,
this peak in all three transmittance, absorptance and reflectance, is much weaker. While
the experimental transmittance spectra for 20 nm nanoparticles with 2 nm interparticle
gap in Figure 5.3 (c) does not show this shoulder clearly, the presence of a weak
inflection can be observed.

Ag nanoparticles in dielectric medium (» = 1.33)
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Figure 5.5 Effect of interparticle gap in monolayer 2D hexagonal close packed arrays
of 20 nm Ag nanoparticles in dielectric medium (n = 1.33): (a) transmittance (b)
absorptance (c) reflectance (d) per particle absorption cross section. The incidence is
normal to the plane of the film i.e. 8 =0° and ¢ = 0°in all the cases.

In contrast to a dielectric water medium (n = 1.33) as shown in Figure 5.4 and 5.5, in
vacuum, the interparticle coupling is suppressed due to the absence of a dielectric
environment. When the surrounding medium is a dielectric, it also polarizes with the
plasmonic nanoparticles in response to the incident field, thereby enhancing the
interparticle coupling.?’® 2° Thus, in vacuum (n = 1), it takes a shorter interparticle
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distance for the nanoparticles to be isolated from interparticle interactions, Figure 5.6.
Also, the individual nanoparticle absorption cross section varies differently for Au and
Ag. For small interparticle gaps i.e. strong plasmonic coupling, the individual
absorption intensity of 20 nm Au nanoparticles is significantly higher than in the
isolated case. This implies stronger contribution of non-radiative damping as well as
interband transitions as compared to radiative damping of the excited plasmons. In
contrast, strongly coupled Ag nanoparticles have significantly lower absorption as
radiative damping of the plasmons dominates as compared to non-radiative damping
that leads to thermal dissipation. In the application of the Au nanoparticles in gaseous
phase, strong interparticle coupling can thus enhance the photothermal processes. While
for Ag nanoparticles, the implications of interparticle coupling in both gaseous and
dielectric medium remains basically the same.
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Figure 5.6 Effect of interparticle gap in monolayer 2D hexagonal close packed arrays
of 20 nm Ag nanoparticles in vacuum (n = 1) comparing per particle absorption cross
section. The incidence is normal to the plane of the film i.e. #=0°and ¢ = 0°in all the
cases.

5.3.3 Near-field optical properties in direct normal incidence

Strong amplification of the evanescent electric field close to the resonating plasmonic
nanoparticles is a characteristic optical effect of plasmonic nanoparticles. In this
section, the near-field profiles with varying interparticle gap are discussed first,
followed by the near-field spectra. The effect of polarization for ¢ = 0° and ¢ = 90° is
discussed as the near-field properties are polarization dependent, while far-field
properties obey the rotational symmetry.

This near-field enhancement is much stronger for isolated Ag nanoparticles than for
isolated Au nanoparticles, as plasmons are significantly damped by interband transitions
in Au.?®® In any case, it is known that the plasmonic coupling between adjacent
nanostructures results in even stronger near-field enhancement at the interparticle
gap.?® In plasmonic nanoparticle arrays, the lattice resonance by near-field interactions
also results in extremely high near-field enhancement relative to isolated nanoparticles,
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Figure 5.7 and 5.8. The maximum intensity of the near-field enhancement increases
with decreasing interparticle gap. However, at the same time, the enhanced near-field,
which is a non-propagating standing wave, also gets limited to smaller space as the
interparticle gap shortens. Such high enhancement into small space is, thus, promising
for single molecule detection by signal enhancement?®2, The near-field enhancement
also indicates the strength of plasmonic coupling with increasing interparticle distance.
At 64 nm interparticle spacing, the 20 nm Au nanoparticles become completely
decoupled from each other with near-field enhancement as strong as that for individual
nanoparticle, Figure 5.7 and A5.5.
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Figure 5.7 Near-field enhancement w.r.t the incident field for 2D hexagonal monolayer
array of 20 nm Au nanoparticle in dielectric medium (n = 1.33) for different interparticle
gaps: (@) 1 nm (b) 4 nm (c) 16 nm and (d) 64 nm. Figure (e) and (f) shows the near-field
profiles at vertical polarization for interparticle gaps 1 and 4 nm respectively. At normal
direct incidence, Figure (a, b, c, d) are for horizontal polarization i.e. ¢ = 0° and vertical
polarization i.e. ¢ = 90° while 6 = 0°in all cases.

Although individual Ag nanoparticles have stronger near-field enhancement than Au
nanoparticles, in a close packed array, this advantage vanishes. As shown in Figure 5.8
(a, b), the maximum intensity of the near-field enhancement in the Ag nanoparticle
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array is of the same order as that of Au nanoparticle arrays in Figure 5.7 (a, b).
However, as the interparticle distance increases, the difference between both cases
increases and Ag nanoparticles tend to show significantly higher field enhancement. At
an interparticle distance of 64 nm, Ag nanoparticles also have near-field properties
similar to individual particles. Thus, for Ag nanoparticles, depending on the size, there
lies an optimum interparticle distance for which the packing density is high enough for
efficient surface coverage without losing the advantage of its stronger enhancement over
Au. Rahmani et al. showed for a plasmonic oligomer that the far-field spectra
(transmittance, reflectance and absorptance) are not influenced by the angle of
polarization at normal incidence, while the near-field characteristics do change with the
polarization.?® It is shown that since the near-field profiles are determined by the
particular mode superpositions excited by the incident field, they vary with the
polarization. In contrast, due to the rotational symmetry in the oligomers, the far-field
properties are unaffected by the polarization. A similar trend can also be seen in Figure
5.7 and 5.8 for Au and Ag nanoparticles respectively, where the horizontal and vertical
(w.r.t. the page layout) polarization gives rise to starkly different near-field profiles with
different maximum values. The consequence of this can be interesting in surface
enhanced spectroscopy applications of self-assembled nanoparticle films. The complete
near-field spectra, the maximum value and the average values, for self-assembled
nanoparticle films are discussed along with the polarization dependence in Figure 5.9.
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Figure 5.8 Near-field enhancement w.r.t. the incident field for 2D hexagonal monolayer
array of 20 nm Ag nanoparticle in dielectric medium (n = 1.33) for different interparticle
gaps: (@) 1 nm (b) 4 nm (c) 16 nm and (d) 64 nm. Figure (e) and (f) shows the near-field
profiles at vertical polarization for interparticle gaps 1 and 4 nm respectively. At normal
direct incidence, Figure (a, b, c, d) are for horizontal polarization i.e. ¢ = 0° and vertical
polarization i.e. ¢ = 90°, while 8 = 0°in all cases.

While the near-field profiles are different for two perpendicular polarizations, the far-
field response should be polarization independent. This is obvious from Figure 5.9 (a)
and (b), where the reflectance spectra for vertical and horizontal polarization merge
together for both Au and Ag nanoparticles. It has already been seen in Figure 5.7 and
5.8 that the near-field profiles and the range are both different for the two directions of
polarization. The near-field maximum spectra in Figure 5.9 (c) and (d) show the
complete trend in the wavelength range. Clearly, the near-field maximum is
significantly higher for the vertical polarization (w.r.t. to the page layout) than the
horizontal polarization in the plane cutting through the centre of the nanoparticles along
the plane of the film. Since the interparticle distance is also the lowest at this cut-plane,
it is expected that the maximum near-field enhancement value on this cut-plane is also
the maximum value overall. The near-field enhancements averaged over the cut-plane
for horizontal and vertical polarization are however much closer as the near-field
profiles are only differently distributed with respect to the incident polarization in the
two cases and the average effect is expectedly low. Figure 5.9 (c) and (d) also show
that for Au, the high near-field enhancement due to lattice resonance is observed only
at wavelengths over 500 nm. However, for Ag, a peak in the near-field spectra is
observed close to 400 nm. As discussed above, this resonance mode is observed in the
far-field spectra also in the form a shoulder in transmittance and reflectance. While in
the absorptance, a strong global maximum is observed in that region. Thus, it is
interesting that an overall strong near-field enhancement is obtained over the entire
visible range in the case of close packed Ag nanoparticle assemblies.
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Figure 5.9 Comparison of reflectance spectra of Au (a) and Ag (b) nanoparticle
assemblies under normal illumination with 1 nm and 4 nm interparticle gaps at two
perpendicular polarizations. The maximum near-field enhancement spectra and average
near-enhancement spectra of Au (c) and Ag (d) nanoparticle assemblies (shown only
for interparticle gap of 1 nm) at two perpendicular polarizations. Figure (c): black plots
are for left y-axis, blue plots are for right y-axis. Figure (d): black plots are for left y-
axis, red plots are for right y-axis. From Figure 5.1, horizontal polarization is ¢ = 0° and
vertical polarization is ¢ = 90°, while 8 = 0°in all cases. (embedding medium, n = 1.33)

5.3.4 Effect of substrate in direct normal incidence

While the discussion so far involved only the nanoparticle arrays/films, in real
applications the substrate onto which the films are immobilized, also plays an important
role. Figure 5.10 elucidates the effect of a substrate in terms of reflectance and near-
field maximum spectra by introducing a dielectric substrate of n = 1.5 (Figure 5.10 (a)),
a refractive index value typical for glassy materials. The effect of the dielectric substrate
is mainly manifested in the reflectance. In the presence of the nanoparticles, the wave
transmitted through the nanoparticle array undergoes reflection and transmission. This
reflected wave again interacts with the nanoparticles to give rise to a net effect. Thus, it
is expected that as the interparticle gap decreases i.e. the transmitted wave weakens, the
effect of the substrate also decreases.
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Figure 5.10 (a) Schematic of nanoparticles on substrate with normal direct incidence.
(b) Effect of substrate (nNew = 1.5, Nmegium = 1.33) on reflectance and near-field
enhancement maximum spectra for Au nanoparticle assembly with large interparticle
distance, 64 nm. Effect of substrate for (C) Nmegivm = 1.33 and (d) Nmegium = 1 With close
packed Au nanoparticle assembly i.e. interparticle distance 1 nm, comparing reflectance
and near-field enhancement maximum spectra. Effect of substrate for (&) Nmegium = 1.33
and (f) nmedium = 1 with close packed Ag nanoparticle assembly i.e. interparticle distance
1 nm, comparing reflectance and near-field enhancement maximum spectra.

As shown in Figure 5.10 (b), the effect of substrate for an isolated Au nanoparticle, i.e.
interparticle distance 64 nm, is quite strong when the embedding medium is a dielectric.
With substrate, the reflectance is shifted by a significant margin from that without
substrate, however, without any significant change in the spectral features. On the other
hand, the near-field maximum spectra show very small differences between the with-
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and-without substrate cases. This corroborates the point that the effect of the substrate
is majorly an enhanced reflectance, which weakly influences the plasmonic response of
the nanoparticles. For close packed films as shown in Figure 5.10 (c) and (d),
irrespective of the embedding medium being air or water, the effect of the substrate
remains, however, quite small. A similar trend is also observed for Ag nanoparticles as
shown in Figure 5.10 (e) and (f).

5.3.5 Far-field and near-field optical properties in the Kretschmann (ATR)
configuration

As shown in Figure 5.11 (a), in the Kretschmann configuration, the incident beam
comes from a high refractive index medium and the nanoparticle film (or any substance
of interest being probed) is on the other side where the medium has a lower refractive
index. The incoming beam is incident at an angle higher than the critical angle for the
given set of refractive indexes, so that it is reflected by total internal reflection at the
interface. Thus, the resulting standing evanescent wave on the lighter medium interacts
with the object of interest. In order to excite the surface plasmons in a planar thin film,
it is necessary to implement specific geometric arrangements such as the Kretschmann
i.e. ATR configuration to compensate for the momentum mismatch between the incident
photon and the plasmon wave.?* In contrast to a thin planar Au films, for a
nanostructure array like a self-assembled film, the lattice resonance can be excited by
direct illumination from a vacuum or dielectric medium. It is however interesting to
investigate the excitation of the lattice plasmons in the Kretschmann configuration as
many sensing applications utilize this arrangement with completely different underlying
optics. Firstly, when the incident beam undergoes total internal reflection in the
Kretschmann configuration, the plasmonic excitation of the nanoparticle film is only
possible by the standing evanescent field on the other side of the prism coupler, Figure
5.11 (a). As there is no transmission possible, the reflected intensity is only due to the
absorption by the film due to the plasmonic excitation. Also, the evanescent fields due
to s and p-polarized (TE and TM polarized) light have totally different directionality. In
ATR-FTIR spectroscopy, it has been shown that while the p-polarized light can probe
the vibration modes parallel and perpendicular to the sample film, the s-polarized beam
probes solely the components of the vibrational modes parallel within the plane of the
sample film.?®* The accuracy of the angle-resolved electromagnetic models was
ascertained by comparison with analytical spectra from Fresnel coefficients. As shown
in Figure 5.11 (b), the computed spectra for p and s-polarized incidence in the ATR
configuration without nanoparticles matches perfectly with the analytical solution. The
nanoparticles were introduced in the same numerical models for further calculations.
From a computational point of view, obtaining solutions for the direct incidence at
different angles poses significant difficulties due to the Rayleigh Wood’s anomalies.?
287 These surface wave anomalies occur at certain wavelengths due to the diffracted
waves that arises due to the periodicity of the metallic structures, and propagate
tangentially to the surface of the nanostructure array.”® The tangential wave
propagation poses difficulties with the periodic boundary conditions on the side walls
of the unit-cell domain. While for the Kretschmann or ATR configuration, such
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difficulties were not encountered in the numerical solution. The consistency in the
computed spectra in the following discussion further corroborates this point.
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Figure 5.11 (a) Schematic representation of a plasmonic nanoparticle film in the
Kretschmann i.e. ATR configuration. (b) Validation of the angle resolved
electromagnetic models of the Kretschmann configuration (without nanoparticles) by
comparison with optical spectra obtained from the Fresnel coefficients for p-polarized
i.e. TM polarized and s-polarized i.e. TE polarized incidence.

