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SUMMARY

Scientific research on advanced materials is required for the overall development of
humankind. New material designs enable exploration of previously unattainable experimental
scenarios and phenomena. Thus, the overall understanding of the world is broadened and new
things become possible.

The presented dissertation is interdisciplinary and combines fields of chemical sciences
and materials science. This work aims at the preparation of advanced materials able to employ
light to control the course of chemical processes. Light is one of the best stimuli to control the
behaviour of materials, because it is ultrafast, fully tunable, and can trigger phenomena with
high spatio-temporal resolution. Since plasmonic nanostructures, such as gold nanoparticles
(AuNPs), provide both catalytical surfaces and strong interactions with light, they became
a central component of the materials proposed in this dissertation. Moreover, to investigate
influence of optical properties of nanostructures, anisotropic nanoparticles of a rod-like
geometry (AuNRs) were employed. The second important component of the proposed hybrid
materials is cellulose in a form of nanofibres (CNFs). Due to rich surface chemistry CNFs
enable immobilization of gold nanorods and stabilization of their optical properties.

First section of the dissertation (Introduction) consists of two chapters. Chapter 1 presents
motivation for undertaking this research project and sets four rational criteria for the hybrid
materials. Moreover, objectives and hypotheses of the dissertation are presented. Chapter 2
constitutes a review of general literature knowledge in four crucial areas, namely plasmonic
nanoparticles (their properties and synthesis are discussed), plasmon-related effects as
important catalytic tools (here different phenomena, such as local field enhancement, hot charge
carriers generation, and thermoplasmonic effect are presented), cellulose as component of
advanced materials (special emphasis is put on nanocellulose composites with gold
nanoparticles and organic dyes), and hybrid materials based on azobenzenes (Azo) and gold
nanostructures.

Second section of the dissertation (Results, discussion, and methodology) consists of four
chapters focused on the presentation of the experimental results and their discussion.

Chapter 3 establishes general protocol for the preparation of AuNRs-CNFs materials.
Immobilization of nanostructures on cellulose nanofibers grants great stability of nanocrystals’
plasmonic properties under intense illumination, elevated temperatures, and in a wide range of
pH. This chapter presents also functionality of the proposed formulation as a photocatalyst and
introduces a conceptually new plasmon-assisted photochemical process of simultaneously
coupled dehydrogenation of sodium formate and regeneration of cofactor molecules in the
presence of plasmonic hybrid material under visible light irradiation.

Chapter 4 addresses current challenges in the field of plasmonic-photochromic hybrid systems
by establishing general protocol for the preparation of multifunctional, water-based,
CNFs-stabilized plasmonic-photochromic hybrid material. In this chapter mutual interactions
between CNFs and AuNRs, as well as CNFs and the chosen Azo photochrome are analysed.
The proposed formulation enables efficient transfer of Azo to water, a solvent in which it is not
normally soluble. Moreover, the exceptional stability of AuNRs-CNFs in ethanol is investigated
and the comparative analysis of the IR spectra confirms role of CTAB on the surface of AuNRs
in maintaining material’s structural integrity. Notably, both functional components maintain
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their functionality and optical properties. Results presented in this chapter constitute
an important step forward in the field of Azo-AuNPs hybrids, since the incorporation of big,
anisotropic nanostructures enables beneficial spectral separation of Azo and AuNRs.

Chapter 5 focuses on the influence of AuNRs on the isomerization of the photochromic
component in the hybrid Azo-AuNRs-CNFs formulation. Presence of AuNRs grants catalytic
enhancement of both, photoinduced and thermal Azo isomerization. Based on the observed
coherent and reversible changes in the position of 1-LSPR band of AuNPs (about 2-4 nm) the
electron transfer mechanism of the catalytic influence is proposed. The results obtained for
samples containing AuNRs of different sizes indicate that catalytic enhancement increases with
the decreasing aspect ratio of AuNRs, however, the postulated size effect is presumably
a convolution of more than one descriptor of samples’ composition. Moreover, this chapter
presents a complete sets of thermodynamic parameters describing thermal back-isomerization
of Azo component in the hybrid materials. For all Au-containing samples, thermal relaxations
in the dark were characterized by activation energy lower by 20 kJ/mol compared to hybrid
sample without Au.

Chapter 6 presents plasmon-assisted Z-E isomerization of the photochrome in two forms,
as free Azo molecules in solution and as a component of the hybrid formulation. Upon red-NIR
irradiation (650-1100 nm), photochrome exhibits dramatic increase of the Z-E isomerization
rate in the presence of AuNRs. Based on the exponential correlation between isomerization rate
constants in hybrid materials and irradiation intensity, the predominant influence of
thermoplasmonic effect is proposed. The observed kinetic changes of Azo can be recalculated
to estimate the extent of the thermoplasmonic effect, and hence value of 21°C is obtained.
Hence, the dissertation introduces application of Azo type photochromes as molecular
thermometers. Chapter 6 proposes also specific experimental design in which hybrid
Azo-AuNRs-CNFs material is subjected to the interval dark and light irradiation conditions.
Novel, at least from chemical point of view, statistical modelling tools are also proposed to
analyse the obtained data. The statistical modelling based on the Autoregressive Integrated
Moving Average approach enables conclusion on the statistical significance of the observed
kinetic changes in the Azo isomerization in the presence of AuNRs. Hence, indirect
photocontrol over the Z-E isomerization of Azo in the ON-OFF manner is possible. Statistical
modelling also enabled final conclusion on the predominant contribution of the
thermoplasmonic effect triggered upon irradiation.

Third section of the dissertation (Summary) consists of three parts. Chapter 7 presents
general conclusions of the research and summarizes its key aspects and findings. Moreover,
further research directions for each experimental chapter are proposed. Second part showcases
scientific activities and achievements of the author. Bibliography is the final, third part of the
last section.

In summary, this dissertation provides important insight into the preparation and operation
of hybrid plasmonic and plasmonic-photochromic CNFs-based materials. AuNRs incorporated
in the proposed systems enable control over the course of the chemical process via light-induced
plasmon-related effects. Presented work is at the intersection of chemical sciences and material
science and contributes to both fields.
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STRESZCZENIE (SUMMARY IN POLISH)

Badania naukowe skupione na materiatach zaawansowanych sg konieczne dla ogdlnego
rozwoju ludzkosci. Nowoprojektowane materialy umozliwiajag zbadanie niemozliwych do
wczesniejszego zrealizowania scenariuszy eksperymentalnych i trudnych do obserwacji
zjawisk. Mozna wigc powiedzieé, ze ogolne rozumienie §wiata poszerza si¢ dzigki temu, Ze to,
co nowe, staje si¢ mozliwe.

Niniejsza rozprawa jest praca interdyscyplinarng i faczy w sobie zagadnienia z dwoch
obszarow: nauk chemicznych i inzynierii materialowej. Praca ta ma na celu przygotowanie
materiatow zaawansowanych zdolnych do wykorzystania $wiatta do kontroli przebiegu
proceséw chemicznych. Swiatto jest jednym z najlepszych bodzcow do kontroli dziatania
materialdow, poniewaz jest ultraszybkie, w pelni przestrajalne i umozliwia wywotywanie
zjawisk z wysoka rozdzielczos$cia czasowo-przestrzenng. Nanostruktury plazmoniczne, takie
jak nanoczastki zlota (AuNPs), zapewniaja zarowno powierzchni¢ katalityczng, jak i silne
oddziatywania ze §wiattem. Wobec tego zostalty wybrane na kluczowy komponent materialow
zaproponowanych w niniejszej rozprawie. Ponadto, aby zbada¢ wptyw wiasciwosci optycznych
nanostruktur, wykorzystano nanoczastki o pretopodobnej geometrii (AuNRs). Drugim waznym
komponentem zaproponowanych materialdw hybrydowych jest celuloza w formie
nanowtokien (CNFs). Wobec bogatej chemii powierzchni, nanowtdkna celulozowe
umozliwiajg efektywna immobilizacje AuNRs oraz stabilizacje ich wlasciwosci optycznych.

Pierwsza sekcja rozprawy (Introduction) sktada si¢ z dwoch rozdziatow. Rozdziat nr 1
prezentuje motywacje, jaka lezy u podstaw podjgcia sie tego projektu badawczego oraz cztery
kryteria dla przygotowywanych materiatow hybrydowych. Ponadto, zaprezentowano cele
pracy 1 hipotezy badawcze. Rozdzial nr 2 stanowi przeglad wiedzy literaturowej w czterech
kluczowych obszarach, mianowicie nanoczgstek plazmonicznych (ich wtasciwosci 1 syntezy),
efektow wynikajacych z wlasciwosci plazmonicznych jako istotnych narzedzi katalitycznych
(omowiono zjawiska takie jak lokalne wzmocnienie pola elektrycznego, generacja
wysokoenergetycznych nos$nikow tadunku oraz efekt termoplazmoniczny), celulozy jako
komponentu materiatow zaawansowanych (specjalny nacisk polozono na kompozyty
nanocelulozy z nanoczastkami plazmonicznymi oraz barwnikami organicznymi), a takze
materialdow hybrydowych bazujacych na pochodnych azobenzenu (Azo) oraz nanoczastkach
zlota.

