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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 l-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 materiałach zaawansowanych są konieczne dla ogólnego 
rozwoju ludzkości. Nowoprojektowane materiały umożliwiają zbadanie niemożliwych do 
wcześniejszego zrealizowania scenariuszy eksperymentalnych i trudnych do obserwacji 

zjawisk. Można więc powiedzieć, że ogólne rozumienie świata poszerza się dzięki temu, że to, 
co nowe, staje się możliwe. 

Niniejsza rozprawa jest pracą interdyscyplinarną i łączy w sobie zagadnienia z dwóch 
obszarów: nauk chemicznych i inżynierii materiałowej. Praca ta ma na celu przygotowanie 

materiałów zaawansowanych zdolnych do wykorzystania światła do kontroli przebiegu 
procesów chemicznych. Światło jest jednym z najlepszych bodźców do kontroli działania 
materiałów, ponieważ jest ultraszybkie, w pełni przestrajalne i umożliwia wywoływanie 
zjawisk z wysoką rozdzielczością czasowo-przestrzenną. Nanostruktury plazmoniczne, takie 

jak nanocząstki złota (AuNPs), zapewniają zarówno powierzchnię katalityczną, jak i silne 
oddziaływania ze światłem. Wobec tego zostały wybrane na kluczowy komponent materiałów 
zaproponowanych w niniejszej rozprawie. Ponadto, aby zbadać wpływ właściwości optycznych 
nanostruktur, wykorzystano nanocząstki o prętopodobnej geometrii (AuNRs). Drugim ważnym 
komponentem zaproponowanych materiałów hybrydowych jest celuloza w formie 

nanowłókien (CNFs). Wobec bogatej chemii powierzchni, nanowłókna celulozowe 
umożliwiają efektywną immobilizację AuNRs oraz stabilizację ich właściwości optycznych. 

Pierwsza sekcja rozprawy (Introduction) składa się z dwóch rozdziałów. Rozdział nr 1 
prezentuje motywację, jaka leży u podstaw podjęcia się tego projektu badawczego oraz cztery 
kryteria dla przygotowywanych materiałów hybrydowych. Ponadto, zaprezentowano cele 

pracy i hipotezy badawcze. Rozdział nr 2 stanowi przegląd wiedzy literaturowej w czterech 
kluczowych obszarach, mianowicie nanocząstek plazmonicznych (ich właściwości i syntezy), 

efektów wynikających z właściwości plazmonicznych jako istotnych narzędzi katalitycznych 
(omówiono zjawiska takie jak lokalne wzmocnienie pola elektrycznego, generacja 
wysokoenergetycznych nośników ładunku oraz efekt termoplazmoniczny), celulozy jako 
komponentu materiałów zaawansowanych (specjalny nacisk położono na kompozyty 
nanocelulozy z nanocząstkami plazmonicznymi oraz barwnikami organicznymi), a także 
materiałów hybrydowych bazujących na pochodnych azobenzenu (Azo) oraz nanocząstkach 
złota. 

Druga sekcja rozprawy (Results, discussion, and methodology) składa się z czterech 

rozdziałów, które przedstawiają wyniki eksperymentalne oraz ich dyskusję. 

W rozdziale nr 3 przedstawiono ustalony w toku badań  protokół przygotowania materiału 
AuNRs-CNFs. Immobilizacja nanostruktur na nanowłóknach celulozowych zapewnia dużą 
stabilność właściwości plazmonicznych nanokryształów w warunkach intensywnego 
naświetlania, podwyższonych temperaturach, a także w szerokim zakresie pH. Rozdział ten 
przedstawia również wykorzystanie zaproponowanej formulacji jako fotokatalizatora  

i wprowadza koncepcyjnie nowy proces fotochemiczny wspomagany plazmonem, mianowicie 

jednoczesną dehydrogenację mrówczanu sodu oraz regenerację cząsteczek kofaktora  
w obecności plazmonicznego materiału hybrydowego i w czasie naświetlania światłem 
widzialnym. 