Figure 5.12 and 5.13 compare the optical spectra of close packed Au and Ag
nanoparticle monolayer films in the Krestchmann configuration for both p- and s-
polarized incident beams at different incident angles. For the combination of a glass
prism (n = 1.5) and air (n = 1) the critical angle of incidence is 41.8°. Thus, for incident
angles above 41.8°, the transmittance becomes zero and the incident power goes only to
absorptance and reflectance, Figure 5.12 (a) and 5.13 (a). Up to 30°, the transmittance,
reflectance and absorptance spectra remain qualitatively similar to the spectra for
normal direct incidence as the refracted wave that interacts with the nanoparticles has
similar properties as the incident wave. At 45° incidence and onwards, the lattice
plasmons are excited by the evanescent wave. The lattice resonance of the nanoparticle
array (Figure 5.12 and 5.13) excited by the evanescent wave is marked by the
reflectance dip in agreement with Manera et al.?®, which is red-shifted from individual
LSPR of the nanoparticles (in air). Expectedly, the p-polarized and s-polarized incident
waves tend to have increasing differences in the optical spectra with increasing incident
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angle. Firstly, the evanescent field that decays exponentially with the distance from the
interface, has a penetration depth for p-polarized incidence twice that for s-polarized
incidence. Also, with increasing angle of incidence and decreasing wavelength, the
penetration depth decreases strongly. Thus, at 75°, while the p-polarized wave has a
strong absorbance, for s-polarized incidence, the absorbance is weak with strong
reflection. The p- and s-polarized spectra in the Kretschmann configuration have
qualitative similarities with the p- and s-polarised spectra of plasmonic nanostructure
arrays under direct angular incidence.?®® In both the cases, the s-polarized incidence,
overall, has a higher reflectance than p-polarized incidence. Hence, the absorption is
stronger for p-polarized incidence than for s-polarized incidence. The strong and
broadband absorptance at larger incident angle for p-polarized incidence can be
interesting for light harvesting applications. As shown in Figure 5.4 for a close packed
i.e. interparticle distance = 1 nm nanoparticle array in direct normal incidence, the
strong radiative damping of the plasmons excited at lattice resonance results in strong
reflection and low absorptance. In contrast, in the Kretschmann configuration, the
damping pathway is now switched to the non-radiative damping, which is again
advantageous for light harvesting applications. The near-field enhancement of the Au
nanoparticle film for p-polarized incidence and incidence angle of 75° in Figure 5.12
(b) shows that the in-plane interparticle coupling is as strong as the direct normal
incidence on nanoparticles in air (over glass substrate, Figure 5.10 (d)). Since the in-
plane lattice resonance mode is very strong, the excitation of the lattice plasmons by the
in-plane component of the evanescent field (due to p-polarized incidence) dominates
the overall response at 590 nm wavelength. At 400 nm, the interband transitions damp
the near-field response i.e. the overall plasmonic excitation and the absorptance has a
significant contribution from direct interband transitions. Again, in Figure 5.12 (b), the
near-field enhancement for s-polarized incidence at 590 nm is due to the evanescent
field confined entirely in the plane of the nanoparticle array. At 475 nm, however, the
near-field enhancement is significantly lower due to interband transitions. It is important
to note that the near-field enhancement here is not with respect to the incoming incident
field, but with respect to the resulting background evanescent field. The background
evanescent electric field is weaker in the s-polarized case due to faster attenuation.
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Figure 5.12 (a) Transmittance, reflectance and absorptance spectra of a close packed
20 nm Au nanoparticle film in the Kretschmann i.e. ATR configuration for p- and s-
polarized incident wave, and varying incident angle. In the Kretschmann configuration,
n = 1.5 for the denser medium, n = 1 for the lighter medium and interparticle gap: 1 nm.
(b) Near-field enhancement with respect to the background evanescent field (in absence
of the nanoparticles) for p and s-polarized (or TM and TE polarized) incidence.

In the optical spectra, apart from the plasmonic lattice resonance band, the features in
the lower wavelength range arise from the interplay between the penetration depth of
the evanescent field which depends on the polarization, angle of incidence, and
wavelength, and the optical properties of the nanoparticles that depends on both
intraband and interband transitions. The results in Figure 5.13 for Ag nanoparticles also
follow similar trends as Au nanoparticles. However, the absence of interband transition
in Ag in the visible range alters the lattice resonance conditions as well as the overall
optical properties. Up to 30° incidence angle, the optical spectra are similar to direct
normal incidence, beyond which the optical spectra are due to the plasmonic excitation
by the evanescent wave. The lattice resonance at 75° incidence is at around 500 nm for
both p and s-polarized excitation . The weaker optical intensity for s-polarization can
again be attributed to the faster attenuation of the evanescent field. For 60° incidence,
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however, the spectra for p- and s-polarized incidence are quite different. For s-polarized
incidence, the plasmon resonance band is at around 590 nm, while for p-polarized
incidence the plasmon band is below 500 nm. For both Ag (and Au) nanopatrticles, the
reflectance and absorptance spectra in the Krestchmann configuration have multiple
features due to the interplay between the variable penetration depth of the evanescent
field which is dependent on the incidence angle, wavelength and polarization, and the
optical properties of the materials.
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Figure 5.13 Transmittance, reflectance and absorptance spectra of a close packed 20
nm Ag nanoparticle film in the Kretschmann i.e. ATR configuration for p- and s-
polarized incident wave, and varying incident angle. In the Kretschmann configuration,
n = 1.5 for the denser medium, n = 1 for the lighter medium and interparticle gap: 1 nm.
(b) Near-field enhancement with respect to the background evanescent field (in absence
of the nanoparticles) for p- and s-polarized (or TM and TE polarized) incidence.

While the optical far-field spectra have a lot of influencing factors, the near-field spectra
with respect to the background field (in absence of the nanoparticles) can show the
position of the plasmon band unambiguously. As shown in Figure 5.14, the near-field
maximum spectra have more well-defined plasmon bands indicated by the peaks.

104



Plasmonic nanoparticle films obtained by air-liquid interfacial assembly: optical properties for light
mediated applications

Clearly, the plasmon band of Au nanoparticles for p- and s-polarized incidence as shown
in Figure 5.14 (a) and (b) have corresponding bands in Figure 5.12. For example, the
absorptance peak (or reflectance dip) at ~620 nm wavelength for 60° s-polarized
incidence matches with the corresponding near-field enhancement peak in the similar
region. However, the band at 475 nm for the same incidence conditions thus does not
have a plasmonic origin as clear from the absence of any band in the near-field spectra.
Similarly, also for Ag, the near-field maximum spectra in Figure 5.14 (c) and (d)
resolve the plasmon band from the multiple features in the far-field spectra in Figure
5.13. Overall, it is evident from the near-field profiles and the near-field spectra that the
lattice plasmon resonance results in strong field enhancements also in the Kretschmann
configuration. These results are important for surface enhanced spectroscopy in the
ATR configuration.
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Figure 5.14 Near-field maximum spectra of close packed 20 nm Au (a, b) and Ag (c,
d) nanoparticle films in the Kretschmann i.e. ATR configuration for p- and s-polarized
(or TM and TE polarized) incident wave, and varying incident angle. In the
Kretschmann configuration, n = 1.5 for the denser medium, n = 1 for the lighter medium
and interparticle gap: 1 nm.

5.4 Conclusions

Chapter 5 elucidates the plasmonic lattice resonances in Au and Ag nanoparticle arrays
in the direct normal incidence and the Kretschmann i.e. ATR configuration by
numerical models validated with experimental data. For 20 nm nanoparticles, it is

105



Chapter 5

shown that the interparticle coupling is almost entirely dominated by near-field coupling
with a very weak contribution from radiative coupling. The damping mechanism of the
plasmons in the nanoparticles at resonance changes as the interparticle coupling
becomes stronger and radiative damping tends to contribute more. The changes in the
plasmon relaxation mechanism have direct consequences for light-driven processes
where plasmonic hot-electrons are important, as hot electrons are generated by non-
radiative damping. The per-particle absorption cross-section in a close packed
nanoparticle array (or film) is significantly suppressed in comparison to an isolated
nanoparticle. This effect is stronger in a dielectric medium in comparison to vacuum, as
the plasmonic coupling is stronger in the presence of a dielectric medium. It is also clear
that for closed films, while the far-field optical properties in normal incidence are
independent of polarization due to rotational symmetry, the near-field properties are
strongly dependent on the polarization. Although individual Ag nanoparticles have
significantly stronger near-field enhancement than Au nanoparticles, when they are
closely packed as a 2D array or film, the differences become much smaller. The lattice
resonance in plasmonic nanoparticle films in the Kretschmann i.e. ATR configuration
is excited by the evanescent field with strong absorptance and near-field enhancement.
The many features of the far-field optical spectra in the Kretschmann configuration hare
resolved by the comparison with the near-field spectra. It is found that under suitable
conditions (for example 60° or 75° angle of incidence for Au nanoparticles), close to
100% absorbance with a broad band can be achieved. The near-field and far-field optical
properties thus have interesting implications for various applications, such as surface
enhanced spectroscopy, as well as light-harvesting or light-driven hot carrier mediated
processes.
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6.1 Introduction

In continuation of the general results on self-assembled nanoparticle arrays from
Chapter 5, in the present Chapter 6, the application of self-assembled plasmonic
nanoparticle films in refractive index based sensing is demonstrated. In self-assembly
techniques, improved control over parameters such as the packing configuration,
interparticle gap, number of layers, etc., also facilitates tailoring towards specific
applications.?%® 21 292 293 Ay thin films are interesting for sensing applications because
of the high sensitivity of the plasmon excitation to the local dielectric environment.2%4-
2% To excite surface plasmon polaritons in planar films, the Kretschmann configuration
is commonly used to compensate for the momentum mismatch between the incident
photon and the plasmon wave.?” In Chapter 6, self-assembled Au nanoparticle films
fabricated at an air-ethylene glycol interface are used as a sensing platform. The films
consist of discrete 10 nm oleylamine-capped Au nanoparticles that create a ligand-
nanoparticle network and exhibit lattice resonances due to the strong interparticle
coupling which can be excited by both normal EM wave incidence and incidence in the
Kretschmann (i.e. ATR) configuration. In-situ measurements using optical transmission
in the normal direct incidence and Kretschmann configurations were compared. In the
Kretschmann configuration set-up, in-situ ellipsometry was integrated in order to
measure the relative optical response of the film to p- and s-polarized incident waves
with controlled dosing of methanol vapor. It is shown that the homogeneous ligand-
capped plasmonic nanoparticle films obtained through facile wet chemical procedures
hold the potential for a low-cost sensing technology for volatile organic compound
(VOC) (as well as biosensing) .

6.2 Methods
6.2.1 Synthesis of Au nanoparticles and phase transfer

Au nanoparticles were synthesized by the well-known citrate reduction method. A 100
mL 5 mM tri-sodium citrate solution in water was brought to boil before the addition of
1 mL of 25 mM HAuUCI, solution. Following the precursor addition, the solution was
kept boiling for 20 more minutes for complete reduction. The as-synthesized
nanoparticles were centrifuged at 12500 rpm for 30 minutes and redispersed in 10 mL
Milli-Q water to obtain a 10 times more concentrated colloidal solution.

The concentrated Au nanoparticles in the agueous phase were transferred to a toluene
phase by using oleylamine as a hydrophobic ligand. 3 mL of toluene were gently added
onto the surface of 1 ml of aqueous Au nanoparticle colloid so that the toluene floats
over the water as a separate phase. To this bi-phasic liquid, 2 mL of oleylamine in
ethanol solution (200 mg in 20 mL ethanol) were added followed by gentle shaking for
thorough mixing and then resting for separation of the toluene and ethanol-water phases.
After resting the mixture for 24 hours, the nanoparticles appear in the toluene phase
above (indicated by a distinct red color) and the ethanol-water phase below becomes
transparent. The nanoparticles in the toluene phase were then carefully pipetted out for
further steps.
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6.2.2 Self-assembly

The nanoparticles in toluene (4 mL) after phase transfer were concentrated 10 times to
400 uL by centrifugation at 12000 rpm for 30 minutes and then introduced onto the
surface of ethylene glycol contained in a 40 mL glass beaker of 4 cm in diameter. The
beaker was then immediately sealed with a glass cover and parafilm leaving only a tiny
hole at the mouth for the toluene to evaporate. After the complete evaporation of toluene
(8 hours), the nanoparticle films were transferred to the substrates for further
characterization and application. For bi-layer films, two films were deposited
sequentially one on the other.

6.2.3 Characterization

For the UV-Vis spectroscopy, the nanoparticle films were transferred to a glass substrate
by careful vertical dip coating similar to the Langmuir-Blodgett technique. The films
were vacuum dried at 100°C for 24 hours to remove the ethylene glycol. The UV-Vis
transmittance spectra for the model validation of the initial films were taken by a
Shimadzu UV2600 spectrophotometer. The reflectance and transmittance of the film
used in the in-situ measurements were taken by a Lambda UV/VIS 950 Perkin Elmer
Spectrophotometer. The absorbance was calculated from the measured reflectance and
transmittance (100% - R% - T% = A%). Bright field transmission electron microscopy
(TEM) images of self-assembled nanoparticles were acquired using a FEI Tecnai G2
electrom microscope operated at an accelerating voltage of 200 kV. The self-assembled
film was immobilized on a hydrophobic copper grid using the same procedure to
immobilize self-assembly on glass substrates. The grid was dried at 100°C for 12h in a
vacuum oven. Scanning electron microscopy (SEM) images of the films were acquired
using an FEG-ESEM-EDX, FEI Quanta 250 at an accelerating voltage of 20 kV.

6.2.4 Dosing experiments

Vapor concentrations of methanol in N2 flow were regulated in a custom-built dosing
setup. Concentrations were set by controlling the liquid methanol and N gas flow with
mass flow controllers. Methanol was evaporated and mixed with N, in a controlled
evaporation mixer. The methanol and N, gas mixture was then passed through an
environmental chamber where the Au nanoparticle film was set-up for in-situ
spectroscopic and ellipsometric measurements. During each run, different
concentrations were swept alternated with a purge step to assess the reversibility of the
response.

Conventional normal incidence configuration: the nanoparticle film on the glass
substrate was placed on the sample holder, resulting in an upwards-facing gold
nanoparticle film on which the incident beam was directed from the bottom (simplified
schematic in Figure 6.5). An Avantes fiber optic UV-VIS-NIR spectrometer and an
Avalight balanced deuterium light source were used in the in-situ set-up. Measurements
were performed in the transmission mode using Thorlabs optical and mechanical
components. A stainless-steel environmental chamber contained the set-up.
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Kretschmann configuration: The Au nanoparticle film on a glass substrate was placed
facing the sample holder, using thin spacers at the edges to avoid direct contact and
allow gas flow to pass the particles. A right-angle prism was placed on the top of the
glass slide using glycerol as a contact fluid. The beam of the ellipsometer is let in/out
through fused silica glass windows of the stainless-steel environmental chamber that
contains the set-up. All ellipsometry measurements were performed with an iSE
Woollam Ellipsometer at an angle of 61° from the normal.

6.2.5 Electromagnetic modeling

For the electromagnetic modeling of the nanoparticle films, an FEM solver COMSOL
Multiphysics was used to solve the frequency domain form of the Maxwell’s equations
numerically as mentioned before. The infinite 2D films were approximated by
rectangular unit cells with periodic boundary conditions on the side walls. The incident
electromagnetic field was excited at the top (and the wave outlet at the bottom) and the
discretized equations were solved for the full-field solution. A perfectly matched layer
(PML) was implemented on the top and the bottom boundaries for the complete
absorption of the propagating wave. The mesh and the domain independence of the
numerical results were ascertained by performing mesh and domain independence tests,
and comparison with existing numerical/experimental results. More details/schematics
about the numerical results are provided in the results and discussions and Figure A6.2.

6.3 Results and discussion
6.3.1 Self-assembly

In this chapter, the air-ethylene glycol self-assembly procedure to obtain nanoparticle
films is extended to several cm?, in contrast to previously reported studies restricted to
only several mm? films.?% 265 The advantage of ethylene glycol as a subphase is that,
unlike water, there is no need for careful regulation of the surface pressure for the self-
assembly of small (~10 nm) nanoparticles. Following the existing literature on large
area air-water interfacial assembly with larger nanoparticles (>100 nm) over a fixed
water surface®®® 3%, the initial experiments in this chapter with water as a subphase (and
small 10 nm Au nanoparticles) failed due to apparent migration of nanoparticles to the
walls, and formation of clusters of nanoparticles and oleylamine ligands in patches. Due
to the relatively low polarity and surface tension, ethylene glycol slows down this
process facilitating gradual re-arrangement of the nanoparticles and ligands at the
interface to form close packed arrays while at the same time preventing the
nanoparticles and ligands to migrate (or dissolve) into the bulk. As shown in Figure 6.1
(a), a glass beaker half-filled with ethylene glycol was sealed with a small hole opening
for the slow evaporation of toluene over 8-9 hours. This approach ensures well-
controlled natural convection that induces slow evaporation of toluene from the opposite
side, resulting in gradual film formation (Figure 6.1 (b)). Although the as-synthesized
nanoparticle colloid is deep red in color, the film appears blue due to the interparticle
coupling which red-shifts the collective plasmon resonance, indicating the formation of
a close-packed assembly. Excess nanoparticles accumulate at specific locations, leaving
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most of the film uniform. Importantly, excess nanoparticles or ligands in the toluene
phase create an extra surface pressure at the interface that helps the formation of the
well-ordered close-packed film.3* The reproducibility of the self-assembly procedure
was ascertained by repeating the experiment and using containers of different sizes, i.e.,
varying interfacial area and nanoparticle concentrations (see Figure 6.1(c)). As shown
in the low magnification SEM image in Figure 6.1(d), the films obtained after
transferring the self-assembly to a glass substrate by the Langmuir-Blodgett deposition
technique have uniform morphology over large areas. The nanoparticles arrange
themselves into hexagonal close packed arrays to form predominantly mono- or multi-
layered films depending on the concentration of the nanoparticles in the colloid. Figure
6.1 (b) shows the development of a self-assembled film which is predominantly
monolayer, from 20 ml (~10'* nanoparticles) of the as-synthesized nanoparticle colloid
concentrated into 400 pl in the toluene phase.