Druga sekcja rozprawy (Results, discussion, and methodology) sktada si¢ z czterech
rozdzialow, ktore przedstawiajg wyniki eksperymentalne oraz ich dyskusje.

W rozdziale nr 3 przedstawiono ustalony w toku badan protokdt przygotowania materiatu
AuNRs-CNFs. Immobilizacja nanostruktur na nanowtdknach celulozowych zapewnia duza
stabilno§¢ wlasciwosci plazmonicznych nanokrysztaltdow w warunkach intensywnego
naswietlania, podwyzszonych temperaturach, a takze w szerokim zakresie pH. Rozdziat ten
przedstawia rowniez wykorzystanie zaproponowanej formulacji jako fotokatalizatora
1 wprowadza koncepcyjnie nowy proces fotochemiczny wspomagany plazmonem, mianowicie
jednoczesng dehydrogenacje mréwczanu sodu oraz regeneracje czasteczek kofaktora
w obecnosci plazmonicznego materialu hybrydowego i w czasie naswietlania $§wiattem
widzialnym.

Rozdzial nr 4 odnosi si¢ do obecnych wyzwan w obszarze hybrydowych uktadow
plazmoniczno-fotochromowych poprzez przedstawienie ogdlnego protokotu przygotowania

7



Gold Nanoparticles as Components of Advanced Hybrid Materials Employing Light to Control the Course of Chemical Processes

wielofunkcyjnego, rozdyspergowanego w wodzie, stabilizowanego na celulozie hybrydowego
materialu plazmoniczno-fotochromowego. Ponadto, w tym rozdziale badane sa wzajemne
interakcje migdzy CNFs a AuNRs oraz CNFs a wybrang pochodng fotochromowg Azo.
Zaproponowana formulacja umozliwia efektywny transfer Azo do wody, pomimo iz zwigzek
nie jest rozpuszczalny w tym rozpuszczalniku. Ponadto, zbadana zostala wyjatkowa stabilno$¢
AuNRs-CNFs w etanolu, a porownawcza analiza widm IR potwierdzila istotng role¢ CTAB,
znajdujacego si¢ na powierzchni AuNRs, w zapewnieniu integralnos$ci strukturalnej materiatu.
Co wazne, oba komponenty funkcjonalne zachowuja swoje wlasciwosci, w tym wilasciwosci
optyczne. Wyniki zaprezentowane w tym rozdziale stanowig istotny wktad w obszar hybryd
Azo-AuNPs, ze wzgledu na inkorporacj¢ duzych, anizotropowych nanostruktur, ktore
umozliwiajg korzystna separacj¢ spektralng obu komponentow.
Rozdzial 5 skupia si¢ na zbadaniu wptywu AuNRs na proces izomeryzacji komponentu
fotochromowego w hybrydowej formulacji Azo-AuNRs-CNFs. Obecno$¢ AuNRs zapewnia
katalityczne wzmocnienie zarowno fotoindukowanej jak i termicznej izomeryzacji Azo. Na
podstawie zaobserwowanych spojnych i1 odwracalnych zmian w pozycji pasma 1-LSPR
nanoczastek (ok. 2-4 nm) jako mechanizm wzmocnienia katalitycznego zaproponowano
transfer elektronu. Wyniki uzyskane dla probek zawierajacych AuNRs o réznych rozmiarach
wskazuja, ze efekt katalityczny nanoczastek wzrasta wraz z malejacym parametrem ksztattu
AuNRs. Jednakze postulowany wptyw rozmiaru jest najprawdopodobniej splotem wigcej niz
jednego parametru opisujacego sktad probki. Ponadto, rozdziat prezentuje kompletny zestaw
parametréw termodynamicznych opisujacych izomeryzacje termiczng Azo w materiatach
hybrydowych. Dla wszystkich probek zawierajacych Au, relaksacje termiczne w ciemnosci
charakteryzuja si¢ energiami aktywacji nizszymi o 20 kJ/mol w pordéwnaniu z probka
hybrydowa, ktora nie zawiera Au.
Rozdziat 6 przedstawia wspomagang plazmonem izomeryzacj¢ Z-E fotochromu w dwoch
formach, jako swobodnych czasteczek Azo w roztworze oraz jako sktadnika formulacji
hybrydowej. Pod wptywem naswietlania §wiattem czerwonym i podczerwonym (650-1100 nm)
fotochrom wykazuje dramatyczny wzrost szybkos$ci reakcji izomeryzacji w obecnosci AuNRs.
Dzieki wykladniczej zaleznoSci migdzy statymi szybko$ci izomeryzacji Z-E w materiatach
hybrydowych a intensywnos$cig naswietlania, zaproponowano dominujacy wpltyw efektu
termoplazmonicznego. Zaobserwowane zmiany kinetyki Azo mozna wykorzysta¢ do
oszacowania zakresu tego efektu, dzigki czemu uzyskano warto$¢ 21°C. Wobec tego niniejsza
rozprawa wprowadza koncepcje zastosowania fotochromow typu azobenzenu jako
czasteczkowych termometrow. Rozdziat 6 proponuje réwniez szczegolny rodzaj eksperymentu,
w ktorym materiat hybrydowy Azo-AuNRs-CNFs jest poddawany naprzemiennym warunkom
ciemnym 1 naswietlaniu. W analizie wynikéw wykorzystano nowe, z chemicznego punktu
widzenia, narze¢dzia statystyczne. Modelowanie statystyczne w oparciu o autoregresyjny
zintegrowany model $redniej ruchomej (Autoregressive Integrated Moving Average)
umozliwilo wnioskowanie na temat statystycznej istotno$ci zaobserwowanych zmian kinetyki
izomeryzacji Azo w obecnosci AuNRs. Zaprezentowana zostala wigc mozliwos¢
niebezposredniej, przelaczalnej (on-off) fotokontroli procesu izomeryzacji Z-E Azo.
Modelowanie statystyczne umozliwilo réwniez sformulowanie ostatecznych wnioskéw
o dominujgcym wplywie efektu termoplazmonicznego wywolywanego w czasie na§wietlania.
Trzecia sekcja rozprawy (Summary) sktada si¢ z trzech czesci. Rozdziat 7 przedstawia
ogolne wnioski badan i podsumowuje ich kluczowe aspekty i1 odkrycia. Ponadto, dla kazdego
rozdzialu eksperymentalnego, zarysowane zostaly rowniez dalsze kierunki badawcze. Druga
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cze$¢ przedstawia aktywno$¢ 1 osiggniecia naukowe autorki, natomiast bibliografia stanowi
trzecig, ostatnig czesc¢ tej sekcji.

Podsumowujac, niniejsza rozprawa dostarcza istotnego wgladu w przygotowanie
1 dziatlanie materiatéw hybrydowych, plazmonicznych i plazmoniczno-fotochromowych,
bazujacych na nanowtdknach celulozowych. Nanoprety ztota zawarte w przedstawionych
uktadach zapewniajg kontrole nad przebiegiem proceséw chemicznych dzigki indukowanym
swiatlem efektom plazmonicznym. Niniejsza rozprawa jest na granicy nauk chemicznych oraz
inzynierii materialowej 1 wnosi swoj wktad w obie te dyscypliny.
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Chapter 1. Motivation and Objectives

European Commission considers Research and Innovation policy as "an engine of the
green and digital transitions on the continent".! Within this policy, the Industrial Research and
Innovation area, with its six Key Enabling Technologies (KETs), has a special priority
supported by Horizon Europe.? One of the KETs, particularly important for this dissertation, is
the field of advanced materials. European Commission defines advanced materials as
"engineered materials with innovative properties and functionalities'"” and lists as key examples
materials containing, e.g. metallic nanoparticles, nanocrystals, and thermochromic components.
The policy also emphasizes the importance of nanomaterials in micro- and nanoelectronics and
photonics.