Rozdział nr 4 odnosi się do obecnych wyzwań w obszarze hybrydowych układów 
plazmoniczno-fotochromowych poprzez przedstawienie ogólnego protokołu przygotowania 
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wielofunkcyjnego, rozdyspergowanego w wodzie, stabilizowanego na celulozie hybrydowego 

materiału plazmoniczno-fotochromowego. Ponadto, w tym rozdziale badane są wzajemne 

interakcje między CNFs a AuNRs oraz CNFs a wybraną pochodną fotochromową Azo. 
Zaproponowana formulacja umożliwia efektywny transfer Azo do wody, pomimo iż związek 
nie jest rozpuszczalny w tym rozpuszczalniku. Ponadto, zbadana została wyjątkowa stabilność 
AuNRs-CNFs w etanolu, a porównawcza analiza widm IR potwierdziła istotną rolę CTAB, 

znajdującego się na powierzchni AuNRs, w zapewnieniu integralności strukturalnej materiału. 
Co ważne, oba komponenty funkcjonalne zachowują swoje właściwości, w tym właściwości 
optyczne. Wyniki zaprezentowane w tym rozdziale stanowią istotny wkład w obszar hybryd 

Azo-AuNPs, ze względu na inkorporację dużych, anizotropowych nanostruktur, które 
umożliwiają korzystną separację spektralną obu komponentów. 
Rozdział 5 skupia się na zbadaniu wpływu AuNRs na proces izomeryzacji komponentu 
fotochromowego w hybrydowej formulacji Azo-AuNRs-CNFs. Obecność AuNRs zapewnia 
katalityczne wzmocnienie zarówno fotoindukowanej jak i termicznej izomeryzacji Azo. Na 

podstawie zaobserwowanych spójnych i odwracalnych zmian w pozycji pasma l-LSPR 

nanocząstek (ok. 2-4 nm) jako mechanizm wzmocnienia katalitycznego zaproponowano 

transfer elektronu. Wyniki uzyskane dla próbek zawierających AuNRs o różnych rozmiarach 

wskazują, że efekt katalityczny nanocząstek wzrasta wraz z malejącym parametrem kształtu 
AuNRs. Jednakże postulowany wpływ rozmiaru jest najprawdopodobniej splotem więcej niż 
jednego parametru opisującego skład próbki. Ponadto, rozdział prezentuje kompletny zestaw 
parametrów termodynamicznych opisujących izomeryzację termiczną Azo w materiałach 
hybrydowych. Dla wszystkich próbek zawierających Au, relaksacje termiczne w ciemności 
charakteryzują się energiami aktywacji niższymi o 20 kJ/mol w porównaniu z próbką 
hybrydową, która nie zawiera Au. 
Rozdział 6 przedstawia wspomaganą plazmonem izomeryzację Z-E fotochromu w dwóch 
formach, jako swobodnych cząsteczek Azo w roztworze oraz jako składnika formulacji 
hybrydowej. Pod wpływem naświetlania światłem czerwonym i podczerwonym (650-1100 nm) 

fotochrom wykazuje dramatyczny wzrost szybkości reakcji izomeryzacji w obecności AuNRs. 
Dzięki wykładniczej zależności między stałymi szybkości izomeryzacji Z-E w materiałach 
hybrydowych a intensywnością naświetlania, zaproponowano dominujący wpływ efektu 
termoplazmonicznego. Zaobserwowane zmiany kinetyki Azo można wykorzystać do 
oszacowania zakresu tego efektu, dzięki czemu uzyskano wartość 21°C. Wobec tego niniejsza 

rozprawa wprowadza koncepcję zastosowania fotochromów typu azobenzenu jako 
cząsteczkowych termometrów. Rozdział 6 proponuje również szczególny rodzaj eksperymentu, 
w którym materiał hybrydowy Azo-AuNRs-CNFs jest poddawany naprzemiennym warunkom 

ciemnym i naświetlaniu. W analizie wyników wykorzystano nowe, z chemicznego punktu 
widzenia, narzędzia statystyczne. Modelowanie statystyczne w oparciu o autoregresyjny 

zintegrowany model średniej ruchomej (Autoregressive Integrated Moving Average) 

umożliwiło wnioskowanie na temat statystycznej istotności zaobserwowanych zmian kinetyki 
izomeryzacji Azo w obecności AuNRs. Zaprezentowana została więc możliwość 
niebezpośredniej, przełączalnej (on-off) fotokontroli procesu izomeryzacji Z-E Azo. 

Modelowanie statystyczne umożliwiło również sformułowanie ostatecznych wniosków  
o dominującym wpływie efektu termoplazmonicznego wywoływanego w czasie naświetlania. 

Trzecia sekcja rozprawy (Summary) składa się z trzech części. Rozdział 7 przedstawia 
ogólne wnioski badań i podsumowuje ich kluczowe aspekty i odkrycia. Ponadto, dla każdego 
rozdziału eksperymentalnego, zarysowane zostały również dalsze kierunki badawcze. Druga 



mgr inż. Nina Tarnowicz-Staniak                       Summary 
 

 

9 

część przedstawia aktywność i osiągniecia naukowe autorki, natomiast bibliografia stanowi 
trzecią, ostatnią część tej sekcji. 