(a) Glass cover with (b) —

. 4 -

~ parafilm sealing 4 /_\
Toluene ’ / ”

vapor e

outlet ) E

SN,
outlet outlet outlet
10 mins 45 mins 300 mins

Slow evaporation
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<>

Closed packed
Au NP film

Figure 6.1 (a) Schematic representation of the air-liquid interfacial self-assembly
procedure over ethylene glycol surface inside a glass beaker with a small opening at a
corner of the vapor space for the evaporation of toluene. (b) The time evolution of the
film-formation as the solvent toluene evaporates leaving behind the close packed Au
nanoparticles. (c) Picture of beakers after film formation indicating the reproducibility
of the process. (d) SEM image showing the uniformity of the films over large surface
areas (scale bar: 2 um).

6.3.2 Description of the optical configuration and modeling

The collective lattice resonance of the Au nanoparticle films can be adequately
described by classical electrodynamics.%2 253 Unlike a continuous Au film, for which a
specific geometric arrangement (e.g., the Kretschmann or Otto configuration) is
required for the surface plasmon resonance (SPR) modes to be excited,* a nanoparticle
film exhibits lattice resonances even at normal incidence. This phenomenon is possible
since each nanoparticle has its localized surface plasmon resonance (LSPR) modes that
couple together to form collective lattice resonance modes. The excitation of the lattice
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resonances is strongly determined by the incident angle. As shown in Figure 6.2 (a), as
the incident angle 6 varies, the plasmonic coupling and the optical response should also
vary, depending on the E-field polarization (defined by the angle ¢). For p-polarized (¢
= 90°) and s-polarized (¢ = 0°) optical incidence at an interface between two dielectric
media, the reflectance and transmittance are defined by the classical law of Fresnel
reflection.3 However, the optical response for the nanoparticle film in Figure 6.1
results from the excitation of the lattice plasmon modes. The shiny appearance of these
films (Figure 6.1 (b, ¢)) when viewed at an angle indicates the reflection by a collective
optical response. To simulate the optical response of the films, a unit cell is constructed
as the computational domain with Floquet periodic boundary conditions on the side
walls that enable the extension of the film in 2D to infinity (see Figure 6.2(b)). The
schematic in Figure 6.2 (c) shows the Au nanoparticle film in the Kretschmann
configuration. Since the incident beam through the prism coupler gets reflected at the
inside bottom face by total internal reflection, the Au nanoparticle film on the bottom
face (outside) only interacts with the standing evanescent field. Thus, only the light
absorbed by the plasmonic nanoparticle film is absent in the reflectance and no light is
transmitted. It is important to note that the evanescent field arising from the p- and s-
polarized incident light has completely different directionalities i.e. in-plane (plane of
the film) and out-of-plane components for p-polarized and only an in-plane component
for s-polarized light.3* To ascertain the accuracy of the used electromagnetic models,
results from literature were initially reproduced. The agreement of the finite difference
time domain (FDTD) results from Mueller et al.*% with our FEM model for mono- and
bi-layers indicates the validity of our approach for the normal incidence case (Figure
A6.2). The electromagnetic models of the Kretschmann configuration were first
validated by comparing the computed reflectance and transmittance with analytical
solutions obtained from Fresnel’s coefficients in the absence of the Au nanoparticles
(Figure A6.3 (a)). Additionally, the angle-resolved reflectance of an Au thin film in the
Kretschmann configuration (experimental data from Vohnsen et al.**") was reproduced
through our model (Figure A6.3 (b)).
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Figure 6.2 (a) Schematic representation of an Au nanoparticle self-assembled
monolayer with incident and electric field wave vectors w.r.t. the 3-D cartesian axes and
the plane of incidence (transparent blue plane). (b) The unit cell rectangular domain
with periodic boundary conditions on the side walls which is implemented in the
electromagnetic modeling of the self-assembled films. (c) Schematic of the
Kretschmann configuration: the Au nanoparticle film on glass substrate is attached to a
prism coupler with a connecting glycerol layer in between to fill the space in between.

6.3.3 Characterization of the films and computational validation

TEM measurements were performed to obtain the spatial information required for
electromagnetic modeling. As shown in Figures 6.3 (a) and (b), a well-ordered, close-
packed monolayer film is observed in TEM when nanoparticle concentrations were
large enough to cover the complete air-liquid interface. When the concentration is too
high, bilayer or multilayers form over significant areas of the film, Figure 6.3 (d) and
(e). The nanoparticle size (~9.91 nm) and interparticle gaps (~ 2 nm) determined from
the TEM images are given in Figure A6.4. Schatz and co-workers have shown that
irregularities in the 2D lattice, such as small variations in the particle diameter and the
interparticle gap, can be circumvented in the electromagnetic models by taking average
values, in our case 10 nm and 2 nm, respectively.?”* Also, minor deviations from the
perfect hexagonal close packing can be ignored. Experimental and modeled
transmittance spectra of the monolayer and bi-layer Au nanoparticle films
(measurements done after vacuum drying at 40°C for 72 hours) are compared in Figures
6.3(c) and (f), respectively. The agreement between the experimental and theoretical
resonance wavelength is clear from the position of the dip at 585 nm. The film’s lattice
resonance position is significantly red-shifted w.r.t. the resonance of isolated
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nanoparticles (521 nm, cf. Figure 6.3 (i)) due to the interparticle coupling. Importantly,
these ~10 nm nanoparticles almost do not scatter when isolated. However, as a close
packed film, coherent scattering due to plasmonic coupling results in a significant
reflectance (Figure A6.6). As small nanoparticles exhibit only non-radiative damping
of the plasmons, the excited plasmons couple by near-field interactions among adjacent
nanoparticles. Due to their non-radiative (or non-scattering) property, the 10 nm Au
nanoparticle cannot couple by far-field or radiative coupling.
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Figure 6.3 (a, b) TEM images of a Au nanoparticle monolayer with fast Fourier
transformation (FFT) in the inset. (c) Comparison of experimental and computed
transmission spectra of the Au nanoparticle monolayer. (d, e) TEM images of a
respective Au nanoparticle bilayer. In (d), the contrast between bilayer and monolayer
is visible. (f) Comparison of experimental and computed transmission spectra of the Au
nanoparticle bilayer. (g, h) Near-field enhancement at the resonance of monolayer and
bilayer films w.r.t. the incident field indicating the strength of plasmonic coupling by
near-field overlap. (i) UV-Vis absorbance spectra of the Au nanoparticles as aqueous
colloids compared with the Mie analytical extinction spectrum for spherical Au
nanoparticles (10 nm).

As shown in Figures 6.3 (g) and (h), for an interparticle gap of 2 nm, the near-field
coupling is quite strong as indicated by the enhancement maps with respect to the
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incident electric field. This strong near-field enhancement of up to 18 and 12 times with
respect to the incident field for the monolayer and the bilayer, respectively, also implies
the applicability of these films in surface-enhanced processes such as SERS, SEIRA,
Fluorescence, etc. Despite the same interparticle distance, the weaker near-field
enhancement for the bi-layer film compared to the monolayer is due to the fact that the
wave transmitted through the top layer is reflected back by the bottom layer to
destructively interfere with the top layer field.?3

6.3.4 Refractive index sensitivity of optical response

For the optical characterization and further sensing experiments, a part of a nanoparticle
film as shown in Figure 6.1 was transferred to a glass slide of 3 cm? area. A large film
area is beneficial for these measurements so that the entire beam of the ellipsometer can
interact with plasmonic nanoparticles for better sensitivity. Absorbance, reflectance,
and transmittance spectra for the normal incidence from the top were collected to show
the agreement with the predicted plasmon resonance (Figure 6.4 (a) and (b)).
Individually non-scattering ~10 nm Au nanoparticles packed as a film now exhibit
strong reflection by coherent scattering at the lattice plasmon resonance. The film’s
theoretical refractive index sensitivity of 250 nm/RIU in the normal incidence indicated
by the red-shift of the lattice resonance (optical intensity mode) is expectedly similar to
the sensitivity of a diffraction grating coupler, Figure 6.4 (c).2% This is not surprising
as the diffraction grating couplers are also periodic metal nanostructures that facilitate
resonant energy transfer from the electromagnetic wave to diffractively coupled surface
plasmons.3® It is important to note that the refractive index of the entire embedding
medium outside of the prism is varied in the computations.

In the Kretschmann i.e. ATR configuration, the evanescent wave outside the prism
coupler excites the plasmons in the nanoparticle film. A unique feature of the ATR
geometry is that the maximum intensity of the incident beam, regardless of its
polarisation, is localised at the interface which attenuates with the distance from the
interface.®° In Figure 6.4 (d, e), the optical responses of the Au nanoparticle film to p-
and s-polarized incident beams are significantly different as obtained from the
numerical model. The reflectance dip in both the cases indicates the lattice resonance
by the excitation of the lattice plasmon modes by the evanescent wave. However, the
lattice resonance band is weaker for the s-polarized beam. Usually, the depth of
penetration of the evanescent wave, which is dependent on the wavelength of incidence,
is more than twice as pronounced for a p-polarized incident beam as compared to an s-
polarized incident beam.?'* Also, the polarization of the evanescent field due to s-
polarized incident field is confined to the plane of the dielectric interface in contrast to
the evanescent field by p-polarized beam with both in-plane and out-of-plane
components. Hence, such differences in the optical response by the two directions of
polarization arise from the differences in the evanescent fields. Regardless of the
polarization, the refractive index sensitivity of the film in the Kretschmann
configuration in Figure 6.4 (d, e) is similar to that for the normal incidence in Figure
6.4 (c) as in both the cases, the lattice resonance modes are excited in three different
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ways. Generally, in SPR or LSPR based sensing, the shift in the plasmon resonance
wavelength or angle is correlated with the refractive index change induced by the target
molecules in the surrounding environment. In the optical intensity mode as discussed so
far, the wavelength interrogation in the Kretschmann configuration has been shown to
be more sensitive than the direct incidence configuration for nanostructured arrays such
as a diffraction grating.3
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Figure 6.4 (a) Experimental transmittance, reflectance, and absorptance spectra of a
self-assembled film of ~10 nm Au nanoparticles. (b) Computed optical spectra of the
films for comparison. (¢) Computed refractive index sensitivity of the Au nanoparticle
film used in the sensing experiment under normal direct incidence. Computed
reflectance spectra and refractive index sensitivity of p-polarized incident light (d) and
s-polarized incident light (e) in the Kretschmann i.e. ATR configuration. Computed (f)
w and (g) A spectra from ellipsometry and their refractive index sensitivity for the Au
nanoparticle film in the Kretschmann configuration. (h) Near-field enhancement around
the self-assembled nanoparticles by p- and s-polarized incident beam in the
Kretschmann configuration. (incident angle for the Kretschmann configuration: 61°).
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In contrast to intensity spectra, ellipsometry provides the relative amplitude and phase
difference between the optical responses of the nanoparticle films to p- and s-polarized
incident beams. In ellipsometric measurements, y and A are the amplitude ratio and the
phase difference of the p- and s- polarized components (normalized to the incident
wave) of the reflected beam respectively. The differences in the polarization of the
nanoparticles by p- and s-polarized incident beams is evident from the near-field maps
in Figure 6.4 (h). The w spectra obtained from the complex reflectivity values for the
two polarization indicates the lattice resonance by a characteristic dip in Figure 6.4 (f),
in line with the intensities in Figure (d) and (e) indicating the difference in amplitudes.
The A spectra in Figure 6.4 (g) indicate that close to the lattice resonance, an abrupt
change in the phase difference takes place due to the difference in the plasmonic
excitations by the two orthogonal polarization modes. The theoretical refractive index
sensitivity study of the amplitude ratio yw shows that similar to intensity spectra,
increasing refractive index of the air (or vacuum) medium results in a red-shift of the
plasmon band with an enhancement in the absolute value. The A spectra also show a
similar response to refractive index changes, however, with a significantly higher
sensitivity than w in the absolute values. It has been shown that for a thin Au film, the
w and A response from ellipsometry are 10 times more sensitive than conventional
intensity-based spectroscopy. Further, the phase parameter A is also an order of
magnitude more sensitive than the amplitude ratio y.*** It is to be noted that in the
above discussion for computational models, the refractive index change is homogeneous
around the nanoparticles in the interparticle gaps as well as the rest of the medium. In
most sensing applications, when the adsorption of the probed molecules takes place at
only one side of the nanoparticles, such asymmetries are supposed to result in stronger
variation in the polarization specific optical responses as discussed in later sections.

6.3.5 Methanol sensing experiments with in-situ spectroscopy

It is clear from Figure 6.4 that the spectroscopic response of the nanoparticle films
based on intensity has a similar refractive index sensitivity in both normal and
Kretschmann configuration regardless of the mode of polarization. Also, the choice of
reflectance or transmittance is immaterial as the plasmon band in the spectra in both the
cases originates from the same lattice resonance. Since the Au nanoparticles are capped
by the oleylamine ligands, it is also useful to discuss the effect of this dielectric ligand
shell on the refractive index sensitivity. As shown in Figure A6.7, the presence of a 2
nm dielectric shell (n = 1.5) is not detrimental to the refractive index sensitivity of 20
nm Au nanoparticles. In fact, due to the metal-dielectric electromagnetic coupling, there
is a slight enhancement in the refractive index sensitivity of the nanoparticles with a
thin dielectric shell. When the refratice index of the medium is varied fromn=1ton =
1.07, the optical intensity at the resonance wavelength increases by ~11% for the
nanoparticle with a shell as compared to the bare nanoparticles. Thus, the presence of
the oleylamine shell fundamentally has no detrimental effect on the refractive index
sensitivity of the Au nanoparticles.
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The methanol dosing experiments to systematically vary the bulk gas phase refractive
index or local refractive index (by molecular adsorption) were set-up with in-situ
spectroscopy in the normal incidence mode to continuously measure the transmittance
spectra, Figure 6.5 (a). The methanol vapor dosing varies the bulk as well as the local
refractive index near the nanoparticle film as the organic ligand-nanoparticles network
serves as adsorption sites for the vapor phase methanol. As shown in Figure 6.5 (b), the
red-shift of the plasmon resonance for the refractive index changes induced by methanol
dosing is too small to be quantified. However, the intensity changes can be exploited to
track the refractive index changes by methanol vapor with time as shown in Figure 6.5
(c) and (d). The sensitivity and reversibility of the signal is clearly illustrated in the
dosing experiment (P/Po from 0% to 65.58%) in Figure 6.5 (c). The sensitivity (with
reversibility) to as low as 4.63% methanol vapor indicates that methanol adsorption in
the organic ligand network contributes strongly to the refractive index enhancement in
the vicinity of the Au nanoparticles. Also, Figure 6.4 shows that the evanescent near-
field is confined very close to the nanoparticles and in the interparticle gaps. Thus, the
near-field can interact with the local dielectric environment only within a short range,
so that the changes only within that range are detected in the far-field response. The
adsorption of methanol molecules for an equilibrium vapor phase concentration takes
place reversibly on/in the nanoparticle-ligand network. Figure 6.5 (d) indicates a
correlation between the transmittance and the vapor phase methanol concentration.
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Figure 6.5 (a) A representative schematic of the methanol vapor dosing set-up with in-
situ transmission spectroscopy with illumination from the bottom (yellow spheres: Au
nanoparticles, blue wires: oleylamine ligand). (b) Transmittance at the resonance
wavelength for increasing methanol concentration (relative saturation, % P/P,). Time
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evolution of the transmittance at wavelength: 650 nm during the methanol dosing
experiment with step-wise increasing concentration, showing the transient variation of
the optical signal with concentration. (d) Isotherm showing the dependence of the %
transmittance vs. methanol concentration.