On 27 February 2024, the European Union adopted a series of actions to maintain Europe's
leadership in advanced materials, emphasizing this research field's crucial role for Europe's
society, environment, and economy.3 The Advanced Materials 2030 Initiative (AMI2030)
further lists essential aspects, such as a rapid need for increasingly complex materials (Main
Challenge 1), utilization of reusable components that may circulate in the economy (part of
AMI2030 Principles), discovery, design, and development of frontier materials, including
customized materials and materials with novel functionalities (first segment of the Circular

Value Chain and one of the named Cross-Cutting Needs).*

Scientific research on advanced materials is required for the overall development of
humankind. Depending on the intended application, research might be even considered to be
urging, such as for health-related issues and development of new theranostic platforms.’
However, design and investigation of advanced materials are also justifiable from the point of
fundamental science. New material designs and new compositions sometimes enable
exploration of previously unattainable experimental scenarios and phenomena.® Thus, the
overall understanding of the world is broadened and new things become possible by harnessing
new phenomena. Moreover, since work of scientists very often relies on their creativity, simple
curiosity also constitutes a very important motivation. Many scientific discoveries started with
the question What if...? One can also ask: what if we mix component A and component B to
obtain material C?

These aspects were, to some extent, motivation for undertaking the research project summarized
in this thesis, entitled Gold Nanoparticles as Components of Advanced Hybrid Materials
Employing Light to Control the Course of Chemical Processes. Gold nanoparticles (AuNPs)
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constituted a central component of the designed and investigated materials due to their several
advantages, such as chemical stability, tunability of optical properties, and abundance of
synthesis protocols resulting in various morphologies of the structures. These characteristics
predestine AuNPs as components of advanced materials, especially the stimuli-responsive
functional structures.” Stimuli-responsiveness is a crucial property of natural systems and
constitutes the basis for their autonomous, intelligent, and adaptive behaviour. Mimicking these
characteristics in synthetic materials became an important objective in the fields of chemical
sciences and materials engineering.®

Out of all possible chemical and physical stimuli, light is certainly one of the best to control the
behaviour of materials and the course of chemical processes. Light is ultrafast, fully tunable,
and can trigger phenomena with high spatio-temporal resolution. Since plasmonic
nanostructures provide both catalytical surfaces and strong interactions with light, they became
crucial for the design of materials translating light-matter coupling to the control of chemical
reactions.” This is why an important part of the research presented within this dissertation is
dedicated to stabilization of optical properties of AuNPs (Chapter 3), design and preparation of
multifunctional light-responsive materials (Chapter 4), investigation and description of their
properties and behaviour (Chapter 5), and harnessing the light-induced (mostly plasmon-

related) phenomena to gain control over chosen chemical processes (Chapters 3 and 6).

The whole research project relied on a framework built upon a set of four rational criteria

defined specifically within this dissertation for the designed advanced materials in question.

(1) Advanced materials consist of functional components, meaning components with
unique physical or chemical properties. Scientific novelty of constituents is not required,
however, novel materials should combine or utilize well-known components in new
systems and scenarios.

(2) Properties of advanced materials should be designed for specific applications and
should also be stable over time and under various conditions.

(3) The rapid need for advanced materials in different industrial sectors requires facile
design adaptation from the research laboratory to the production stage. Hence, ease of
preparation and processing are realistic requirements. Tailor-made materials that can
be obtained in one specific laboratory are of no particular benefit to society. Procedures
and protocols need to be easily reproducible and reliable.

(4) Advanced materials should exhibit multifunctionality, namely more than one specific
feature, stemming from the presence of the advanced units within the composition. This

requires a rationally increasing level of materials' complexity.
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To meet requirement (1) in all crucial experiments described within the dissertation gold
nanorods (AulNRs) were used as recognized advanced and functional components. Most of the
applications utilize the optical properties of AuNRs, as they can be precisely designed at the
synthesis stage, which is in agreement with aspect (2). The optical responsiveness of AuNRs
was the underlying reason for selecting light-controlled processes for the materials'
functionality validation. In order to ensure the stability of plasmonic properties upon irradiation,
cellulose nanofibres (CNFs) were proposed as an immobilization matrix. Cellulose is a material
of natural origin, abundantly available, and biodegradable. CNFs increased material
processability (3) and enabled the introduction of multifunctionality postulated in requirement
(4). Namely, due to the functional CNFs scaffold available for impregnation with dye
molecules, a novel hybrid formulation was designed containing AuNRs and azobenzene-type
photochromic components (Azo). Azobenzenes are well-known and robust photochromes that
have already been used to prepare plasmonic-photochromic hybrids.” Hence, there is a broad

scope of advanced systems that can be used as a reference for the proposed formulation.

The suggested requirements for the advanced materials presented within this

dissertation are verified by stating proper research objectives and hypotheses.

Objective 1: To stabilize optical properties of AuNRs for applications in processes or
phenomena requiring intense illumination, high temperatures, or wide pH range (Chapter 3).
Hypothesis 1: Cellulose may serve as an inert scaffold for AuNRs and does not alter
the optical properties of nanocrystals.
Hypothesis 2: Cellulose-stabilized AuNRs can serve as a reusable catalyst for model

photocatalytic reactions.

Objective 2: To prepare multifunctional, hybrid plasmonic-photochromic material based on
cellulose-stabilized AuNRs and model azobenzene-type photochrome and, simultaneously, to
address current challenges in the field of plasmonic-photochromic hybrids, such as structures'
water-functionality, use of non-thiolated Azo ligands, preparation of hybrids operating without
aggregation (Chapter 4).

Hypothesis 3: Cellulose can serve as a scaffold for AuNRs and a photochromic dye of

choice.

Hypothesis 4: Both functional components (AuNPs and Azo) preserve the entirety of

their optical properties and functionality.
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Objective 3: To investigate the mutual interactions of plasmonic and photochromic
components and the kinetics of azobenzene photoswitching in the dark and upon UV-Vis
irradiation in the presence of AuNRs (Chapter 5).
Hypothesis 5: AuNRs catalyse Azo photoswitching via the electron transfer
mechanism, both in the dark and under illumination.

Hypothesis 6: The catalytic effect of AuNRs is size-dependent.

Objective 4: To investigate the possibility of plasmon-assisted Azo isomerization and reaction
control via plasmon-related effects (Chapter 6).
Hypothesis 7: Kinetics of the Azo isomerization can be controlled via red-NIR
irradiation (at wavelengths not absorbed by a photochrome) due to the thermoplasmonic

effect of AuNRs.

Hypotheses 1, 3, and 4 concern materials science-related part of the project and correlate to
tackling specific material challenges. Hypotheses 2, 5, 6, and 7 link to the topics of catalysis
and reaction mechanisms by concerning light control of the chemical reactions. Framework of

the project, representing relationships between all of the aspects, is presented in the Scheme 1.

Requirement 1 Requirement 2 Requirement 3 Requirement 4

Advanced Stable and Ease of
precisely designed preparation Multifunctionality

components , ,
properties and processing

= S

[ Introduction of

AuNRs as central

Cellulose as ,
Azo photochromic
component

a robust scaffold
component

\ )

L ) Y
|
Objective 1 Objective 2 Objective 3 Objective4

Stabilization of AUNRS Novel p|a§monic—l Invest|g§t|on oflAzo— Plaslmon—aslsistled
photochromic material AUNPs interactions Azo isomerization
Hypothegs 1 HypothesHS 3 Hypothest 5 Hypothesis 7
Hypothesis 2 Hypothesis 4 Hypothesis 6

Scheme 1. Schematic representation of the project’s framework.
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Chapter 2. General Literature Review

This chapter constitutes a review of general literature knowledge regarding four chosen
aspects at the intersection of chemical sciences and materials engineering. The following topics,

central for the dissertation, are discussed:

e Plasmonic nanoparticles — properties and synthesis — their basic properties in the
context of nanoplasmonics (mainly the optical properties) and most crucial aspects of
their chemical synthesis (focus on the gold nanorods as a chosen geometry of
nanostructures central for the dissertation);

¢ Plasmon-related effects as important catalytic tools — this section discusses
important catalytic tools derived from plasmonic properties of nanoparticles that can be
employed in chemical sciences, namely local field enhancement, hot (highly energetic)
charge carriers, and thermoplasmonic effect;

e Cellulose as a component of advanced materials — here, the properties of cellulose
and its advanced applications in materials engineering are presented, including different
types of cellulose nanomaterials and its composites, especially cellulose-AuNPs and
cellulose-dyes;

e Plasmonic-photochromic hybrids — this subsection presents hybrid materials and
nanostructures obtained via coupling of azobenzene derivatives and gold nanoparticles
(special emphasis is put on the most popular designs, novel types of hybrid materials,

and current challenges in the field).

Each section constitutes an important starting point for the results and discussions presented
within the dissertation. To provide more clarity to the reader, specific aspects presented in this
chapter are also followed-up and broadened at the beginning of each experimental chapter. This

assures a more detailed look into the topics crucial for the dissertation.