Podsumowując, niniejsza rozprawa dostarcza istotnego wglądu w przygotowanie  
i działanie materiałów hybrydowych, plazmonicznych i plazmoniczno-fotochromowych, 

bazujących na nanowłóknach celulozowych. Nanopręty złota zawarte w przedstawionych 
układach zapewniają kontrolę nad przebiegiem procesów chemicznych dzięki indukowanym 
światłem efektom plazmonicznym. Niniejsza rozprawa jest na granicy nauk chemicznych oraz 

inżynierii materiałowej i wnosi swój wkład 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".1 Within this policy, the Industrial Research and 

Innovation area, with its six Key Enabling Technologies (KETs), has a special priority 

supported by Horizon Europe.2 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"3 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).4  

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.5 

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.6 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.7 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.8  

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.9 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 (AuNRs) 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.7 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. 

 

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: 

• 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; 

• 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; 

• 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 (10-9 m) dimensions and/or 

operating at a nanometer scale.10–12 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.12 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,13,14 for example in a form of minerals (e.g. fibrous 

clay minerals, such as sepiolites15), as nanostructured surfaces of plants (e.g. lotus16), or as 

products of microbial activity (e.g. bacterial cellulose17). They have also been generated by 

various anthropogenic activities, both intentionally and accidentally.13,14 People have been 

using nanomaterials unknowingly for millennia, like in case of ancient Egypt hair dyes18 or 

stained glass windows (Figure 1).19 Nowadays, nanomaterials are used in a conscious way in 

various advanced applications, such as medical treatments20–22 and aerospace technologies23 or 

as components of sensors24, quantum computers25, and solar cells.26 

 

Figure 1. a) Picture of sepiolite, a natural mineral. Reprinted from 27. b) Scanning Electron 

Microscope image of the lotus leaf surface. Reprinted from 16. c) Comparison of the medieval 

red flashed (top) and 19th century red coated (bottom) glass pieces from the Amiens Cathedral 

and Sèvres National Factory in France, respectively. Reprinted from 19. 

 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 1857,28 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,29–31 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.32–36 

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 nanotechnology37 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.38 

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 

parameters39,40 or melting points41,42 of nanoparticles. For instance, for 2.59 nm Au nanoclusters 

surface atoms constitute about 50% of the total number of atoms in the cluster,43 Au-Au bond 

length drops to about 0.283 nm44 (from 0.288 nm for bulk gold), and the melting temperature 

decreases to about 775-800 K45 (comparing to 1337 K for bulk gold; Figure 3b). 

 

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 46. b) Melting point of Au nanostructures (Y axis [K]) as a function of their size 

(X axis [Å]). Reprinted from 45. 

In addition to this, nanomaterials exhibit also a size effect,47 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,48 exhibit size-dependent fluorescence.49,50 Silica 

nanostructures of different sizes aggregate at different pH.51 And the ability of nanostructures 

build of ferro- and ferrimagnetic materials, including Co, Fe, and Ni52 to heat up the local 
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environment upon exposure to the alternating magnetic field also changes with size.53 

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: 

Equation 1.  𝜔𝐿𝑆𝑃𝑅 = √ 𝑒2𝑚𝑒4𝜋𝜀0𝑟𝑠3     , 

where 𝑒 is electron charge, 𝑚𝑒 is mass of an electron, 𝜀0 is vacuum permittivity, and 𝑟𝑠 is the 

Wigner-Seitz radius, defined as radius of a sphere whose volume is equal to the volume per 

conduction electron in the bulk.54 

 

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 𝜎𝑒𝑥𝑡 . For spherical nanostructures with radius 𝑅 , 𝜎𝑒𝑥𝑡  can be predicted using Mie 

theory54,55:  

Equation 2.   𝜎𝑒𝑥𝑡 = 24𝜋2𝑅3𝜀𝑚3/2𝜆 𝜀2(𝜔)(𝜀1(𝜔)+2𝜀𝑚)2+𝜀2(𝜔)2    , 

where 𝜀𝑚  is a dielectric constant of the surrounding medium and 𝜀(𝜔)  is a complex  

frequency-dependent dielectric constant of the nanostructure, 𝜀(𝜔) = ε1(𝜔) + 𝑖ε2(𝜔) .  