6.3.6 Methanol sensing in the Kretschmann configuration with in-situ ellipsometry

As evident from Figure 6.4, the plasmonic response of the nanoparticle films to p- and
s-polarized light are significantly different in both amplitude and phase. The use of
ellipsometry instead of transmission intensity-based probing enables access to the
polarization-specific amplitude (amplitude ratio: ) and phase information (phase
difference: A) of the film. By exploiting the polarization dependence of the plasmonic
response to refractive index changes in the nanostructure surrounding, higher sensitivity
can be obtained with y and A.3'* In the methanol vapor dosing experiments, in contrast
to the computational models where the refractive index is varied uniformly over the
entire medium, the local refractive index changes due to molecular adsorption on the
ligand-nanoparticle network is non-uniform. As shown in Figure 6.6 (a), the open side
of the film facing the gas phase naturally has a higher concentration of the methanol
molecules than the interstitial gaps. Thus, a greater contrast in the optical response of
the film to p-and s-polarized incident beams is expected as the polarizing evanescent
electric fields for the two orthogonal modes of polarization have completely different
directions. In the Kretschmann configuration, it has been shown that while the p-
polarized incident infra-red beam can probe the vibration modes parallel and
perpendicular to the sample film, the s-polarized beam probes solely the components of
the vibrational modes parallel within the plane of the sample film sample film.3!* The
in-situ ellipsometry set-up in this chapter elucidates the effect of the adsorption of
methanol molecules in the plasmonic nanoparticle-organic ligand network by means of
the relative optical response to the in-plane (plane of the nanoparticle film) and out-of-
plane polarized evanescent fields due to the two orthogonal incident polarization modes.
In the set-up, the self-assembled Au nanoparticle film was combined with a smaller
(bottom face area: 20 cm?) prism coupler to construct the Kretschmann configuration
inside an environmental chamber where the methanol vapor was dosed systematically,
Figure 6.6 (a).

Figure 6.6 (b) shows the y and A spectra of the nanoparticle film in the Kretschmann
geometry. The dip in w around ~640 nm representing the plasmon resonance indicates
the variation of the p-polarized intensity with respect to the s-polarized intensity as a
result of the plasmon excitation by the two components of the resulting evanescent
wave. In the A, a corresponding jump at ~700 nm is observed. The characteristic y and
A spectra of the film as shown in Figure 6.6 (b) agrees with the computed spectra in
Figure 6.4. The dip in y and the jump in A at around 640 nm and 700 nm, respectively,
signifies the lattice plasmon resonance in the Kretschmann configuration. The
difference in the electric fields of the exciting evanescent fields, thus, results in the
characteristic y and A spectra indicating the difference between the plasmonic responses
by the two incident fields. Thus, in the in-situ methanol dosing experiments, y and A
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indicate the relative response of the two incident polarizations to the local refractive
index changes by the adsorption/absorption of methanol molecules.®® The variation of
w and A with increasing concentration of methanol vapor indicates the changes in the
refractive index close to the nanoparticle film, Figure 6.6 (c, d). Although the red-shift
of the plasmon band in the v spectra is rather weak, the intensity has a strong variation
with methanol vapor concentration similar to the computed trends in Figure 6.4 (f). In
contrast, A experiences a strong red-shift of ~20 nm for the methanol vapor
concentration variation from 0 to 65.58 % (P/P,). Due to the non-uniform refractive
index change around the nanoparticles (in the network of oleylamine ligands), the
experimental y and A spectra variation with different methanol concentration is
expectedly different from the computed results shown for the model nanoparticle film.
Still, a general agreement between the experiments in Figure 6.6 and the models in
Figure 6.4 is clear. Figure 6.4 also shows how the near-field enhancement of the film,
i.e. the polarization of the nanoparticles, is distributed and the sensitivity to refractive
index is strongly dependent on the polarization.®!® The high sensitivity of y and A signal
of Au thin films has also been reported in literature.3!® 34 As shown in Figure 6.6 (e),
the intensity variation of the dip in the y spectra around 640 nm with increasing
methanol vapor concentration allows any wavelength on the right of the resonance to
be used for continuous measurements. The time evolution of the y intensity with
varying methanol concentration in Figure 6.6 (e) shows the reversibility of the
equilibrium adsorption/desorption process.
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Figure 6.6 (a) A representative schematic of the in-situ ellipsometry set-up used for the
methanol dosing experiment. (b) Experimental ellipsometric y and A spectra at 61°
incidence angle. (c) y at the resonance wavelength for increasing Methanol
concentration (relative saturation, % P/P). (d) Time evolution of y during the methanol
dosing experiment at different wavelengths showing the transient variation of the optical
signal with concentration. (e) Isotherm showing the dependence of the y vs. methanol
concentration. (f) Isotherm exported from y intensity at different concentrations. ()
Isotherm obtained from wavelength position of phase A jump at different
concentrations.

Compared to the transmission mode experiments, an improvement in the noise can be
observed, especially at wavelengths close to the resonance. The sensitivity is the highest
close to the resonance at ~ 640 nm which gradually decreases as one moves away from
the resonance wavelength. The concentration vs. y data in Figure 6.6 (f) indicate a
linear relationship. A similar linearity is also observed in the concentration vs. A
position data in Figure 6.6 (), the clarity of which however suffers from the resolution
of the measurements. Clearly, while the lattice resonances in 2D Au nanostructure
arrays as studied here can also be excited by normal incidence, the Kretschmann
configuration for ellipsometric measurement is particularly advantageous. Compared to
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the transmission mode experiments, an improvement in the noise can be observed,
especially at wavelengths close to the resonance. The improved lowered noise can be
attributed to the fact that the plasmonic excitation in the Kretschmann geometry is
driven by the evanescent wave, while the incident beam is reflected by total internal
reflection with no transmission. Thus, unlike the transmission mode where the signal
intensity results from the combination of absorbance and reflectance, the reflectance in
the Kretschmann configuration facilitates the collection of the entire light signal that is
not absorbed by the nanoparticle film by the plasmonic enhancement. Also, v and A
being relative parameters are free from the noise arising from the fluctuations in the
light source.

6.4 Conclusion

Self-assembly of nanoparticles is a simple method to obtain functional thin films. When
self-assembled into close-packed films, oleylamine capped plasmonic Au nanoparticles
exhibit collective optical properties through plasmonic coupling. At the ethylene glycol-
air interface, colloidal nanoparticles can be self-assembled over large areas up to several
cm? by controlled evaporation of the solvent phase. Such nanoparticle films exhibit a
strong lattice resonance by the near-field coupling, as shown by electromagnetic
modeling. Due to the periodicity of nanoparticle arrangement, the lattice plasmon modes
of self-assembled Au nanoparticle films can be excited by normally incident
electromagnetic waves. However, the lattice resonance can also be excited in the
Kretschmann (i.e ATR) configuration by the interaction of the evanescent field with the
nanoparticles at the low refractive index side. The refractive index sensitivity of the
intensity spectra (i.e., transmittance, absorptance, or reflectance) of the self-assembled
films in both normal incidence and Kretschmann configuration, is similar to grating-
based plasmonic sensing platforms reported in literature. The oleylamine capped
nanoparticle assembly creates a ligand-nanoparticle network that facilitates adsorption
of molecules from the gas phase. When in-situ ellipsometry and in-situ spectroscopy are
compared, amplitude ratio () and phase difference (A) measurements for differently
polarized incident light provide higher sensitivity and improved signal quality. The
results shown here establish the feasibility of VOC sensing by plasmonic nanoparticle
films, with experiments performed for methanol concentrations of ~2000 ppm and
higher. However, to achieve high sensitivity at low concentrations (<50 ppm), it is
important to integrate a material (for example, a metal organic framework) with the
nanoparticles that can facilitate the adsorption and concentration of the probe molecules
near the film. Another important aspect is the selectivity of the sensing process towards
a certain molecule. For high selectivity, further adaptation of the surface chemistry for
selective adsorption/absorption of the probe molecule is necessary.
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7.1 Introduction

Up to Chapter 6, the main theme of discussion has been plasmonic metal nanoparticles,
their self-assembly, optical properties and their application in, for instance, refractive
index-based sensing. Chapter 7 includes experimental results on metal oxide
nanoparticles and their self-assembly. Apart from the novelty of these results as a
separate study on metal oxides, the insights from this part of the investigation pave way
for the application of hybrid plasmonic-metal oxide nanostructures, e.g.
metal@semiconductor core-shell nanostructures, towards self-assembled functional
interfaces.

Nanoparticles of semiconductor oxides such as TiO2, ZnO, WO3 and CuO have gained
considerable attention over the years for their proven usefulness in important
applications such as photocatalysis, water splitting, CO- reduction, solar cells, super-
capacitors, sensing applications, amongst others.!” 318 319 Many of these applications
require functionalization of the nanoparticles with organic ligands with desired
functionalities.®? For instance, bio-functionalization of nanoparticles is essential for in-
vitro/in-vivo medical applications in order to render them bio-compatible, target-
specific? and stable.3?2 Other applications of the functionalization of nanoparticles
include molecular imaging®?, click-chemistry mediated conjugation®?, selective self-
assembly of nanoparticles®®, ligand accelerated catalysis,®® and many more. For
nanoparticles synthesized in an agueous medium, hydrophobic functionalization is often
necessary to stably disperse the nanoparticles in a non-polar medium. Therefore, it is
important to have hydrophobic functionalization strategies available that enable phase
transfer of nanoparticles from an aqueous to non-polar organic phase, for follow-up
reactions in this non-polar phase®?’, coating of hydrophobic substrates®?¢, self-assembly
as thin films®%®, and so on.

The efficacy of the functionalization is dependent on the affinity of functional head
groups towards the nanoparticles’ surface.®® Chemisorption by the formation of a
covalent-like bond results in stable functionalization, while electrostatic or hydrophobic
interactions result in a weaker attachment for which the surface coverage is subject to
the equilibrium concentration of the ligand in the solution. The exact nature of these
bonds is still an important topic of investigation even for an extensively explored case
of Au and thiol-functionalized ligands.®*® 33! Recently for instance, Inkpen et al.
challenged the widely accepted view that the Au-thiol linkage is covalent showing that
the nature of the bond is mainly physisorption.332

Nonetheless, the strong bonding of thiols to both metal and metal-oxide nanoparticles
is overall well known. Similarly, amines also bind strongly with metal as well as metal
oxide nanoparticles. In heterogeneous catalysis, thiols and amines have therefore been
the most explored anchoring ligands. However, the binding affinity of ligands to a metal
or metal oxide varies depending on the functional group. In ligand exchange processes,

127



Chapter 7

the relative affinity of different functional groups to bind to the nanoparticles determines
whether the existing ligands on the nanoparticle surface can be replaced by a new ligand.
Naturally, the new ligands must have a stronger affinity to bind in comparison to the
existing surface ligand.®* ** It is also important to note that while the binding affinity
may determine the thermodynamic feasibility of ligand exchange, the kinetics of the
process are also important to observe the process in a realistic timeframe. Due to the
stronger affinity, oleylamine capping on Au nanoparticles can be effectively replaced
by thiol ligands by simply introducing the thiol ligands to the nanoparticle colloid in a
thiol-for-amine ligand exchange process.®* Similarly, thiol-for-phosphine ligand
exchange has also been achieved at room temperature due to such relative binding
affinity.>*® This kind of strong variation in the binding affinities of different ligands on
a metal is naturally expected for metal oxides as well. As the nanoparticles investigated
in Chapter 7 are ligand free, an initial ligand exchange step is not required for their
functionalization. However, the variation of the binding affinity of different ligands
leads to different outcomes in the further colloidal processing steps of the nanoparticles
such as water to oil phase transfer.

As discussed above, while functionalization of metal nanoparticles with different
ligands is well-explored, metal—oxide nanoparticles are far less studied in this context.
Chapter 7 provides a comparative picture of the functionalization of semiconductor
oxide nanoparticles, namely TiO,, ZnO, WO; and CuO with amine (oleylamine) and
thiol (1-dodecanethiol) ligands in identical chemical environments. While the study is
limited to only two kinds of commonly used ligands and four common metal oxides in
order to delineate the trends for the possible ligand-metal oxide combinations, the
general fundamental aspects can be extrapolated to other combinations as well. In this
study, the selectivity of a functional group towards a specific oxide becomes clear and
is further consolidated by the fact that the efficacy of phase transfer of these
nanoparticles from aqueous to non-polar (hexane or chloroform) phase is in direct
correspondence with the ability of the ligand, i.e. the head group, to chemically attach
on to the nanoparticles’ surface. The ligand-capped nanoparticles’ surface chemistry has
been probed by (ATR-) FTIR with respect to dissociative and molecularly adsorbed
H>O on active sites, in order to understand to what extent the different ligands occupy
the active sites on the various metal oxide surfaces. It has been shown that the alkyl
chain length for a specific head group is also important in facilitating polar to non-polar
phase transfer of nanoparticles.®¥ 33 A too long alkyl chain may lead to steric hindrance
in the fast ligand attachment process during the phase-transfer resulting in insufficient
coverage of the nanoparticles. A short alkyl chain on the other hand may not be able to
sufficiently hydrophobize the nanoparticles. Soliwoda et al. showed that for thiols, 1-
octadecanethiol with 18-C alkyl chains form disordered assemblies on the nanoparticle
surface which results in poor phase transfer.®*® While, for amines, it takes longer 18-C
chains to facilitate stable and efficient phase transfer of nanoparticles.®*” In the phase
transfer experiments, 18-C and 12-C alkyl chains of oleylamine and 1-dodecanethiol,
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respectively, are found to be effective for the phase transfer of the respective metal oxide
nanoparticles. Whether the optimal alkyl chain length of a ligand for phase transfer is
dependent on the type of the headgroup is not immediately clear in this study. As an
application of the functionalization, the hydrophobized nanoparticles are self-assembled
at the air-water interface for the formation of nanoparticle thin-films. Such nanoparticle
films can be promising as functional interfaces in (photo)catalytic,
(photo)electrochemical, sensing, anti-fogging as well as other applications.

7.2 Experimental section
7.2.1 Materials

The chemicals were purchased from the following suppliers and used without further
purification: P25 TiO, nanoparticles (Aeroxide, size <25 nm), ZnO nanoparticles
(Sigma Aldrich), WO; nanoparticles (Sigma Aldrich), CuO nanoparticles (Sigma
Aldrich), oleylamine (70%, Sigma Aldrich), 1-dodecanethiol (Sigma Aldrich), absolute
ethanol (Sigma Aldrich), hexane (VWR Chemicals). Deionized water with conductivity
<0.1 uS cm™ was used. 10 mL borosilicate glass vials were used for the phase transfer.