2.1. Plasmonic nanoparticles — properties and synthesis

Nanotechnology is a field of science concerning design, preparation, investigation, and
application of structures, materials, and systems with nanometer (10 m) dimensions and/or

10—

operating at a nanometer scale.!®'> Material is classified as a nanomaterial if any of its external

dimensions is in the 1-100 nm range or if its internal (inner or surface) structure is in the
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nanoscale.'?

Hence, nanomaterials can be classified either as individual nanoobjects
(e.g. nanoparticles) or as nanostructured materials (e.g. nanoporous systems). Nanomaterials
may appear naturally in the environment,'>!* for example in a form of minerals (e.g. fibrous
clay minerals, such as sepioliteslS), as nanostructured surfaces of plants (e.g. lotus'®), or as
products of microbial activity (e.g. bacterial cellulose!”). They have also been generated by
various anthropogenic activities, both intentionally and accidentally.!>'* People have been
using nanomaterials unknowingly for millennia, like in case of ancient Egypt hair dyes'® or
stained glass windows (Figure 1).!° Nowadays, nanomaterials are used in a conscious way in

2022

various advanced applications, such as medical treatments and aerospace technologies® or

as components of sensors*, quantum computers>, and solar cells.?®

Figure 1. a) Picture of sepiolite, a natural mineral. Reprinted from *'. b) Scanning Electron
Microscope image of the lotus leaf surface. Reprinted from '°. ¢) Comparison of the medieval
red flashed (top) and 19" century red coated (bottom) glass pieces from the Amiens Cathedral

and Sévres National Factory in France, respectively. Reprinted from *°.

Plasmonic nanoparticles are a type of inorganic nanoobjects, belonging to the class of
one-dimensional (1D) nanomaterials. They are made of metals which contain free conduction
band electrons such as, e.g. Au, Ag, or Cu. Properties of plasmonic nanoparticles are strongly
dependent on their geometry and size. Since the very first systematic study on the preparation
and properties of colloidal gold published by Michael Faraday in 1857,%® plasmonic
nanoparticles have gained a great scientific attention. As of May 2024, there are about 38 500
scientific publications registered in the Web of Science Core Collection database (searched
by publication date: 1900-2024) that contain at least one of the following key words (searched
by topic): plasmonic nanoparticles, localized surface plasmon resonance, LSPR,
or nanoplasmonics. If the search is broadened with two additional keywords, referring to
presumably the most popular representatives of the plasmonic nanoparticles, namely gold
nanoparticles or gold nanostructures, the number of records rises to more than 180 000

(Figure 2).
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Figure 2. Number of publications per year registered in the Web of Science Core Collection
database (www.webofscience.com) containing at least one of the following key words (searched
by topic): plasmonic nanoparticles, localized surface plasmon resonance, LSPR,

nanoplasmonics, gold nanoparticles, or gold nanostructures. Plot was based on the data

acquired in May 2024.

Starting from the 1990s interest in the topic of plasmonic nanoparticles has been significantly
growing, reaching almost 13 500 scientific publications solely in 2019. Saturation in the number
of publications per year can be observed for years 2020-2022, most probably due to the
slowdown of scientific research during the pandemic of SARS-CoV-2. 2024 and the following
few years will show whether the scientific interest in plasmonic nanoparticles will further grow
or rather stagnate. Over the years, both synthesis and properties of plasmonic nanostructures
were investigated and characterized in-depth. Therefore, nowadays, the focus of the scientific
community is shifted more towards advanced applications of these nanostructures and systems

utilizing them,?*=!

which may result in a fewer number of publications. Spotlight might have
also shifted towards other topics due to the new types of nanostructures and nanomaterials that
emerged in recent years. Nevertheless, research related to plasmonic nanoparticles remains

highly relevant and important.3*-°

The following subsections of this chapter describe properties (mainly optical) of
plasmonic nanoparticles and most popular approaches to their synthesis. For the sake of clarity
and to assure it corresponds well with the topic of dissertation, most of the information or
examples concern gold nanoparticles, with particular emphasis on gold nanorods, since these
nanostructures constitute the central geometry utilized during the experimental part of the PhD

project.
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2.1.1. Properties of plasmonic nanoparticles

The sole definition of nanotechnology’’ indicates the fact that certain properties and/or
phenomena can be manifested only at a specific size scale, namely at the nanoscale. Properties
of nanomaterials are — in some cases — even drastically different from bulk materials of the
same composition. For instance, macroscopic, bulk Au is golden yellow in colour due to the
pronounced relativistic effect (Figure 3a). Meanwhile, the most recognizable colour of the
nanostructured gold is red (for gold nanospheres — AuNSs), which is a direct result of light-Au
interactions unique to the nanoscale (vide infra).

At the nanoscale, the surface of nanomaterial or nanostructure becomes highly relevant.?®
Higher reactivity and different chemistry of the surface atoms is a direct result of their different

steric environment in comparison to bulk (or inner) atoms. This impacts, e.g. lattice

39,40 41,42

parameters™ " or melting points®""< of nanoparticles. For instance, for 2.59 nm Au nanoclusters
surface atoms constitute about 50% of the total number of atoms in the cluster,*> Au-Au bond
length drops to about 0.283 nm* (from 0.288 nm for bulk gold), and the melting temperature

decreases to about 775-800 K* (comparing to 1337 K for bulk gold; Figure 3b).

b) T(*K)
a) 1300,
1000,
500,
300 ! 1 1 L —
[ 50 100 150 200 plal

Figure 3. Illustrative depiction of size effect for plasmonic nanoparticles and differences
between nano and bulk Au. a) Physical appearance of water dispersions of AuNSs
(diameters: left — 20 nm, middle — above 100 nm) differs from bulk Au (right).
Reprinted from *°. b) Melting point of Au nanostructures (Y axis [K]) as a function of their size

(X axis [A]). Reprinted from *.

In addition to this, nanomaterials exhibit also a size effect,*’

which means that their properties
are size-dependent within the considered size scale (nanoscale). For different classes of
nanostructures different size effects are manifested. For instance, semiconductor nanoparticles,
also commonly known as quantum dots,*® exhibit size-dependent fluorescence.** Silica
nanostructures of different sizes aggregate at different pH.>! And the ability of nanostructures

build of ferro- and ferrimagnetic materials, including Co, Fe, and Ni*? to heat up the local
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environment upon exposure to the alternating magnetic field also changes with size.”
Moreover, the nanoscale gives rise to the unique features of nanoobjects. For plasmonic
nanostructures such unique and most important characteristics are their optical properties and
the resulting phenomena, such as heat generation, local field enhancement, and generation of

highly energetic (hot) charge carriers (which will be discussed in section 2.2. of this chapter).

The most characteristic feature of plasmonic materials (and hence also their name),
stems from the interactions of free metal electrons with the incident electromagnetic waves at
the metal-dielectric interface. Electromagnetic excitations that mediate these interactions are
called surface plasmons and are collective and coherent oscillations of free conduction band
electrons (electron cloud, not bound to any atom) of the metal, in response to the oscillating
electric field of the incident wave. Localized surface plasmons are defined for materials and
structures smaller than the wavelength of the incident irradiation and under this condition the
entirety of an electron cloud oscillates with respect to the positive-ion background (Figure 4).
Under the quasi-static regime, when uniform oscillation in phase of all charges in the
nanostructure along with the inner electric field is assumed, the oscillations are described by

unique resonant frequency:

e?

Equation 1. W;spr = m ’
e S

where e is electron charge, m, is mass of an electron, &, is vacuum permittivity, and 75 is the
Wigner-Seitz radius, defined as radius of a sphere whose volume is equal to the volume per

conduction electron in the bulk.”*

electricfield

metal sphere

o—&

=4

electron cloud

Figure 4. Localized Surface Plasmon — schematic depiction of the collective and coherent
oscillation of the electron cloud of metallic nanoparticle upon interaction with the incident

electromagnetic wave.

Optical properties are typically described in relation to the intensity loss (extinction) of the

incident light beam as a result of light absorption and scattering. Hence, optical properties of
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the colloidal dispersion of small plasmonic nanoparticles are described using extinction cross

section g,,;. For spherical nanostructures with radius R, g, can be predicted using Mie

theory>*33:

24m2R3e] £5(w)
A (e1(w)+2&) %+, (w)?