7.2.2 Ligand adsorption experiments

Well-mixed solutions of oleylamine and 1-dodecanethiol were prepared by mixing 400
mg of each ligand in 20 mL ethanol. Colloidal solutions of TiO,, ZnO, WO; and CuO
Nanoparticles were prepared by mixing 50 mg of each type of nanoparticle with 10 mL
of ethanol. For adsorption, 2 mL of the ligand solution were added to the nanoparticle
colloids to be sonicated for 30 minutes. The colloid-ligand mixture was then left still in
dark for 4 hours for adsorption. After 4 hours, the colloids were centrifuged (5000 rpm
for 10 minutes) and re-washed repeatedly up to 4 cycles to remove any access unbound
ligand. To obtain powders, the nanoparticles were dried in an oven at 60°C.

7.2.3 Phase transfer experiments

A colloidal solution was prepared with 15 mg of a given type of nanoparticle
(TiO2/ZnO/WO5/CuO) in 20 mL of water, followed by sonication for 20 minutes for
uniform mixing and breaking down of agglomerates. 1 mL of this solution was mixed
with 3 mL of a ligand (oleylamine or 1-dodecanethiol) solution in ethanol (200 mg in
20 mL), in a glass vial, followed by one minute of vortex mixing and 20 minutes of
sonication. Now, 4 mL of pure hexane were poured onto this mixture, which remains
above the water/ethanol phase as a separate phase. The glass vial was then shaken
vigorously in a vortex mixture for one minute for the phase transfer of the nanoparticles
to the hexane phase to occur. Upon resting the glass vial for a few minutes, the two
phases separate, the water/ethanol mixture phase becomes fully transparent, and the
hexane phase attains the colloidal colour. The as-obtained nanoparticle in hexane
colloid was centrifuged at 5000 rpm for 15 minutes to remove the excess ligands and
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again redispersed in pure hexane. The experiment was repeated for different initial
concentrations of the nanoparticle and the same oleylamine/1-dodecanethiol
concentration in ethanol in order to test the efficacy.

7.2.4 Self-assembly at air-water interface and immobilization on substrate

TiO2, ZnO, WQO;3 nanoparticles were dispersed in ethanol (50 mg in 20 mL) by
sonication for 15 minutes to form a stable colloid. Then, 2 mL of oleylamine in ethanol
(400 mg in 20 mL) solution were added to the TiO, and WOs colloids. Similarly, 2 mL
of 1-dodecanethiol in ethanol (400 mg in 20 ml) solution were added to the ZnO colloid.
After addition, the colloids were subjected to 30 minutes of sonication followed by four
washing steps with ethanol (500 rpm for 10 minutes). After the 4" step, the nanoparticles
were re-dispersed in 1 mL of ethanol. 200 uL of these nanoparticles were then
introduced along the walls of a beaker of 5.3 cm in diameter, filled for 80% with water
so that the nanoparticles flow down along the wall and get trapped at the air-water
interface. This step was carried on until the entire surface was covered with a
nanoparticle film. In order to immobilize the self-assembled nanoparticle film on a glass
or silicon surface, a dip coating method with a slow upward velocity was implemented.
The films were then calcined at 450°C for two hours at a heating rate of 3 °C/min, for
the removal of the oleylamine or 1-dodecanethiol ligands. Alternatively, the films were
subjected to UV light (Philips Cleo 25 W fluorescent light bulbs, Amax at 365 nm) for the
degradation of the oleylamine via a photocatalytic route. Trials were also performed
with CuO nanoparticles for which the self-assembly could not be achieved efficiently
following the same procedure, as the nanoparticles tended to form agglomerates at the
interface.

7.2.5 Preparation of nanoparticle films on glass for contact angle measurements

For the measurement of sessile-drop contact angles, nanoparticle films were prepared
by drop-casting 200 pL of nanoparticle colloids (50 mg in 1 mL ethanol) on glass
pieces(1.5 cm?) previously cleaned with piranha solution. The ligand functionalized
nanoparticles were also dispersed in ethanol in a similar way for drop-casting. The drop-
casted films were dried in oven for one hour at 80°C.

7.2.6 Characterization

The scanning transmission electron microscopy (STEM) images were obtained using a
FEI Osiris TEM operated at 200 kV. The samples were prepared by drop casting a small
drop of the colloidal solutions onto a carbon coated copper grid. The SEM
characterization was done with a scanning electron microscope (SEM) equipped with
secondary electron and multisegmented backscattered electron detector (EVO10, Carl
Zeiss Microscopy GmbH), using an accelerating voltage of 10kV, a take-off angle of
35°. In order to characterize the organic ligand attached to nanoparticles, a Thermo
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Fisher Scientific NicoletTM 380 FTIR spectrometer was used to record the infrared
spectra in a wavenumber range of 3600 — 400 cm ™! in both transmission and Attenuated
Total Reflection (ATR) mode. The thermogravimetric analysis (TGA) measurements
were performed on a TA Instruments Q5000 thermogravimetric analyzer with a sample
heating rate of 10 °C min? in the temperature range of 30 to 800 °C. During the
photocatalytic experiments, the samples were illuminated with UVA fluorescent lamps
(Philips Cleo 25 W, incident intensity of 0.87 mW cm at a distance of 7.5 cm) and
visible lamps (Van-cliff minilight, 1.6 mW cm2 at a distance of 7.5 cm). The contact
angle measurements were done with an Ossila sessile drop-based contact angle
goniometer with a high-resolution camera (1920 x 1080). The droplet volume used was
4 pL. For the film thickness measurements, a Bruker DektakXT stylus profilometer was
used. The measurements were done for 2 mm long sliding steps of the stylus (needle)
starting from a bare surface area to the films. The powder X-ray diffraction (XRD)
analysis was performed on a Bruker D8 Advance Eco (40kV, 25 mA, Cu Ka wavelength
=1.5406 A). A Low background Si sample holder was used for all XRD measurements.
The scan rate was 0.04° with total time per step of 96 seconds for a 2-theta scan range
of 20° to 90°.

7.3 Results and discussion
7.3.1 Functionalization and phase-transfer of nanoparticles

The FTIR spectra in Figure 7.1 compare the presence of the two organic ligands on the
different nanoparticle powders after surface adsorption and repeated washing. The
intensity of the general vs(-CH2-), vas(-CHa-), and vas(-CHs) stretches of the alkyl chain
in the 2850-3000 cm™ region indicates the amount of both oleylamine and 1-
dodecanethiol ligand present in the dry powder. The weaker bands at 1466 and 1377
cm? arising from the asymmetric and symmetric bending vibration of the methyl group,
0as(-CHs) and ds(-CHs), respectively, also represent the ligands. Repeated washing steps
ensure that any weakly physisorbed species will be removed due to mass action upon
introduction of fresh solvent. Clearly, oleylamine remains bound to TiO, and WOs;,
while 1-dodecanethiol remains on ZnO and CuO nanoparticles. It is, however, difficult
to comment on the true chemical nature of the bond on the basis of the stability through
washing steps. In the transmission mode, due to the higher opacity of WQO3, the WO3
sample amount had to be kept at a minimum level yet sufficient as the spectra become
too noisy for sample amounts similar to the other materials.3%
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Figure 7.1 FTIR (transmission) spectra comparing vs(-CHa-), vas(-CH2-), and vas(-CHs)
stretches of the alkyl chain of ligand functionalized nanoparticles after four washing
cycles: (a) oleylamine and oleylamine + nanoparticles (b) 1-dodecanethiol and 1-
dodecanethiol + nanoparticles.

The nanoparticle-ligand interaction becomes clear in the discussion of phase transfer
experiments and hydrophobicity by water contact angle measurement later in this study.
The broad absorption band in the 3200-3800 cm™ region corresponds to different bands
of H,O adsorbed both dissociatively and in molecular form.3¥ This broad absorption
band is significantly weakened by adsorption of 1-dodecanethiol on ZnO nanoparticles.
However, absorption of oleylamine does not suppress this absorption band in TiO; and
WOs3 nanoparticles. Since water is adsorbed in many forms, it is important to
differentiate those in order to derive further information, as discussed in section 7.3.2.
Usually, the bands for amine and thiols are difficult to detect due to their relative
weakness, 31 342

Both thiol-metal and amine-metal bonding have been known to be strong interactions,
while metal oxide-thiol or metal oxide-amine bonding has not been explored
extensively.® 34 In ligand-exchange studies, thiol often successfully replaces other
functional groups under ambient conditions.®?° *** For instance, it has been shown that
octadecanethiol can effectively replace oleylamine on Au nanoparticle surfaces by
ligand-exchange.®* Generally, reports on controlled experiments comparing binding
tendencies of thiols and amines on metal or metal oxide nanoparticle surfaces are
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scant.®*® However, considering the known strong dependence of ligand interaction on
the crystal planes®’, Lewis- Brensted acid sites*®®, etc., the selectivity of both
oleylamine and 1-dodecanethiol to these four metal-oxides in Figure 7.1 is an expected
occurrence. It has been hypothesized that ligands can coordinate as an anion to excess
metal atoms on the surface to balance charge and terminate the lattice (X-type), such as
oleic acid, dodecanethiol, or phosphonic acids, or as a neutral dative bond (L-type,
Lewis basic), as in oleylamine, trioctylphosphine oxide, and trioctylphosphine.®*® To
explain the reciprocity in the trend shown in this study, deeper insight into the atomistic
interaction is required to explain the tendency of a certain functional group to a certain
surface, which is a subject of ongoing theoretical/computational investigations.3*

This selectivity of one type of functional group to a certain metal oxide observed in the
adsorption experiments explains success of the phase transfer experiments of
nanoparticles with a specific ligand only, as illustrated in Figure 7.2, and with the
results of the different metal oxide-ligand phase transfer experiments summarized in
Table 7.1. Very clearly, phase transfer with oleylamine only works for TiO, and WOs3,
while 1-dodecanethiol only works for ZnO and CuO. Figure A7.1 shows the inability
of the non-attaching ligands to successfully transfer nanoparticles from a water/ethanol
phase to a hexane phase. The phase transfer process requires strong nanoparticle-ligand
bonding in order for the nanoparticles to cross the interfacial barrier between the polar
and the non-polar phases.®! 352Apparently, the amine-ZnO or -CuO and thiol-TiO; or -
WO; interactions are too weak to permanently hydrophobize the nanoparticle surfaces
for the interfacial transfer. The thiol-ZnO or CuO bond are strong, resulting in smooth
phase transfer and very pronounced infrared absorption bands even after repeated
washing steps. It has been shown with XPS analysis that both Zn- and O-terminated
nanoparticles of ZnO bind quite strongly with thiol groups and these bonds are thermally
stable up to 350°C.* Interestingly, on ZnO nanoparticles, an even stronger affinity of
phosphonic acid functional groups as compared to thiols has been reported.35! While
certain reports on amine functionalization of ZnO and CuO nanoparticles can also be
found in literature3°3% it is clear from our experiments that the interaction is not strong
enough for phase transfer. On the other hand, the strong interaction between oleylamine
and TiO, or WOs easily enables phase transfer. It is important to note that a ligand that
binds strongly to TiO, and WO; does not necessarily have to be an ineffective binder to
ZnO or CuO surfaces. It is known that organic ligands with phosphonic acid functional
head groups bind strongly to both TiO, and ZnO. 35 354 357 358 Thjs consolidates the fact
that the nature of the ligand-nanoparticle interaction varies case by case and the
selectivity is determined by both the ligand and the nanoparticle surface chemistry. It
is, however, also important to have a sufficiently high ligand concentration as the
contact time needed for effective attachment is inversely proportional to this
concentration, 39 360
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Figure 7.2 (a) Schematic explanation of the polar to non-polar phase transfer procedure
of nanoparticles (inset: HAADF-STEM images of TiO. nanoparticles before and after
phase transfer with 100 nm scale bar). (b) Successful phase transfer of each nanoparticle
with its specific ligand. In the unsuccessful experiments, the nanoparticles remain in the
bottom ethanol-water phase even after ligand addition and vigorous mixing, as indicated
by the color.

Table 7.1 Summary of phase transfer experiments of each metal-oxide nanoparticle
with oleylamine and 1-dodecanethiol.

oleylamine 1-dodecanethiol
TiO; successful unsuccessful
WOs; successful unsuccessful
Zn0O unsuccessful successful
CuO \ unsuccessful successful

The selectivity of ligands to bind to a given oxide also prompts experimentation to
selectively transfer a particular oxide nanoparticle from a mixture of two. The trial
experiment in Figure A7.2 shows that 1-dodecanethiol can selectively transfer CuO and
Zn0 nanoparticles from a mixture of CuO-TiO; and ZnO-TiO;, respectively. However,
selective phase transfer of TiO; using oleylamine was not possible possibly due to the
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lack of a relative binding tendency as strong as in the case of thiol. It indicates that thiol-
binding is more chemically selective.

7.3.2 Surface chemistry of nanoparticle powders

Since adsorption of H,O on metal oxide surfaces, especially TiO, and ZnO, is well
known, comparison of pure nanoparticle powders with ligand functionalized powders
with FTIR provides important insight into the ligand binding on the surface. Since the
transmission mode includes the H,O bands possibly due to capillary condensation in the
pores, the attenuated total reflectance (ATR) mode is more appropriate for such surface
chemistry characterization. In general, ATR-FTIR is a rather simple yet efficient
method for surface characterization, especially in the case of WO; that yields poor
spectral information in the transmission mode due to its opacity. The broad absorption
band in the FTIR spectrum of both pure TiO; and ZnO powders in the region 3000-3700
cm is commonly assigned to the stretching vibration modes of H.O molecules, Figure
7.3 (a).%61%%2 In the context of surface chemistry, the band at 3695 cm™ is of particular
interest as it represents isolated non-hydrogen-bonded OH groups on TiO-, as shown in
the HREELS study by Henderson, indicating availability or unavailability of active
sites.**3Similarly, the absorption band around 1637 cm™ is known to be from the
scissoring modes of molecularly adsorbed H-0, Figure 7.3(b). In contrast, the surfaces
of WO; and CuO nanoparticles are free from adsorbed water. It has been shown by
Albanese et al. with the help of DFT calculations that H,O preferably adsorbs on WQO3;
in its non-dissociated form due to the presence of ions at the surface that act as Lewis
acid sites and this interaction per H.O molecule is not strong.%®* Lu et al. attribute the
absence of the H,O bands on commercial WO;3 to low surface area.*®® Similarly, a
number of DFT studies has shown the possibility of both molecular and dissociative
adsorption of H,O on CuO surfaces®® 37 in contrast to the FTIR spectra in Figure 7.3,
which can in fact be attributed to low surface area. Although surface adsorbed water on
WQO;3; and CuO is not apparent from the ATR-FTIR spectra, the presence of trapped
moisture in the pores has been indicated in the transmission spectra in Figure 7.1 and
TGA analysis in Figure 7.4. Nevertheless, comparison with respect to the surface
adsorbed H-0 is possible only in the cases of TiO, and ZnO.
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Figure 7.3 ATR-FTIR spectra of ligand functionalized nanoparticles (red) compared
with their pure powders (black) in the (a) 3800-3100 cm™ (b) 2500-1000 cm regions
in terms of H,O adsorption bands. The bands originating from the dissociative and
molecular adsorption of H,O molecules are marked.