9

Equation 2. 0., =

where &, is a dielectric constant of the surrounding medium and &(w) is a complex
frequency-dependent dielectric constant of the nanostructure, &(w) = & (w) + iy (w) .
The real part €;(w) describes strength of material polarization and the imaginary part €, (w)
represents LSPR damping due to the losses caused by e.g. electron-phonon collisions. For
spherical nanostructures with relatively small diameter 2R << A (4 — wavelength of the incident
light, 2R up to 30-40 nm), absorption is the dominant effect.’®’

The optical properties of plasmonic nanostructures are, however, shape dependent and the

extinction cross-section for the elongated plasmonic nanostructures, such as AuNRs, were

derived by Gans®:

8m2R3e>/? (1/P})ez(w)
Equation 3. 0y = — ) L2

b

2
(el(w) +T,fsm> +&2(w)?

where P; stands for the depolarization factors (j = a,b,c) for nanorod axes (a — length,

b, c — width, a > b = c). Depolarization factors can be described as follows:

1-r2[1 1
Equation4. P, = rzr [; In (i) — 1] and

1-r

1-Pg

Equation5. P, =P, =

r is reffered to as ellipticity of the rod and is related to the aspect ratio (AR = S) of the

nanostructure:

Equation6. r =./1— (b/a)?

Spectra of the AuNRs are hence, characterized by two bands, called transverse Localized
Surface Plasmon Resonance (t-LSPR) and longitudinal LSPR (I-LSPR). t-LSPR is caused by
the oscillation of free electrons perpendicular to the main axis, while I-LSPR originates from
oscillations parallel to the main axis. Hence, 1-LSPR is red-shifted with respect to t-LSPR and
the spectral separation is affected by the AR of the nanostructure (the red-shift increases with
the increasing AR; Figure 5). Moreover, according to the equations presented above, optical

properties of nanostructures are also dependent on the dielectric properties of the surrounding
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medium, meaning solvent or even shell layer.’” For noble metal nanoparticles LSPR bands
typically appear in the UV-Vis and Near Infrared (NIR) range. The LSPR for AuNSs usually
appears around 520 nm and can be hardly shifted above 600 nm by increasing size of the
nanostructure. Structures with different AR,° additional dielectric coalting,60 or dimer

structures®! exhibit significantly different resonances.
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Figure 5. Differences in optical properties of plasmonic Au nanoparticles stemming from their

shape (AuNSs vs. AuNRs) and size — own results.

Huge popularity of gold nanostructures among other plasmonic nanoparticles is
undeniable and originates from few important properties of gold, such as low cytotoxicity®? and
chemical inertia, which also leads to the good agreement between optical simulations and
experimental results. Moreover, the possibility of shifting AuNPs LSPR to the NIR spectral
range (and hence also towards therapeutic optical window®) and easy molecular
functionalization through gold-sulphur covalent bond, make AuNPs especially appealing for

various fields.
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2.1.2. Synthesis of gold nanorods

Typically nanostructures are prepared according to one of two approaches: top-down or
bottom-up.** Top-down approach, such as milling or lithography, concerns breaking down
macroscopic, bulk materials into smaller pieces. The bottom-up methods enable assembly of
nanostructures from smaller building blocks (e.g. atom by atom), which usually provides better
control over the morphology and size of the resulting nanomaterials. In case of plasmonic
nanoparticles, the most popular synthetic approach is bottom-up assembly based on wet
chemical synthesis, which can be performed according to two main mechanisms.%> The first
one, called nucleation and growth, relies on the fast reduction of metal ions by a strong reducing
agent and subsequent overgrowth of the nanostructure around such nucleation centre
(Figure 6). Monodisperse nanoparticles are obtained by increasing the nucleation rate through
the increase of the metal precursor’s concentration. This method, however, produces only
1sotropic AuNPs. The second mechanism, the so-called seeded-growth method, requires
formation of small nanostructures — seeds. The following autocatalytic reduction of metal ions
takes place on the surface of seeds, leading to the formation of the final nanostructures
(Figure 6). Their size is directly related to the number of seeds and amount of metal precursor
in the growth solution. One of the most popular AuNPs synthesis protocols was published in
1951 by Turkevich et al.®® This method enables preparation of 13 nm spherical nanostructures
by using sodium citrate as both mild reducing agent and surface stabilizer. Over the years the
original procedure evolved, including protocols proposed by Frens®’ and Bastus.® By extending
the number of steps, regulating synthesis parameters such as temperature, and performing

overgrowth of initial AuNSs, bigger spherical nanoparticles can be obtained.

a) b)

m eta| reducing metal reducing
agent agent B
precursor T> “ precursor T> b
e.g. [AuCl,]~ e.g. [AuCl]- 4 %

Figure 6. Schematic depiction of two mechanisms of AuNPs synthesis: a) nucleation and

growth and b) seeded-growth approach. Inspired by %.

Spherical nanostructures can be used to synthesise anisotropic shapes, such as nanorods.
And although there are wet chemistry techniques such as template®® and electrochemical’®
methods that might be applied, seeded-growth approach remains the most popular and reliable.
The most important reason for that is the extensive research attention the method received over
the years.”'”? Plenty of scientific effort has been put to increase synthesis yields and
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monodispersity of the structures, to optimize synthesis conditions or to gain control over the
synthesis steps and understand their mechanistic aspects. Seeded-growth technique is very
versatile — even faint changes to the synthesis protocol (conditions, additives, ratio between
reagents) lead to a vast variety of anisotropic shapes that can be obtained. However, in order
for anisotropic nanoparticles to be formed out of the isotropic seeds, a symmetry-breaking event
must first take place. Various mechanisms have been proposed,’ including surfactant template
effects,’ selective inhibition of the growth process of certain crystallographic facets,”> or LSPR
excitation effects.”” The most favoured mechanism, especially in the field of materials science,
is the crystallographic one, mostly due to the strong affinity of certain additives towards the
adsorption on the metallic surface of nanoparticles.”

AuNRs are most commonly obtained as one of two types, namely five-fold twinned pentagonal
(elongated in the <110> direction) or single crystal octagonal (elongated in the <001>
direction). Formation of the specific product is dictated by the composition of the growth
solution (Figure 7). Pentatwinned AuNRs are obtained upon overgrowth of citrate-stabilized
seeds in the growth solution that does not contain Ag*.”® Their first synthesis yielded only 4%
of rod-like nanostructures,”’ however after careful optimization (mostly of pH and surfactant
and reducing agent concentrations) the yield was substantially increased. Pentatwinned
nanorods exhibit not only different geometry, but also larger dimensions and higher ARs

compared to single crystal AuNRs.

AuNRs growth solution structure size yield

Contains Ag*? NO

pentatwinned addition: AR: 6-20 | <30%
citrate-capped

seeds .
cross-section

Contains Ag*? YES

single crystal addition: AR:1.5-5| ~90%
CTAB-capped

seeds cross-section

Figure 7. Differences between pentatwinned (top) and single crystal (bottom) AuNRs.

Since all of the AuNRs used for the research part of this dissertation were prepared
based on the protocols of single crystal AuNRs synthesis, the following part of the introduction
is devoted to this specific synthetic approach. Both theoretical and practical aspects are

included, since both are crucial for the understanding of the topic.
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Single crystal AuNRs are typically synthesised according to one of two protocols, by

17 or Nikoobakht et al. 7 Both protocols rely on use of surfactant,

Jana et a
cetyltrimethylammonium bromide (CTAB) and silver nitrate as key reagents.*’In the first step
seeds (~2 nm) are obtained upon reduction with strong reducing agent, such as sodium
borohydride, NaBH4, which causes reduction of Au(Ill) to Au(0). Reducing agent needs to be
added quickly and under vigorous stirring in order to induce nucleation homogenously in the
whole solution volume. This produces highly monodisperse seeds. To assure that NaBH4 is not
decomposed before the start of the synthesis, the solution should be prepared using water that
has been cooled down in the ice bath beforehand. Moreover, to decrease the decomposition
rate, NaBH4 solution should be prepared directly before reagent addition. The resulting seed
solution is brownish in colour and does not exhibit any LSPR band. The as-obtained seeds
(which are single crystalline) are transferred to the growth solution where they are subjected to
the overgrowth process in the presence of silver ions, Ag*. Use of mild reducing agent (such as
hydroquinone, HQ or ascorbic acid, AA) in the overgrowth step helps to avoid creation of more

nucleation centres,’' 73

and hence, contributes to the increased monodispersity of AuNRs. Upon
addition of AA the reduction of Au(Ill) to Au(I) occurs, turning the growth solution colourless.
Upon addition of seeds, the comproportionation reaction starts and the reduction of Au(I) to
Au(0) occurs. Reaction conditions need to be adjusted to acidic pH, since the reduction potential
of AA is pH-dependent. This assures that the reduction of Au(I) occurs solely upon the addition
of seeds.