Since H,O adsorption on TiO2 and ZnO has been studied extensively, it is useful to
discuss these cases with respect to the ATR-FTIR results in order to understand the
ligand-nanoparticle interaction. On the (101) surface of anatase TiO2, which is
dominating in this form, molecular adsorption of H>O is energetically favorable in
comparison to dissociative adsorption as shown by Vittadini et al.>®® This stability is
thought to be due to the hydrogen bonding between the H atoms of the adsorbed H,O
molecules with bridging O atoms on TiO,. On the (001) surface, dissociative adsorption
is favored up to half coverage of the Ti sites beyond which molecular adsorption is more
likely.%%® Physical adsorption of H,O on the first layer via hydrogen bonding has also
been shown to be an energetically favorable occurrence. Similarly, on the energetically
favorable (1010) surface of ZnO, H,O adsorbs both dissociatively and as molecules.**®
%2 In the 3100-3800 cm™ region of broad band H,O absorption in Figure 7.3 (a), as
discussed already, the shoulder at 3695 cm™ in both pure TiO, and ZnO distinctly
signifies dissociatively adsorbed water to the surface.®® 3% 370 The absence of this
shoulder in the spectra of oleylamine-TiO, and 1-dodecanethiol-ZnO nanoparticles
indicates unavailability of these sites for dissociative chemisorption of H,O. Similarly,
the bands at 1637 and 1630 cm™ in pure TiO, and ZnO, respectively, indicate these
molecular adsorbed water bands are broadened or hidden in the ligand capped TiO and
ZnO. This also indicates occupation of these adsorption sites by the ligands. The 1466
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cm? band for the, Jas(-CHs) asymmetric vibrations in both oleylamine and 1-
dodecanethiol is also quite clear on ligand grafted nanoparticles. This band is
particularly strong in 1-dodecanethiol-capped ZnO and CuO nanoparticles in contrast
to the weak intensity in oleylamine-capped TiO, and WOs nanoparticles. As these
experiments were conducted in the dark without any chance of photo-degradation, this
indicates weaker oleylamine-nanoparticle interaction and partial removal of surface-
ligands due to mass action of washing steps.

Thermogravimetric analysis was carried out to gain further insight into the ligand-
functionalization of the nanoparticles, Figure 7.4. 1-dodecanethiol starts to burn off at
a lower temperature (~150°C) than oleylamine (200°C) below which both the
compounds remain at their fixed initial weight, Figure A7.3. For the dry powders, the
weight loss due to moisture loss starts at around 50°C in all the samples. Also, for the
oleylamine capped TiO; and WOs3, the weight loss already begins at >50°C, hence the
presence of significant trapped moisture despite ligand functionalization is evident. In
the transmission FTIR spectra in Figure 7.1, this trapped water also contributes
substantially to the 3000-3500 cm™ broad absorption band. In contrast, such an early
weight loss is not observed in 1-dodecanethiol capped ZnO and CuQO nanoparticles,
meaning that moisture is present in lower amounts, which is in line with the FTIR
spectra of thiol-capped ZnO and CuO nanoparticles where the H-O band intensity is
significantly reduced as compared to uncapped (as oleylamine is not present) ones. This
has as a possible implication that 1-dodecanethiol is able to cover ZnO and CuO
nanoparticles more stably and extensively. In Figure 7.4, both oleylamine and 1-
dodecanethiol attached on the nanoparticles start burning off at a temperature higher
than their pure forms implying strong ligand-nanoparticle bonding. This elevation of
the thermal decomposition temperature is again particularly well-defined for 1-
dodecanethiol-capped CuO and ZnO nanoparticles due to strong binding. Importantly,
for the same ligand functionalization procedure, CuO nanoparticles carry a considerably
high weight % (>50%) of 1-dodecanethiol. A possible implication of this may be the
formation of ligand-nanoparticle networks, as a gel-like consistency was observed for
ligand-capped CuO nanoparticles. For TiO, and WOs;, the transition from the moisture-
loss phase to oleylamine decomposition phase is smooth. It indicates that oleylamine-
nanoparticle bonding is not as strong as that in the case of 1-dodecanethiol-nanoparticle.
A relatively weaker interaction between TiO2/WQOj3; and oleylamine has already been
evident from the FTIR spectra comparisons.
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Figure 7.4 Thermogravimetric analysis (TGA) of (a) oleylamine functionalized
nanoparticles (b) 1-dodecanethiol functionalized nanoparticles. Right y-axis in Figure
(2): WOs3 powder, right y-axis in Figure (b): CuO + 1-dodecanethiol.

7.3.3 Photo-stability of ligand capped nanoparticles

Given that the semiconductor metal-oxide nanoparticles of TiO,, ZnO, WO; and CuO
are known to show photocatalytic activity, the photo-stability of the ligand-capped
nanoparticles under UV and visible light is an important aspect in any possible
application. Conversely, as a positive side-effect of such high photo-instability, i.e. fast
photodegradation of the ligands, implies high self-cleaning tendencies of the
nanoparticles, which in turn opens up various application opportunities. The photo-
stability of the ligand capped nanoparticles was tested by monitoring the vs(-CHa-), vas(-
CH-), and vas(-CH3) bands of the ligands in the 2850-3000 cm™ region under
illumination with UV and visible light, Figure 7.5. After 24 hours of UV illumination,
TiO, completely degrades the oleylamine ligands, while WO; degrades 45%, with
further degradation up to 85% after 48 hours. In contrast, ZnO and CuO nanoparticles
could not degrade the ligands to any considerable extent. Similarly, also under visible
light (using a white fluorescent lamp), both TiO, and WO; nanoparticles degrade the
ligands effectively, while ZnO and CuO are unable to do the same. As expected, the
photocatalytic activity of TiO; is lower under visible light with 62% degradation in 24
hours, while WOs is equally active under both UV and visible light over the 24 h time
span (48% degradation in 24 hours). It is important to note that TiO, degrades the
ligands under UV within an hour (Figure 7.6); thus, the visible light activity of TiO is
negligibly low in comparison to the UV light activity. The inactivity of ZnO, which is
also a known photocatalytic material, is counterintuitive. It is reasonable to assume that
the strong interaction of thiol ligands results in poisoning of the catalyst surface.
Therefore, selectivity enhancements with thiol ligands are accompanied by a loss of
activity.®"* To understand whether it is the inactivity of ZnO itself or a strong thiol-ZnO
binding that prohibits the degradation mechanistically, degradation studies were
conducted for both oleylamine and 1-dodecanethiol on TiO; and ZnO films on Si

138



Phase transfer and self-assembly of metal oxide nanoparticles at the air-water interface: towards
functional interfaces

wafers, Figure 7.6. Instead of pre-functionalizing the nanoparticles with the ligands,
oleylamine and 1-dodecanethiol was spin coated on the surface of both the TiO, and
ZnO films. Clearly, TiO, degrades both oleylamine and 1-dodecanethiol rapidly within
an hour. In the case of ZnO nanoparticles, both the ligands remain almost unaffected
even after 4 hours of illumination. The fitting of the data points to a first order kinetic
model shows that the rate constant for ZnO is two orders of magnitude smaller than that
for TiO2. Thus, the inactivity of ZnO is not due to a particularly strong thiol-ZnO bond
hindering a degradation pathway. Similarly, any effect of the shift of band-edge
positions due to ligand grafting can be tentatively ruled out by this experiment.
Considering their known activity in aqueous medium, the low photocatalytic activity of
Zn0 and CuO nanoparticles in gas phase may also be related to different surface states
and hence, band-edges. While, the concrete postulation of an explanation is difficult in
the scope of this study, it could be that the degradation kinetics by ZnO and CuO is
slowed down by either charge and/or mass transfer processes.
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Figure 7.5 FTIR spectra (vs(-CH2-), vas(-CHz-), and vas(-CH3) bands in the 2800-3000
cm™ region) of ligand capped nanoparticle films on a Si substrate showing photo-
stability of the ligands on the nanoparticles under (a) UV (b) visible light irradiance.
The intensity of the bands in the 2800-3000 cm™ region indicates the concentration of
the ligand molecules. The irradiances are 0.87 mW c¢cm2 and 1.6 mW cm for the UV
and visible light respectively.
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Figure 7.6 Degradation curves of oleylamine and 1-dodecanethiol on (a) TiO2 and (b)
ZnO films respectively fitted to a first order kinetic model. The relative concentrations
are estimated from the area of the vs(-CHz-), vas(-CH>-), and vas(-CHs) bands in the 2800-
3000 cm™ region.

7.3.4 Wettability and self-assembly

High wettability, i.e. super-hydrophilicity of TiO,3? ZnO, WO3*3and CuQ3™ 34 is
known and hydrophobization of these surfaces is important in many applications. This
super-hydrophilicity has mostly been attributed to a photo-induced effect explained by
several surface chemistry mechanisms. 32 For more details on these mechanisms, the
reader is encouraged to consult the comprehensive review by Fujishima et al.*”® In
addition, the switching between hydrophilic and oleophilic behavior is unique to TiOs..
Photo-induced hydrophilicity (PIH) has also been studied for ZnO, WQO3, and CuO. Like
in the case of TiO,, numerous studies have shown induction of hydrophilicity in ZnO
and WQOs; films within a couple of minutes to an hour, while CuO has not been found to
show any photo-induced hydrophilicity.3® 377 3% On nanoparticle films such as P25
(TiO,), where the morphological irregularity may help hydrophobicity, photo-induced
super-hydrophilicity can nonetheless be achieved rapidly, as also verified by our
experiments.3”®
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Figure 7.7 Water contact angle obtained by sessile drop technique on drop-casted ligand
capped nanoparticle films: (a) ligand free bare nanoparticles (b) hydrophobic
functionalized nanoparticles, also showing the effect of UV irradiation. The contact
angles are average of five measurements and the blue lines marking the angles are for
representation. The irradiances are 0.87 mW cm2 and 1.6 mW cm2 for the UV and
visible light respectively.

So, the wettability of the ligand-capped nanoparticles of TiO,, ZnO, WO; and CuO is
an important aspect as the presence of the hydrophobic alkyl chains alters the surface
chemistry. First, the water contact angle on drop-casted films of non-functionalized bare
nanoparticle films of all four oxides were found to be close to 0°, Figure 7.7 (a). This
may be a photo-induced process as the films were prepared under ambient light. While
PIH is not observed in the case of CuO, it also appears highly hydrophilic in nature. The
hydrophilicity of all the different nanoparticles is confirmed by contact angle
measurements which also explains easy dispersion of these nanoparticles in water to
form stable colloids. In contrast, all the ligand capped nanoparticle films are strongly
hydrophobic with an average water contact angle >120°, Figure 7.7 (b). From the
experiments in Figures 7.5 and 7.6, the irradiation of UV light is supposed to degrade
the ligands especially on TiO, and WOs to revert the surfaces back to their hydrophilic
ground state, at a rate corresponding to the photocatalytic self-cleaning rate. Thus, the
super-hydrophilicity of TiO, film after 3 hours of irradiation is consistent with our
photo-stability experiments showing that the ligands are completely degraded under UV
within that time period. Similarly, since 24 hours of UV treatment only partially
decomposed the ligands on WOs nanoparticles (Figure 7.7 (b)), the water contact angle
is still 86° after 20 hours of illumination. For both ZnO and CuO, the nanoparticle films
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remain hydrophobic throughout the UV treatment showing consistency with the photo-
stability experiments. To confirm the effect of ligand photo-degradation on the water
contact angle, contact angle measurements were taken after keeping the samples in dark
for 24 hours, Figure A7.4. Importantly, while the correlation holds in this particular
case, in general photocatalytic activity cannot always be directly related to photo-
induced hydrophilicity as it has been shown that despite comparable photocatalytic
activity of SrTiOs, photo-induced hydrophilicity was not observed like in the case of
Ti02.380

Figure 7.8 Images of assembly of ZnO (a) and TiO: (b) nanoparticles at the air-water
interface obtained simply over a water surface in a beaker. (c, d, e, f) are SEM images
of self-assembled films of TiO2, WOs3, ZnO (sample 1) and ZnO (sample 2). Sample 1:
film after incomplete surface coverage; sample 2: film after complete surface coverage.

The contact angle measurement show that the ligand capping renders the nanoparticles
hydrophobic. Thus, self-assembly of these nanoparticles on a water surface is possible
by trapping them at the air-water interface, which is otherwise not possible, Figure
A7.5. In Figure 7.8 (a), a partially covered water surface with ZnO nanoparticles is
shown. As more nanoparticles are introduced, the self-assembled islands rearrange and
eventually develop a continuous film. The self-assembled films obtained with ZnO
nanoparticles as shown in Figure 7.8 (¢) and (f) have high uniformity. Self-assembled
films of TiO, and WOs nanoparticles, Figure 7.8 (c) and (d), however, are not as
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uniform due to the presence of agglomerates. While there is high surface coverage in
all the cases, the uniformity of the self-assembled films is subject to the morphological
uniformity of individual nanoparticles. In all these three cases of TiO,, WO; and ZnO,
the morphological and dimensional irregularities of the nanoparticles limit the quality
of the films in terms of uniformity. Table 7.2 summarizes the nanoparticle average sizes
as provided by the manufacturer data, crystallite size and self-assembled film
thicknesses. Due to the size and morphological irregularities, estimating an average size
from TEM images (Figure 7.2) or dynamic light scattering is not ideal. Thus, the
primary crystallite size from Scherrer equation (Figure A7.8) by considering the peaks
of significant intensity (greater than 20% of maximum intensity peaks) is provided in
Table 7.2 as an indication of the lower limit of the particle size which matches with the
manufacturer data. Film thickness profiles were acquired by stylus profilometry (Figure
A7.6), which captures the transition as the stylus slides from the bare substrate to the
film. The profilometry results capture the surface morphology only to an extent as the
contact between the needle and the film leads to unavoidable displacement of some
particles due to the softness of the assembled layer, hence the relatively large
experimental error. Still, the measured average layer thicknesses correspond very well
to the expected thickness based on a self-assembled monolayer of the corresponding
particles. Even with these irregular nanoparticles, such self-assembled films can be
useful in many applications. As an example, Figure 7.9 demonstrates the use of such a
self-assembled TiO; nanoparticle film for antifogging applications.
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Figure 7.9 Antifogging property of a self-assembled TiO, nanoparticle film
immobilized on a glass slide held above boiling water. Left: un-treated glass, right: glass
with self-assembled TiO, nanoparticle film.

Table 7.2 Summary of nanoparticle sizes from manufacturer, crystallite sizes and self-
assembled film thicknesses obtained from stylus profilometry.
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Avg. Particle Avg. Approx. Film
size (nm), crystallite thickness (nm)
Material manufacturer size (nm) (from profilometry)
(from XRD)
TiO; <25 nm 25.8+£04 21.2+4.3
WO; <50 nm 48.4+7.6 679+ 132
ZnO <40 nm 443 +£5.7 59.3+3.1

7.4 Conclusion

Functionalization of TiO,;, ZnO, WOs; CuO nanoparticles with alkyl-amine
(oleylamine) and alkyl-thiol (1-dodecanethiol) ligands was studied under ambient
conditions. It was observed that oleylamine binds strongly to TiO, and WQOs, but not to
ZnO and CuO. Conversely, 1-dodecanethiol strongly attaches to ZnO and CuO, but not
to TiO; and WOs. Polar to non-polar phase transfer experiments confirm these trends.
The ligand attachment is stable through the impact of mass action in the washing steps,
and confirmed by FTIR data. In the case of TiO, and ZnO, it could be shown that
oleylamine and 1-dodecanethiol effectively occupy the active sites that are otherwise
occupied by OH groups in the pristine powders resulting from dissociative adsorption
of ambient H,O. Under UV and visible light, the stability of the surface ligands on the
nanoparticles was found to be dependent not only on the intrinsic photocatalytic activity
of the material, but also on the ligand bond strength. While TiO, degrades oleylamine
within two hours and WO; takes more than a day, ZnO and CuO appeared to be quite
inactive in degrading the thiol-ligands even after 48 hours of illumination by UV or
visible light. Similarly, the hydrophobicity attained by the nanoparticles can be removed
by photocatalytic degradation of the amine ligands on TiO, and WOs;, while 1-
dodecanethiol functionalized ZnO and CuO nanoparticles remain stable and
hydrophobic under UV and visible light illumination over an extended period of time
(>48 hours). The functionalized nanoparticles can be easily self-assembled at the air-
water interface to obtain nanoparticle films for various applications, such as antifogging
layers as a demonstrated proof-of-principle in this chapter. While the ligand selectivity
of different metal oxide nanoparticles and the corresponding phase transfer processes
shown in this chapter is an important aspect relevant to various application scenarios,
the demonstration of the use of these hydrophobic functionalized nanoparticles for self-
assembled films is potentially valuable to future research on photocatalytic surfaces,
photo-electrochemical and photovoltaic applications. Especially in view of the ongoing
research on hybrid multifunctional nanoparticles, self-assembly methods are important
for obtaining films in a nonintrusive way.
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8.1 General conclusions: Objectives
In the course of this PhD project, the following 3 main objectives were investigated:

Objective 1: To gain fundamental insight into plasmonic noble metal nanostructures
through computational electromagnetic models, going from individual nanoparticles to
infinite particle assemblies, and bridging the gap between theoretical and experimental
optical properties of plasmonic nanostructures.

Objective 2: To bridge the gap between theoretical and experimental optical properties
of plasmonic nanostructure arrays by investigating the self-assembly of plasmonic
nanoparticles and their applications.

Objective 3: To experimentally study the functionalization of metal oxide nanoparticles
for self-assembly and related applications.

In Chapter 1 a general overview of all the relevant topics with regard to the research
work reported in this dissertation has been provided. Since this project involves
investigation of photoactive nanostructures including plasmonic and metal oxide
nanoparticles, a brief introduction has been provided on both classes of nanoparticles.
As a major portion of the project is based on computation investigation of the plasmonic
nanostructures, the theoretical background based on the classical electromagnetic theory
has been introduced. In line with the experimental results, an introduction to self-
assembly of nanoparticles has been provided with the recent trends and potential
applications.

8.1.1 Objective 1: To gain fundamental insight into plasmonic noble metal
nanostructures through computational electromagnetic models, going from
individual nanoparticles to infinite particle assemblies, and bridging the gap
between theoretical and experimental optical properties of plasmonic
nanostructures.

The first objective is a broad one which is achieved in Chapter 2, 3, 4, 5 and 6
combined. In Chapter 2, 3, 4 and 5, the important gaps in literature were identified and
these unexplored yet important aspects were investigated with regard to the current
application focus areas. Specifically, Chapter 2 compared the plasmonic properties of
isolated Ag—Au alloy and core—shell bimetallic nanoparticles. The comparison included
spherical as well as anisotropic nanoparticles (rods and triangles) to cover structures
with and without the contribution of interband transitions of Au, respectively. The
insights obtained from these results are relevant in many different applications such as
surface enhanced spectroscopy (SEIRA, SERS, etc.), photothermal applications, hot-
electron mediated chemical processes, and so on. Firstly, it was shown that the spectra
of core-shell and alloy nanoparticles are qualitatively different with varying features,
but quantitatively, the intensity values remain in the same range. Importantly, the
interband transition, which is present in Au but not in Ag within the visible range, plays
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a big role here. Thus, because anisotropic nanoparticles have their plasmon band in the
near-infrared region where interband transitions do no longer occur for Au, the
difference between the plasmonic properties of alloy and core-shell structures becomes
less prominent. From an application perspective, the differences in core-shell and alloy
nanoparticles do not all have equally strong implication. Generally, inclusion of Au,
even at a low amount (~20%), was shown to be detrimental for the plasmonic
enhancement of spherical Ag nanoparticles. In anisotropic nanoparticles, however,
inclusion of Au showed a far lesser impact, especially in core-shell architectures.
Because inclusion of Au can reduce the scattering losses of large (>50 nm) Ag
nanoparticles and increase the absorption, higher photothermal temperatures can be
achieved by incorporating small amount of Au in such larger Ag nanoparticles.
Anisotropic nanoparticles are generally highly absorbing, also in the near-infrared
region. Such structures are therefore generally better for therapeutic photothermal
applications.

The problem tackled in Chapter 3 was invoked during the investigation of Chapter 2
while comparing the theoretical and experimental spectra of colloidal plasmonic
nanoparticles. The gap between theory and experiment, especially in the case of Ag
nanoparticles, posed the question how different statistical and structural aspects of
colloidal nanoparticles actually influence the optical response. In Chapter 3, the
ambiguity surrounding the role of particle size distribution, i.e. polydispersity and
skewness, intrinsic optical properties and particle surface morphology in determining
the collective optical response of colloidal plasmonic nanoparticles has been resolved.
Firstly, the results clearly demonstrated that it is the mean nanoparticle size that largely
determines the plasmon band or LSPR position. This is true even for a highly
polydisperse population of nanoparticles for which the volume distribution is strongly
shifted to large particle sizes. The skewness also does not have a significant effect on
the LSPR position. Upon clarification of these aspects, the optical properties of Ag
nanoparticle colloids could be predicted with Palik’s optical constants with significantly
improved agreement. Also, for larger nanoparticles (>100 nm), it was apparent that the
polydispersity only had a partial role in dampening of the higher order LSPR modes (for
instance, the quadrupolar mode). It became clear that mainly the accuracy of the optical
constant data largely determines the agreement between theory and experiments.
Finally, some important implications of the size distribution on the interpretation of
dynamic light scattering data were discussed.

Chapter 4 provided a transition from isolated/individual nanoparticles to nanoparticle
assemblies or clusters. It is well-known that closely separated plasmonic nanoparticles
couple together through their electrodynamic response which is called the plasmonic
coupling. This plasmonic coupling strongly influences the individual optical properties
of the nanoparticles in the cluster, and in many ways, enhances the optical response.
Thus, in Chapter 4 the coupled plasmonic response of isolated Au nanoparticle clusters
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of different sizes was studied. The collective optical response has been analyzed in terms
of near-field and far-field coupling among constituent nanoparticles in the cluster.
Otherwise weakly radiative 20 nm Au nanoparticles, when coupled through overlapping
of the near-fields in a close packed 2D cluster, started exhibiting an optical response as
an integrated structure, resulting in strong absorption and scattering with a spectral shift.
The plasmonic coupling in clusters consisting of 20 nm and 40 nm nanoparticles was
discussed in terms of near-field and far-field interactions among adjacent nanoparticles.
For 20 nm nanoparticles, a 19 nanoparticle cluster was identified as an optimal structure
for the highest per-particle absorption and consequent higher photothermal temperature.
Also, it was shown that the photothermal temperature can be controlled by varying the
interparticle distance. The enhancement in the photothermal properties of nanoparticles
in clusters and the dependence of this property on the nanoparticle position withing the
cluster, as well as the interparticle distance provides a scope for new applications.

Chapter 5 extended the study of the finite nanoparticle clusters from Chapter 4 to
infinitely extended nanoparticle films (film dimensions >> incident wavelength) with
an experimental demonstration of the self-assembly of Au and Ag nanoparticles. For
the numerical computations of the infinite film’s optical response, a new approach had
to be taken with unit-cell computational domains with periodic boundary conditions.
Also, in contrast to the scattered field solution in the previous chapters, full-field
solutions were obtained by excitation of the incoming wave at the inlet at the top of the
computational domain. These models were validated with the experimental optical
spectra of self-assembled Au and Ag nanoparticles. The findings from Chapter 3 were
helpful here, especially for Ag nanoparticles. The optical properties of self-assembled
films were investigated in the direct normal incidence and Kretschmann (i.e. ATR)
configuration. Like Chapter 4, the individual optical properties of nanoparticles in
infinite films were compared with isolated nanoparticles. It was found that the plasmon
damping mechanism changes strongly as the interparticle distance decreases, i.e. the
plasmon coupling becomes stronger. Isolated 20 nm Au nanoparticles that
characteristically experience only non-radiative damping, were shown to experience
strong reflection, i.e radiative damping, when assembled in a close packed film. In the
ATR configuration, in the absence of any transmission, high absorption by the
nanoparticle films was also demonstrated. The optical properties of the nanoparticles
films for p-polarized (TM) and s-polarized (TE) incidence in the ATR configuration
were starkly different. The strong near-field enhancement in the ATR configuration
shows great potential for surface enhanced spectroscopy techniques.

While Chapter 6 is primarily based on the application of self-assembled Au
nanoparticle films for volatile organic compound (VOC) sensing, the electromagnetic
modelling provided further insight into the polarization specific response of the
nanoparticle films. It was shown that the ellipsometric response of the nanoparticle films
in the ATR configuration is determined by the difference in the evanescent fields arising
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from p and s-polarized incident beams. The difference in the polarization of the
nanoparticles by the two modes of incidence thus give rise to the y (amplitude ratio)
and A (phase difference) spectra, that can be exploited for a highly sensitive sensing
strategy.

8.1.2 Objective 2: To bridge the gap between theoretical and experimental optical
properties of plasmonic nanostructure arrays by investigating the self-assembly of
plasmonic nanoparticles and their applications.

For the validation of the computational models of the infinite nanoparticle films,
experimental nanoparticle self-assemblies were fabricated (Chapter 5). The
nanoparticles were self-assembled at an air-ethylene glycol interface. Before self-
assembly, the nanoparticles were transferred from an aqueous phase to a non-polar
toluene phase by oleylamine ligand functionalization. Since literature on Ag
nanoparticle self-assembly is scant, different trials were carried out to optimize the
procedure. These films were characterized by TEM to ensure the homogeneity and
obtaining dimensional information to be used in the models.

In Chapter 6, an existing method for the self-assembly of Au nanoparticles was further
extended towards larger areas of several cm?. Chapter 6 demonstrated the application
of such films in refractive index-based sensing of volatile organic compounds, methanol
in particular. As revealed under Objective 1 , when self-assembled into close-packed
films, oleylamine-capped plasmonic Au nanoparticles exhibit collective optical
properties through plasmonic coupling, giving rise to lattice resonances. Importantly,
the ligand capped nanoparticles form a nanoparticle-ligand network that can facilitate
adsorption of the probe molecules from the gas phase. Thus, by tracking the changes in
the optical response as a result of a change in the refractive index of the dielectric
medium in the vicinity of the nanoparticles due to the adsorption of the molecules, gas
phase sensing is enabled. Also shown in Chapter 5, due to the periodicity of
nanoparticle arrangement, the lattice plasmon modes of self-assembled Au nanoparticle
films can be excited by normally incident electromagnetic waves. This is in contrast to
planar Au thin films, for which, the excitation of surface plasmon resonance requires a
special arrangement like the Kretschmann (ATR) or Otto configuration. Still, it was
shown that the lattice resonance of Au nanoparticle films could also be very effectively
excited in the Kretschmann configuration by the interaction of the evanescent field with
the nanoparticles at the low refractive index side. The refractive index sensitivity of the
intensity spectra (i.e., transmittance, absorptance, or reflectance) of the self-assembled
films in both normal incidence and Kretschmann configuration was shown to be similar
to grating-based plasmonic sensing platforms reported in literature. Moreover, when in-
situ ellipsometry and in-situ spectroscopy are compared, w and A measurements,
especially probing A can provide up to a 10-fold better sensitivity, which paves the way
toward improved plasmonic-based sensing applications.
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8.1.3 Objective 3: To experimentally study the functionalization of metal oxide
nanoparticles for self-assembly and related applications.

Metal oxide nanoparticle thin films also have numerous applications. In particular,
metal oxide nanoparticles can be hybridized with plasmonic nanostructures (e.g. in core-
shell configurations) for plasmon-enhanced thin film applications. In this regard,
functionalization of TiOz, ZnO, WOs, CuO nanoparticles with alkyl-amine (oleylamine)
and alkyl-thiol (1-dodecanethiol) ligands was studied under ambient conditions in
Chapter 7. Through this functionalization, it was shown that the nanoparticles
dispersed in a polar phase (aqueous or other polar solvents) could be transferred to a
non-polar phase (hexane). Further, these nanoparticles were self-assembled at the air-
water interface to obtain thin nanoparticle films. The selectivity study showed that
oleylamine binds strongly to TiO, and WOs3, but not to ZnO and CuQ. Conversely, 1-
dodecanethiol strongly attached to ZnO and CuO, but not to TiO, and WOs. The ligand
attachment resisted the impact of mass action during washing steps, which was also
confirmed by FTIR data. In the case of TiO2 and ZnO, it could be shown that oleylamine
and 1-dodecanethiol effectively occupy the active sites that are otherwise occupied by
OH groups in the pristine powders resulting from dissociative adsorption of ambient
H>0O. Under UV and visible light, the stability of the surface ligands on the nanoparticles
was found to be dependent not only on the intrinsic photocatalytic activity of the
material, but also on the ligand bond strength. While TiO, degrades oleylamine almost
within one hour and WOs3 takes more than a day, ZnO and CuO appeared to be quite
inactive in degrading the thiol-ligands even after 48 hours of illumination by UV or
visible light. Similarly, the hydrophobicity attained by the nanoparticles can be removed
by photocatalytic degradation of the amine ligands on TiO, and WOs;, while 1-
dodecanethiol functionalized ZnO and CuO nanoparticles remain stable and
hydrophobic under UV and visible light illumination over an extended period of time
(>48 hours). The functionalized nanoparticles were easily self-assembled at the air-
water interface to obtain nanoparticle films for various applications, such as antifogging
layers as was a demonstrated proof-of-principle in this chapter. While the ligand
selectivity of different metal oxide nanoparticles and the corresponding phase transfer
processes shown in this chapter is an important aspect relevant to various application
scenarios, the demonstration of the use of these hydrophobic functionalized
nanoparticles for self-assembled films is potentially valuable to future research on
photocatalytic surfaces, photo-electrochemical and photovoltaic applications.
Especially in view of the ongoing research on hybrid multifunctional nanoparticles, self-
assembly methods are important for obtaining films in a nonintrusive way.

8.2 Future outlook

Research is creating new knowledge.. (Neil Armstrong) and there is no end to this
creative process. Given the time and resources, it is important for the author to set the
scope of the research, and define a beginning and an end of the PhD project. In this final
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discussion of this dissertation, it is thus useful to provide a perspective on the possible
future developments based on the research carried out in the course of this PhD.

Firstly, based on the theoretical insights into core-shell and alloy nanoparticles that were
gathered using the techniques in Chapter 2, it will be interesting to study spherical and
anisotropic nanoparticles in real applications. For instance, how the incorporation of Au
in Ag in these two kinds of nanostructures impacts the activity in hot electron mediated
processes is an important research question to address. Also, in photothermal therapy,
the application of Ag nanoparticles with a thin Au shell will be interesting for future
developments as the Au shell not only protects Ag chemically, it also increases the
absorption intensity. Extension of the alloy vs. core shell comparison for isolated
nanoparticles in Chapter 2 to close packed arrays of nanoparticles poses an interesting
research problem as plasmonic nanoparticles have significantly different optical
behaviour as arrays when compared with isolated nanoparticles. The experimental
validation of the results in Chapter 4 also remains as an important future objective as
significant enhancement of the photothermal properties is shown in clusters as
compared to isolated nanoparticles. In fact, by combining colloidal synthesis with
lithographic techniques, several research groups have shown the feasibility of obtaining
finite 2D nanoparticle cluster arrays over large areas. To exploit the dependence of the
photothermal temperature on the interparticle gap, nanoscale control of the
photothermal temperature of the clusters by the variation of the interparticle gap is also
an interesting future objective relevant to sensing applications. In addition, further
theoretical as well as experimental work on 3D clusters will be interesting as such
clusters can be synthesized by colloidal techniques like DNA origami, emulsion
mediated self-assembly, etc., with great controllability. As in 3D clusters, since the heat
retainment is more effective in the nanoparticles at the interior of the cluster, a higher
photothermal temperature can be expected. Also, the broadening of the plasmon band
enhances the amount of light absorbed from the solar spectrum.