Seeds formation and overgrowth are performed in the presence of surfactant, CTAB. Role of
the surfactant is crucial, since at high concentrations micelles and bilayers of CTAB stabilize
nanoparticles in solution.®! However, the initial choice of CTAB for the synthesis of AuNRs is
an excellent example of a true scientific serendipity. First, CTAB was assumed to serve as
a soft template for AuNRs formation, since it creates cylindrical micelles in the presence of
Ag*.”3 Second assumption proposed preferential CTAB binding to the longitudinal facets of
AuNRs which directed the Au(III) reduction on the geometric tips of the nanorods.”® Currently,
scientific discussion points towards crucial role of CTAB as a supply of bromide ions, Br .
Nowadays, the role of the counterion seems to be significantly more important and complex
than the role of the organic tail, which will be also mentioned a little further in the context of
halides as possible synthesis additives. Nevertheless, the exact role of CTAB remains under
scientific debate. One of the hypotheses postulates formation of CTA*[AuBr4]” complexes,
which increases Au redox potential and enables control over the rate of the gold reduction. The

other theory proposes that Br~ supplied by CTAB forms insoluble AgBr in the presence of
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Ag* 32 It is presumed that salt blocks high surface energy facets of gold, thus preventing their
overgrowth.

Considerations dedicated to the role of CTAB inevitably lead to the question about the role of
silver ions, which are the second key component for the synthesis of single crystal AuNRs.
Exactly as it is for the surfactant, different roles of silver have been proposed over the years and
its true function is still under debate. The most popular hypotheses include: Ag* as a nanorods
capping agent in a form of specific complex, Ag[BrCTA]»;% induction of the soft template
effect by modifying CTAB micelle formation;’® underpotential deposition (UPD) of Ag(0)
atoms.®* Importantly, presence of Ag* seems to be influencing the selectivity of gold reduction
— in the presence of Ag* synthesis of pentatwinned AuNRs is hindered, while single crystal
AuNRs are elongating with the increasing silver concentration. Growth process of the latter is
relatively slow and needs several hours to be completed. In contrast to pentatwinned AuNRs,
for which steady redshift of I-LSPR and hence also constant increase of the AR can be observed,
single crystal AuNRs grow in two distinct stages. In the first stage the rapid redshift occurs,
thus indicating quick formation and elongation of the rod-like structures. Xia et al.®* identified
two key aspects of this symmetry-breaking event — transformation of isotropic seeds towards
anisotropic rods (under kinetic control) and stabilization of crystallographic facets (under
thermodynamic control). In the second stage a blueshift of the I-LSPR band can be observed,
which is mainly related either to the growth of nanostructures in the isotropic manner or to the

reshaping of the tips.

Although the composition of the growth solution in the seed-mediated synthesis of
AuNRs may be perceived as complicated, each reagent plays a specific and important role and
cannot be omitted. There are many comprehensive publications focused on unravelling the
interplay between synthesis parameters in order to better understand AuNRs formation
mechanism and possible optimization pathways.? One of the commonly used mechanistic
investigation techniques is introduction of additives. And so, the introduction of different
halides has been linked to the formation of specific shapes in otherwise the same experimental
conditions. DuChene et al.® proposed AuNRs’ growth from citrate-capped seeds in the facet-
selective manner based on the adsorption of different halides (Figure 8). By introducing
potassium iodide or replacing CTAB with CTAC (cetyltrimethylammonium chloride) it has
been found that another morphologies of AuNPs can be formed, such as nanoplates’? or
nanoprisms.’®*! This emphasises that the shape control is relying on use of appropriate halides
and ratio between them and Ag*.°? This is how it has been realized that the presence of Br~ is
crucial to the AuNRs formation. Pivotal role of bromide is emphasised from the very start of

the synthesis by Br interactions with HAuCly, tetrachloroauric acid, the most widely used
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source of Au(Ill). Au(IIl) forms square planar complexes and Br™ affinity to Au(IIl) is stronger
than the one of CI". Hence, the complexation of Au(Ill) with Br™ occurs in the presence of
CTAB. From the practical point of view it means that the experimenter needs to wait for the
formation of [AuBr4]” complex (which is manifested as a solution colour change from bright

yellow, to orange) before any other reagent is added.

.Nal':-‘

Figure 8. Shape of the nanoparticles can be drastically changed even upon minor changes in

the composition of the growth solution, such as introduction of trace amounts of iodide.

Reprinted from ®

Upon mechanistic investigations also other additives were used, including e.g. sodium oleate
or the salicylic acid. The first one led to the formation of binary surfactant mixture with CTAB
and, as a result, longer AuNRs were obtained.”® On the other hand, salicylic acid and its salts
were able to intercalate to the CTAB bilayer (via hydrophobic interactions) which led to better
product quality due to the better control over symmetry breaking event.®* Scarabelli et al.
undertook the synthesis in the presence of 5-bromosalicylic acid acting as both co-factor and
reducing agent (for Au(III) to Au(I) reduction).®® They observed that through this modification
the improved yield of Au reduction and better AR tuning can be achieved.

The more advanced mechanistic investigations focus on variation of experimental parameters
beyond synthesis reagents. Sanchez-Iglesias et al. have found that thermal treatment of Au
seeds may lead to seeds twinning and, as a result, to yield improvement.®” Authors have also
slightly modified seeds by addition of second metal — palladium — which allowed them for seed
localization in the final nanostructures (Figure 9). In case of AuNRs, seeds were mostly
localized off the centre of the rod-like geometry, leading to new questions regarding the

symmetry-breaking event.

27



Gold Nanoparticles as Components of Advanced Hybrid Materials Employing Light to Control the Course of Chemical Processes

80 °C 18 b)
a) Omin 10 90 E = 16 /l 90 min
3 6 14 4 [ | 60 min
{ o ) 30 min
f - 12 \ / 20 min
o 8 1.0 .'\\H// 10 min
— m 08 \ e O N
c) suoznm T80 °C, 90min '--eosi \
8 * & :o . ... _8 04
) R < 2] S
< P J“.o 00 +——+—1——1— =
Wn .-“t;{ DA e .'qﬂ‘ 400 500 600 700 800 900 1000

Wavelength (nm)

10£n 10 nm

Figure 9. Influencing the synthesis of AuNPs by thermal treatment of seeds (80°C). a) Visual
appearance and b) matching UV-Vis absorption spectra of the seed solutions after thermal
treatment for different times. ¢) TEM image of the seed batch treated for 90 min.
d) 3D visualisation of the individual gold nanorod and e) gold bipyramid with the Pd-coated
gold seed, deepening the understanding of the anisotropic growth mechanism. All panels

reprinted from 3" and rearranged for presentation.

Taking into account all possible modifications that can be introduced for a single process is
there still some room for a step further? Or maybe after so many years of scientific focus we
have utilized all possible tools? Certainly not, since, for instance, new technologies can be
harnessed to understand the synthesis of AuNRs better. Grzelczak et al. employed Bayesian

optimization, a black-box optimization protocol,”

and machine learning to unravel more
information on the AuNRs synthesis and find new connections between synthesis conditions.3®
Authors used Gryffin®® experimental planner, an especially effective tool for the synthesis of
AuNPs. Such methods showcase how the scientific toolbox available for researchers evolved
through time. Authors varied temperature and concentrations of Ag*, AA, HCI, and seed to find
which conditions produce AuNRs with similar optical properties (Figure 10). New synthesis
parameters have been identified, enabling almost 5 times faster synthesis. Also new synergy
between reagent and physical parameter, namely AA concentration and temperature was found.
It was revealed that these two parameters can balance respective undesirable influences, such

as shortening of AR at higher temperature and possible secondary nucleation occurring upon

AA addition.
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Figure 10. Comparison of the most popular protocol for the synthesis of AuNRs (El-Sayed’)
and the same synthetic protocol optimized by Bayesian optimization protocol. a) Parallel
coordinate graph comparing experimental conditions resulting in the AuNRs exhibiting the
same optical properties. b) Evolution of the AuNRs UV-Vis-NIR absorption spectra over time,
monitored during synthesis performed according to base (left) and optimized (right) protocol.
¢) Evolution of the Au(0) concentration (left) and I-LSPR position over time, showcasing that
optimized parameters lead to the faster formation of the desired product. Reprinted from *® and

relabelled.

Finally, some practical aspects of the AuNRs synthesis conclude this subchapter, for all
of the considerations presented above are verified in the real laboratory conditions. There are
several key aspects that need to be taken into account while adapting literature protocols or,
otherwise, the products will not exhibit desired characteristics. Such practical aspects are also
an important topic of literature reports. Here, only a chosen few, crucial for AuNRs and AuNPs

synthesis in general, are listed following work by Scarabelli and co-workers®:

(1) Water quality — to efficiently synthesise nanostructures Milli-Q grade water (meaning
deionized and filtered, however not distilled) is required. Since protocols rely on
specific pH conditions, pH of the water can be in some cases decisive. Moreover, water
is one of the main sources of impurities in the synthesis, and these can strongly influence
e.g. the AR of the AuNRs.

(2) Glassware — besides the good laboratory practice that requires use of clean glassware,
for the synthesis of AuNPs each glass piece must be also washed with aqua regia. This
step removes any metal residues, which is key if the equipment is repeatedly used for
the synthesis of Au nanostructures. Remaining metal residues may act as unintended
nucleation centres leading to not only the disruption of the synthesis, but in many cases,

total aggregation of metallic Au.
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(3) Supplier and purity of chemicals — sole example of CTAB may illustrate that
differences in the reagent purity (very often being a result of different reagent suppliers)
can drastically affect the morphology of nanostructures. Typically BioXtra quality
CTAB or CTAB for molecular biology are used, because they are specifically purified
to remove redundant halides, especially I". It has to be emphasised, that even iodide
content below 3.0 ppm may compromise the synthesis of AuNRs.

(4) Proper handling of stock solutions — some of the stock solutions for the synthesis may
be stored for months (e.g. CTAB), however some of them should be prepared freshly
for each synthesis, like solutions of Ag* and AA. HAuCls stock solution can be kept for
over a year if properly stored, meaning kept in the fridge and away from any light

source.

By applying these and other important rules and upon individual optimization of the
synthesis protocols (which very often requires multiple parameters to be varied, since
synthesis depends not on the singular reagent concentration, but ratios between chemicals®’)

desired results in terms of structural and also optical properties can be successfully obtained.
2.2. Plasmon-related effects as important catalytic tools

Chemical transformations triggered by light have been scientifically appealing for a very

long time. Photocatalysis finds its use e.g. in organic synthesis,”® hazardous waste

9 1

remediation,” or wastewater treatment.'® Alongside transition metal complexes,'’! metal
oxide semiconductors,'® and metal-free organic dyes'® serving as photocatalysts, plasmonic
nanoparticles'® are especially interesting candidates for many reasons. Firstly, their properties
are entirely tunable through the control over the size, shape, and composition. This enables
preparation of systems precisely designed for specific applications. Secondly, due to the
available surface-functionalization approaches, plasmonic nanoparticles can be immobilized on
different types of substrates and are very attractive as heterogeneous catalysts. Thirdly, the
recyclability of the nanostructures is usually higher than the recyclability of molecular catalysts.
Finally, their unique interactions with light upon irradiation at resonant frequency are the
foundation of chemically useful phenomena, such as local electromagnetic field enhancement,
generation of highly energetic (hot) charge carriers, or photothermal effect. Hence, strong
interactions between light and plasmonic nanoparticles enable very precise spatial control over
the triggered photocatalytic processes. Their resolution is even smaller than the wavelength of
the incident light, because plasmon effect confines light’s energy to a nanometer-scale area of
effect, which allows the photocatalysis to be performed under lower irradiation intensity. Of

course, there are some drawbacks of plasmonic nanostructures, such as not efficient catalytic
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use of the inner atoms or the hindering effect of the capping ligands. These, however, do not
surpass the undeniable advantages of plasmonic nanoparticles that manifest during

photocatalytic processes.

Since catalytic properties of plasmonic nanoparticles stem from the interactions between
nanostructures and light, it is essential to describe what phenomena follow the photoexcitation
of these nanostructures.

Absorption of a photon by a metallic nanoparticle can be enhanced by exciting LSPR
(Figure 11a). Typically, within the first 1-100 fs after excitation, surface plasmons dephasing
occurs and the highly energetic electron-hole pairs are produced via Landau damping and other
photon-electron interactions (Figure 11b).!% Excited electrons have energies in a range from
the Fermi level Ef up to Ef + hw, (where the frequency of the incident light is represented by
wy) and the energies of the holes range from Ef — hw, up to E f.l% Within this time, the excited
plasmon resonances are relaxed either radiatively (by re-emission of a photon, however with
low probability) or through non-radiative paths (via electron-electron interactions resulting in
the carrier multiplication). The following redistribution of the energy of the highly energetic
carriers ensues mostly through electron-electron scattering within a 100 fs—1 ps timeframe
(Figure 11¢).'%1%7 Subsequently, on a scale of 1-5 ps, transfer of the generated heat inside of
the nanostructure takes place by electron-phonon scattering, followed up by the phonon-phonon
and phonon-surrounding scattering (even up to 10 ns from the excitation, Figure 11d).'” All
of the abovementioned relaxation mechanisms overlap over time.!”® Timescales of these
processes depend on the external temperature, beam intensity, properties of the environment,

and particle size.!%>1%

a) b) c) d)

&

i \2 7
phenomenon: plasmon excitation Landau damping carrier relaxation thermal dissipation
timescale: Os 1-100fs 100fs—1 ps 100 ps—10ns

Figure 11. Relaxation processes occurring after a) photoexcitation of a single plasmonic
nanoparticle. b) Decay of the athermal distribution of highly energetic electron-hole pairs
through re-emission or carrier multiplication. ¢) Hot carriers energy redistribution via
electron-electron scattering. d) Heat transfer from a metallic nanoparticle to its surroundings.

Figure based on '%.
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These phenomena reflect in the spectral parameters of the LSPR, namely the bandwidth, which
is proportional to the total relaxation rate I'.!'° ' is proportional to both the non-radiative

electronic relaxation processes I, and the radiative decay rate I.!!!:
Equation7. I =T, + ?l, ,

where w? factor indicates that the influence of the radiative term decreases with the decreasing
SPR frequency. According to the classic electrodynamic theory, the I} term is related to the
emission of far-field radiation of the accelerating and decelerating charged particles.
The non-radiative term [}, is related to the dephasing mechanisms described above, namely:
electron-electron (e-e) scattering, electron-phonon (e-ph) scattering, electron-defects scattering
(e-d), and damping caused by surface effects (s), which can be expressed according to the

Matthiessen law!?’:

1 1 1 1
Equation 8. [}, = + + +—
nr te—e te—ph te—d ts

Therefore, dumping frequency increases for polycrystalline or defective nanostructures, and
hence, for such nanostructures, larger LSPR band is produced.!!?

Regarding radiative relaxation of plasmons, typical photoluminescence efficiency of plasmonic
nanostructures is below 10°-107,'!! however, it is still five or even seven orders of magnitude
higher than for the bulk Au.!?” The strongest contribution to the photoluminescence mechanism

is often attributed to the surface impurities.!'!?

In order to efficiently boost chemical reactions by means of plasmonic photocatalysis,

different aspects need to be taken into account, in particular!'*:

1) All factors influencing surface plasmons. Here, especially size, composition, and
morphology of the nanoparticles need to be considered, since these features control light
harvesting properties of the plasmonic system. Typically nanoparticles in a 10-180 nm
size range are used and the bigger nanostructures are applied in the scenarios where
enhancement of the electromagnetic field is required. Size of the nanostructure also
influences lifetime of the highly energetic carriers, as well as their production rates.'!>

2) All factors influencing the course of the chemical reactions in question. Here,
surface activity should be scrutinized, including use of reaction mediators. First type of
mediator, such as small size platinum nanostructures that can be attached to bigger Au
or Ag nanostructures, assures catalytically active sites. Second type, such as
semiconductor, mediates charge transfer and compensates for short lifetimes of highly

energetic charge carriers. Moreover, adsorption of the reactant, formation of the
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intermediate, and desorption of the product should also be considered, however these
are usually more complex to analyse.

3) All factors related to the coupling between adsorbed molecules (reactants or
mediators) and surface plasmons. Here, surface and interface play the most important
role. Especially for the charge transfer process the nature of the contact at the
heterojunction is significant. For metal-semiconductor contacts there are two type of
contacts: Ohmic and Schottky. Both can permit or filter specific charge transfers.
Moreover, in case of nanostructures synthesised in the presence of surfactants forming
the stabilizing layer on the surface of nanocrystals, hindering effect of the surfactant
layer may be observed. Especially for the reactions requiring short distance between

reactant and plasmonic nanostructure.