The air-liquid interfacial self-assembly of nanoparticles has been a topic of growing
interest in the area of functional nanomaterials. Since the optical interaction of
plasmonic nanoparticles is enhanced by plasmonic coupling, the integration of the self-
assembled plasmonic nanoparticle films (as experimentally demonstrated in Chapter
5) in photocatalytic, photoelectrochemical and photovoltaic applications merits further
investigations. Future experimental study of the application of Au or Ag nanoparticle
self-assembled films in surface-enhanced spectroscopy (SEIRA, SERS, etc.), especially
in the Kretschmann configuration, is an important lead for analytical research.

Based on the VOC sensing experiments shown in Chapter 6, there lies great scope
towards further development for higher sensitivity and selectivity. One promising
strategy is integrating the self-assembled nanoparticle films with ultra-porous materials
(for example, microporous metal organic frameworks or MOFs) for selective adsorption
and concentration of the probe molecules . The challenge in integrating the two systems
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lies in the modification of the surface chemistry of the material for selective adsorption.
A similar approach can also be adopted for biosensing applications where selective
adsorption of the probe molecules on the nanoparticle can be mediated by surface
chemistry. In all the sensing applications, ATR configuration can provide a convenient
arrangement for improved sensitivity. Again, application of Ag nanoparticles instead of
Au nanoparticles in such sensing applications can yield better results due to better
plasmonic properties of Ag. However, in the applications with Ag nanoparticles, an
additional challenge has to be tackled as Ag nanoparticles are not chemically stable.
Thus, strategies for the stabilization of Ag nanoparticles with a protecting material such
as silica, polymer, etc., is a parallel research problem that is already being studied by
our group and collaborators. Chapter 7 indicates the future development opportunities
with metal oxide nanoparticles. An application area of the as-shown self-assembled
metal oxide nanoparticle films to be explored, is gas sensing with nanoparticle thin
films. While the colloidally synthesized nanoparticles provide high surface area for
interfacial processes, the self-assembled monolayer films have very low thickness for
efficient charge carrier transport in a circuit. Finally, self-assembly techniques hold
great promise towards the application of hybrid colloidal nanoparticles. For instance,
plasmonic core-metal oxide shell nanoparticles are such hybrids where the light driven
processes in the metal oxide are enhanced by the plasmonic core. To obtain functional
interfaces from such nanoparticles, self-assembly is a promising strategy that requires
further investigation.
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Appendix: Chapter 2

Figure A2.3. Comparison of optical constants of 50% Ag- 50% Au alloy from different
literature. Exception: the composition for Pefia-Rodriguez et al. is 48:50. (References in the main
text)
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(d) Grid-independence test for the validation of Ag@Au nanocube with 0.5 nm thin Au shell in
Figure 2.
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Wavelength: 435 nm Wavelength: 530 nm

Figure A2.8. Near field enhancement around 60 nm (a) Ag and (b) Au nanoparticle at their
respective dipolar plasmon resonance modes.
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A3. Supporting information of Chapter 3
MATLAB code

For simplicity, three separate functions are written within one file so that one function
can be called in the scripts of other functions. AgMieScatteringl returns the Mie
solution for any size, wavelength and medium refractive index, while
AgindexReadPalik is defined for piecewise interpolation of experimental complex
refractive data to obtain the optical constants at any wavelength. AgDoitl evaluates the
optical spectra for a particle size distribution by using AgMieScatteringl iteratively
over the whole distribution.

1) The following is the MATLAB script for the function AgMieScatteringl that returns
the extinction, scattering and absorption cross section for three inputs: wavelength,
nanoparticle radius and refractive index of dielectric medium. The script calls a separate
function AgindexReadPalik (in the following section) that returns the complex
refractive index for the given wavelength by piecewise interpolation.

%% SCATTERING BY A SPHERICAL GOLD NANOPARTICLE USING MIE
THEORY

%% inputs

sn_m optical index of the medium
%lambdal wavelength in nm

sr0 radius of the particle in nm
EN=5 maximum n-pole

function

[Qext,Qsca,Qabs]=AgMieScatteringl (lambdal,r0,n m);

%% parameters

n_ Au=AgindexReadPalik (lambda0); %any function that
returns the optical index of gold

m=n_Au/n_m;

k=2*pi*n m/lambdal;

x=k*rQ;

zZ=m*x;

N=round (2+x+4*x”* (1/3))

%% computation

Jj=(1:N);
sqgr=sqrt (pi*x/2);
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sgrm=sqgrt (pi*z/2);

phi=sqr.*bessel] (J+0.5,x);

xi=sqgr.* (besselj (j+0.5,x)+i*bessely (7J+0.5,x));
phim=sqgrm. *bessel]j (j+0.5,2);

phil=[sin(x), phi(1:N-1)];

philm=[sin(z), phim(1:N-1)];

y=sqr*bessely (j+0.5,x) ;

yl=[-cos(x), y(1:N-1)1];

phip=(phil-j/x.*phi);
phimp=(philm-j/z.*phim) ;
xip=(phil+i*yl)-9/x.* (phi+i*y);

aj=(m*phim.*phip-phi.*phimp) m*phim.*xip-xi.*phimp) ;

A
bj=(phim.*phip-m*phi.*phimp) ./ (phim.*xip-m*xi.*phimp) ;
Qsca=sum( (2*j+1).*(abs(aj).*abs(aj)tabs(bj) .*abs(bj)) )
Qext=sum( (2*j+1).*real(aj+b]j) )

Qext=Qext*2*pi/ (k*k);
Qsca=Qsca*2*pi/ (k*k) ;

Qabs=Qext-Qsca;
end

2) In the script above, another function AgindexReadPalik is incorporated, which
gives the complex refractive index for any arbitrary wavelength from the optical
constant data of Palik (or any other source) by piecewise interpolation:

function Ri = AgindexReadPalik (lambdaO)
%% complex refractive index

%% column 1l:wavelength, column 2:n, column 3:k

RI = [124 1.241 0.568

127.8 1.229 0.566
134.8 1.182 0.55

137.8 1.149 0.552
140.9 1.112 0.563
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332.4 0.321 0.902
335.1 0.294 0.986
339.7 0.259 1.12
344.4 0.238 1.24
354.2 0.209 1.44
364.7 0.186 1.61
375.7 0.2 1.67
387.5 0.192 1.81
400 0.173 1.95
413.3 0.173 2.11
427.5 0.16 2.26
442 .8 0.157 2.4
459.2 0.144 2.56
476.9 0.132 2.72
495.9 0.13 2.88
516.6 0.13 3.07
539.1 0.129 3.25
563.6 0.12 3.45
590.4 0.121 3.66
619.9 0.131 3.88
652.6 0.14 4.15
688.8 0.14 4.44
729.3 0.148 4.74
774.9 0.143 5.09
826.6 0.145 5.5
885.6 0.163 5.95
953.7 0.198 6.43
1033 0.226 6.99
1127 0.251 7.67
1240 0.329 8.49];

Cl = RI(:,1);

X1 = length(find(Cl<lambdaO)) ;
X2 = X1+1;

x1 = Cl(X1);

x2 = Cl(X2);

n = RI(X1,2) + (lambdaO - x1)* ((RI(X2,2)-RI(X1,2))/(x2-

x1));

k = RI(X1,3) + (lambda0 - x1)* ((RI(X2,3)-RI(X1,3))/(x2-
x1)) 7

CR = [ﬂ"‘k*j—]r
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Ri = CR(1,1);

end

3) In order to obtain the optical cross sections for a complete particle distribution (in
this case p = 60, o = 15), the AgMieScatteringl function shown above is used in the
function AgDoitl iteratively as given below:

%% Implementation of the AgMieScatteringl function
function Mie2 = AgDoitl

Mie2 = [0,0,0];

%% wavelength range

X = [300:1:8007;
L = transpose (X);

%% Particle size distribution within 3 standard

deviations

SD = [15 56582553.49
15.1 57724314.11
15.2 58886496.71
15.3 60069408.11
15.4 61273358.49
15.5 62498661.46
15.6 63745634

15.7 65014596.52
15.8 66305872.85

103.8 71700713.26
103.9 70316874.57
104 68956679.44

104.1 67619790.25
104.2 66305872.85
104.3 65014596.52
104.4 63745634

104.5 62498661.46
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104.6 61273358.49
104.7 60069408.11
104.8 58886496.71
104.9 57724314.11
105 56582553.49];

for i = 1l:1length(L)
Sum = [0,0,0];
for j = 1l:1length (SD)
[A,B,C] =
AgMieScatteringl (L(i,1), (SD(j,1)/2),1.33);
G = SD(j,2)*[A,B,C];
Sum = Sum+G;
end
Mie2 = [Mie2; Sum];
end

Additional Figures
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Figure A3.1. Flow chart describing the steps for the calculation of the optical spectra
for a distribution of nanoparticles.

200



Appendix: Chapter 3

@ [ 31.6 £ 2.8 nm ISR
v i"’

BT e g
tﬁ}s"’ t.-.?

o '_r;,' 6081:41nm
vabiv

- ,$.‘: (b)
-

: e

i
..Mf'@

u.'ocS"

sl o k) f”%

Figure A3.2. TEM images of nanoparticles reported by Bastus et al. Figure adapted and
reproduced from with permission from the American Chemical Society (Copyright
2014).
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using the optical data of Johnson and Christy. The means were fixed and the standard
deviation was varied.
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Figure A3.5. Comparison of the mean size vs. LSPR data from two different sources:
Bastus et al. and Agnihotri et al. The theoretical predictions using the optical constants
of Rioux et al. and Palik et al. are also added.
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Figure A3.6. The theoretical scattering intensity distributions for a fixed mean 36 nm
and varying standard deviation compared with experimental DLS intensity distribution
data from Bastus et al.

Table A3.1. Fitting parameters with statistics correlating right-HWHM and o for the
distributions in Figure 3.3, 3.4 and 3.5. (For 100 mean size, only 5 points were taken as
a clear maximum does not exist.)
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Parameters Statistics
Mean Co C1 C2 Cs Cs R? Adj. R?
size, YU
20 1.1347 0.2726 - 2.3519 0.9994 0.9987
1.052 0.4026
60 2.81 2.8739 | 2.2126 - 2.3384 0.9992 0.9981
0.1096
100 | 24.7715 5.1987 | 3.2165 | - 2.9937 0.9999 0.9999
0.0831
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A4. Supporting information for Chapter 4
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Figure A4.2 Validation of Baffou et al. for a linear array of 15 nanospheres.

Table A4.1 Sensitivity analysis for thermal conductivity of gold.

Nanosphere from Thermal conductivity Thermal conductivity
schematic k=110 W/m. K k=317 W/m. K
Nanosphere 1 378.72 378.54
Nanosphere 2 378.41 378.24
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Nanosphere 3 376.48 376.35
Nanosphere 4 370.88 370.85
Nanosphere 5 375.37 375.29
Nanosphere 6 373.61 373.55
Nanosphere 7 365.80 365.84
Nanosphere 8 365.07 365.12
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Figure A4.3 Nanoparticle cluster schematic corresponding to Table S1.
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Figure A4.4 Individual absorption spectra of nanoparticles in 61 nanoparticle spectra
(top). Below: The nanoparticle numbering in correspondence to the top figure.
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Incident wavelength: 670 nm

Incident wavelength: 645 nm
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Figure A4.5 Near-field enhancement in 61 nanoparticle cluster at different incident

wavelengths showing spatial variation of field magnitiude.
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Figure A4.6 Temperature field around an isolated nanoparticle in °C.
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Figure A4.8 Steady state temperatures (°C) of nanoparticles in a cluster of 37
nanoparticles upon EM irradiation of respective peak wavelength in air medium. The
intensity of incident radiation is 1 mW/um? for all the cases.
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Ab. Supporting information for Chapter 5
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Figure A5.1. Size distribution of Au nanoparticles (average diameter: 9.56 nm from 45
data points, average interparticle gap: 2 nm from 18 data points).
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Figure A5.2. Size distribution of Au nanoparticles (average diameter: 9.56 nm from 45
data points, average interparticle gap: 2 nm from 18 data points).
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Figure A5.3. Size distribution of Au nanoparticles (average diameter: 9.56 nm from 45
data points, average interparticle gap: 2.1 nm from 18 data points).
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Figure A5.4. Size distribution of Ag nanoparticles (average diameter: 20.76 nm from
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Figure A5.5. Near-field enhancement of 20 nm large Au and Ag nanoparticles in
dielectric medium (n = 1.33) when isolated.
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A6. Supporting information for Chapter 6
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Figure A6.1 Rectangular unit cell computational domain used for the computation: (a)
complete view (b) top view. (c, d) Meshing scheme with tetrahedral grid elements in
the physical domain and prismatic elements in the PML.
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Figure A6.2 Validation of the present numerical models of the self-assembled films by
comparison with the experimental and FDTD results of 46 nm Au nanoparticle self-
assembled films: (a,b) monolayer (c,d) bilayer.
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Figure A6.3. Validation of the present computational model for the Kretschmann
geometry by comparison with (a) Analytical reflectance/transmittance from Fresnel
coefficients (without any plasmonic nanoparticles or films) (b) the experimental
incident angle sweep reflectance data of VVohnsen et al. for a 50 nm Au thin film in the
Kretschmann configuration.
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Figure A6.4. Size distrubution of Au nanoparticles in the self assembled film obtained
over the ethylene glycol surface contained in a smaller glass container. The optical
spectra of this film with the corresponding data from from the TEM characterization
was used for the simulation results in Figure 3.
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Figure A6.5. TEM images of the self-assmelbed films with both monolayer and bilayer
regions.
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Figure A6.6. Reflectance for the bilayer and monolayer films.
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Figure A6.7. Medium refractive index sensitivity of a bare 20 nm Au nanoparticle vs.
a 20 nm Au nanoparticle with a 2 nm of dielectric shell (n = 1.5).
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Figure A6.8. Effect of refractive index of the vapor phase on transmittance obtained
from electromagnetic models.
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A7. Supporting information for Chapter 7

TiO, with ZnO with WO, with 1- CuO with
1-dodecanethiol oleylamine dodecanethiol oleylamine

Figure A7.1. Phase-transfer trials of metal oxide nanoparticles with ligands that do not
attach stably on the nanoparticle surface: nanoparticles fail to get transferred to the

hexane phase above after vigorous shaking.

Figure A7.2. Selective phase-transfer of CuO (a) and ZnO (b) nanoparticles from
colloidal mixtures of CuO/TiO, and ZnO/TiO, nanoparticles respectively using 1-
dodecanethiol.
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Figure A7.3. Thermogravimetric analysis (TGA) of oleylamine and 1-dodecanethiol.
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Figure A7.5. TiO; nanoparticles without ligand functionalization do not get trapped in
the air-water interface.
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Figure A7.6. DektakXT profilometer local film thickness of different samples along the

needle sliding distance.
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Figure A7.7. XRD patterns of different nanoparticle powders.

Crystallite size calculation

Using XRD average crystallite size of different materials is estimated using Scherrer
equation:

K.A

B B.cos@

D is the crystal size of the particle.

K is the Debye Scherrer constant (K=0.94)

K is the wavelength of the CuKa radiation (0.154 nm)
B is the Full width at half maximum (FWHM)

0 is the Bragg angle
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