The following subsections focus on the catalytically useful plasmon-related phenomena,
namely: local field enhancement, hot charge carriers generation, and photothermal effect. For
each phenomenon a few exemplary photocatalytic processes are presented. The last subsection

emphasises the difference between intra- and interband transitions.
2.2.1. Local Electromagnetic Field Enhancement

At resonance, the collective oscillation of the conduction band electrons in the metallic
nanostructure causes near-field electromagnetic enhancement.!'! At resonance conditions, the
depolarization and polarization fields are in phase, hence, the amplitude of the electric field
increases in a close vicinity to the accumulating charges, namely at the surface of the
nanostructure. The enhancement can be observed at a distance of a few nanometers around the
nanoparticle. The local field enhancement factor (EF) can be expressed as:

Eloc(f)

Equation9. EF(7) = .
0

where 7 is the position vector of any point, Ej,. is local electric field, and E, is the incident
electric field.''®

Local field enhancement is limited to the so-called near-field zone and for an individual
nanosphere in the quasistatic regime local field is inversely proportional to the third power of
the distance from the surface of nanostructure, 3. If the localized surface plasmons in the Au
nanosphere are approximated to oscillating dipole (described by dipole moment p), the local

electric field can be described as:

- = SRR -5 1
Equation 10. E,,.(r) = E, + n@p)-p 1 ’

ATEgE, T3
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where 71 is the unit vector pointing to the direction of interest and normal to the surface of the
nanostructure. !¢

Excited nanoparticles are called “nanoantennae”, since they act as both light controllers
and guides. In case of single, isolated nanostructure, electromagnetic field can be enhanced by
three orders of magnitude in a 10-50 nm range around the surface (depending on the
morphology of nanostructure and type of the dielectric medium).!!” For nanostructures with
tips (such as nanorods) and edges (such as nanoplates), the local field enhancement is especially
pronounced.!!! These specific morphological features are called ‘hot spots’!!® (Figure 12) and

can be also observed between two nanostructures oriented close to each other.!"”
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Figure 12. Visualisation of the morphological hot spots. Normal-to-surface field maps (for the
LSPR peaks) calculated for different morphologies of nanostructures — a) nanospheres,
b) nanorods, and ¢) nanostars. d) Theoretical enhancement factors determined for the
morphologies presented in a-c. Results for nanostars include morphologies with the same core
size but different spike lengths. For nanorod the enhancement factor represented by the blue
dot refers to the parallel orientation of the rod with respect to the incident electric field vector.

Reprinted from '*°. Rearranged for presentation.

At the junction of two nearby nanostructures, the enhancement by a factor of even 10° can be
observed!!” (Figure 13). Concept of plasmon hybridization'?! (an analogy to the molecular
orbital hybridization) enables design of specific structures providing precise field enhancement

at exact nanoscale-located spots.

119 122,123

The phenomenon is particularly useful in sensing, *” plasmon enhanced fluorescence, near
field microscopy,'?* and has been a foundation of surface enhanced Raman spectroscopy'%’
(SERS). SERS is one of the crucial modern technologies and enables, e.g. single-molecule

detection.!?
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Polarized
Light

Figure 13. Visualisation of hot spots in the arrays (0.65 um) of gold nanotriangles with 25 nm
silica layer on top. a) Model and b) optical transmission image before addition of dye. ¢) Model
and d) optical transmission image after addition of dye (same area as panel b). Reprinted

from '*® and relabelled for clarity.

Photochemistry mediated by local field enhancement is correlated to the excitation of
the reacting molecules. To assure efficient resonant energy transfer the energy overlap between
the HOMO-LUMO gap of the molecule and the plasmonic field is required.'?” The enhanced

near-field enables''*:

1) increase of the light absorption due to the extended light pathway or/and increase in
the light intensity;
2) control over the reaction on the nanometer scale;

3) performing reactions under low-intensity illumination.

Local electromagnetic field enhancement has not been as central to the plasmon-mediated
catalysis as photothermal effect or employment of highly energetic charge -carriers.
Nevertheless, there are examples of its efficient catalytic use. For instance, Scaiano et al.
showed the cross-linking of trimethylolpropane triacrylate initiated by the enhancement of the
electromagnetic field in the vicinity of the AgNPs.!” Authors postulated amplified
photodegradation of the reaction initiator, 2,2'-azo-bis-isobutyronitrile, due to the catalytic
effect of Ag nanostructures, which was manifested by the formation of polymer shell
(6 nm thick) around the AgNPs. Another example is work of Cristopher et al., focused on the
use of heterometallic Ag@SiO2/Pt nanostructures in the photocatalytic CO oxidation.'* Size
of the nanocatalyst was determined to be crucial for the efficiency of the reaction. Too large Ag
cores were leading to substantial efficiency decrease due to light scattering beyond the
photocatalyst bed. Only for the appropriate size range of the plasmonic cores the field

enhancement at the Pt interface translated into efficient catalytic reaction. These results
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emphasize the importance of different aspects and their interplay that need to be considered

upon designing the plasmonic system for the photocatalytic purposes (Figure 14).
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Figure 14. Ag@SiO2/Pt heterostructures - investigation of the influence of different Ag
plasmonic core sizes. a) Monte Carlo simulation of the wavelength-dependent scattering on the
catalyst bed. b) FDTD simulations of x-y plane electromagnetic field distributions at the surface
of Pt component at 500 nm. ¢) Comparison of the fraction of the absorbed photons — red
crosses, relative field enhancements at the surface of a Pt component — blue dots, and measured
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photocatalytic rates (white light, 600 mW/cm?) — column bars. Reprinted from '* and

rearranged for presentation.

In another example, Cronin et al. presented that addition of Au nanostructures (5 nm-thick
nanoislands of Au) to the TiO> (exhibiting strong catalytic properties) leads to the enhancement
of the photocatalytic water splitting under visible illumination by a factor of 66.'* The 5-fold
increase in the photocurrent under visible light irradiation was attributed to the local field
enhancement. Watanabe et al. relied on similar photocatalyst design and presented 7 times
enhanced decomposition of methylene blue under near UV illumination of the photocatalyst
consisting of 50 nm spherical AgNPs coated with 50 nm-thick SiO2 shell and covered with
90 nm-thick TiO; film.!?!

2.2.2. Highly energetic charge carriers

Relaxation pathways of plasmon excitations are described in the introductory part of
Section 2.2. However, from the photocatalytic point of view, it is more important to harness
the highly energetic charge carriers, generated upon plasmon excitation, in order to accelerate
chemical reactions. Plasmon-mediated mechanisms open new pathways of chemical processes,
just as in work of Schliicker et al.'** where photocatalytic reduction of 4-nitrothiophenol to
4-aminothiophenol in the presence of AgNPs and without conventional chemical reductants
was reported. On the other hand, awareness of the plasmon-mediated photocatalytic phenomena

may help to rule out misinterpretation of some crucial results, as presented by Tian et al.'** who
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described highly undesirable effect of selective oxidation of p-aminothiophenol (an important
probe molecule in SERS) to 4,4’-dimercaptoazobenzene on Ag nanoparticles at room

temperature and under measurement conditions.

Upon excitation of plasmonic nanoparticles at resonant conditions the energy
distribution of the charge carriers population broadens. Some of the electrons are called ‘hot’
because their energies are above those corresponding to a Fermi-Dirac distribution at room
temperature.'® Hot carriers (electrons or holes) can be injected from the plasmonic metal to a
reactant molecule (through the transient electronic exchange) or to the mediator remaining in
contact with plasmonic structure, such as semiconductor exhibiting suitable energy levels.'**
Generally, there are five major pathways for hot carriers harvesting. The first one concerns
indirect hot electron injection into the adsorbate. In this pathway the deposition of the
kinetic energy of transferred electrons activates the reactant, leading to its vibrational excitation,
which may further result in breaking of chemical bonds. The lowest unoccupied molecular
orbital (LUMO) of the adsorbate serves as a transient energy reservoir for hot electrons. Halas
et al. presented dissociation of Hz according to this mechanism.!* Photocatalytic activity of
AuNPs was presented at room temperature, despite the large activation barrier of this reaction.
Authors postulated existence of shortly lived HJ~ transition negative ion, which accumulated
vibrational energy necessary to induce stretching of the H — H bond. Another example is work
of Linic et al., who presented that Ag nanostructures can drive catalytic ethylene, CO, and NH3
oxidation under low-intensity irradiation, via formation of transient negative ion state out of
oxygen, 02.13® Reactions were carried out under visible light source of the intensity equal to
2-3 times solar irradiation intensity. The UV irradiation was almost entirely removed to
minimise the possibility of interband transitions. The pathway of indirect hot electron injection
into the adsorbate can be even further advanced by the development of bimetallic plasmonic
core-shell designs, which may facilitate coupling of hot carriers with vibrational modes of the
adsorbate, according to Norris et al.'*’

Hot electron transfer can also occur directly into the adsorbate for reactants exhibiting
strong interactions with metal surface.'?® In such case, direct promotion of the excited electron
to the hybridized adsorbate-metal states occurs upon plasmon decay. Such a mechanism,
without mediation of the hot electron states, is not very common. One of the examples is work
of Christopher et al., in which authors reported CO oxidation on the surface of Pt nanostructures
(below 5 nm) in Ha rich streams.!*® By using nanostructures bigger than 2 nm authors avoided
formation of bulk Pt oxide. At the same time, by imposing the 5 nm size limit of the structures,
they increased the surface to volume ratio in order to maximize light absorption. Postulate of

the adsorbate-specific resonant photon induced activation was confirmed in the preferential
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