The real part ε1(𝜔) describes strength of material polarization and the imaginary part ε2(𝜔) 

represents LSPR damping due to the losses caused by e.g. electron-phonon collisions. For 

spherical nanostructures with relatively small diameter 2𝑅 ≪ 𝜆 (𝜆 – wavelength of the incident 

light, 2𝑅 up to 30-40 nm), absorption is the dominant effect.56,57 

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 Gans58: 

Equation 3.   𝜎𝑒𝑥𝑡 = 8𝜋2𝑅3𝜀𝑚3/23𝜆 ∑ (1/𝑃𝑗2)𝜀2(𝜔) (𝜀1(𝜔) +1−𝑃𝑗𝑃𝑗 𝜀𝑚)2+𝜀2(𝜔)2𝑗    , 

where Pj  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: 

Equation 4.   𝑃𝑎 = 1−𝑟2𝑟2 [ 12𝑟 𝑙𝑛 (1+𝑟1−𝑟) − 1]    and 

Equation 5.    𝑃𝑏 = 𝑃𝑐 = 1−𝑃𝑎2     . 

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

nanostructure: 

Equation 6.    𝑟 = √1 − (𝑏/𝑎)2    . 

Spectra of the AuNRs are hence, characterized by two bands, called transverse Localized 

Surface Plasmon Resonance (t-LSPR) and longitudinal LSPR (l-LSPR). t-LSPR is caused by 

the oscillation of free electrons perpendicular to the main axis, while l-LSPR originates from 

oscillations parallel to the main axis. Hence, l-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.57 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,59 additional dielectric coating,60 or dimer 

structures61 exhibit significantly different resonances. 

 

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 cytotoxicity62 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 window63) 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.64 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.65 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 

isotropic 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.66 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 Frens67 and Bastús.68 By extending 

the number of steps, regulating synthesis parameters such as temperature, and performing 

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

 

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

growth and b) seeded-growth approach. Inspired by 65. 

Spherical nanostructures can be used to synthesise anisotropic shapes, such as nanorods. 

And although there are wet chemistry techniques such as template69 and electrochemical70 

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.71,72 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,73 including surfactant template 

effects,74 selective inhibition of the growth process of certain crystallographic facets,72 or LSPR 

excitation effects.75 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.75 

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+.76 Their first synthesis yielded only 4% 

of rod-like nanostructures,77 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. 

 

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  

Jana et al.78 or Nikoobakht et al. 79 Both protocols rely on use of surfactant, 

cetyltrimethylammonium bromide (CTAB) and silver nitrate as key reagents.80
 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(III) 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,71–73 and hence, contributes to the increased monodispersity of AuNRs. Upon 

addition of AA the reduction of Au(III) 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.81 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+.73 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.76 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+.82 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]2;
80 induction of the soft template 

effect by modifying CTAB micelle formation;73 underpotential deposition (UPD) of Ag(0) 

atoms.83 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 l-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.84 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 l-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.85–88 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.89 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 nanoplates72 or 

nanoprisms.90,91 This emphasises that the shape control is relying on use of appropriate halides 

and ratio between them and Ag+.92 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 HAuCl4, tetrachloroauric acid, the most widely used 



mgr inż. Nina Tarnowicz-Staniak                        Chapter 2           
 

 

27 

source of Au(III). Au(III) forms square planar complexes and Br– affinity to Au(III) is stronger 

than the one of Cl–. Hence, the complexation of Au(III) 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. 

 

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 89. 

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.93 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.94 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).86 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.87 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. 
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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. c) 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 87 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,95 and machine learning to unravel more 

information on the AuNRs synthesis and find new connections between synthesis conditions.88 

Authors used Gryffin96 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, HCl, 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-Sayed79) 

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. 

c) Evolution of the Au(0) concentration (left) and l-LSPR position over time, showcasing that 

optimized parameters lead to the faster formation of the desired product. Reprinted from 88 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-workers80: 

(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. HAuCl4 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 chemicals97) 

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,98 hazardous waste 

remediation,99 or wastewater treatment.100 Alongside transition metal complexes,101 metal 

oxide semiconductors,102 and metal-free organic dyes103 serving as photocatalysts, plasmonic 

nanoparticles104 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).105 Excited electrons have energies in a range from 

the Fermi level 𝐸𝑓 up to 𝐸𝑓 + ℏ𝜔0 (where the frequency of the incident light is represented by 𝜔0) and the energies of the holes range from 𝐸𝑓 − ℏ𝜔0 up to 𝐸𝑓.106 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 11c).105,107 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).107 All 

of the abovementioned relaxation mechanisms overlap over time.108 Timescales of these 

processes depend on the external temperature, beam intensity, properties of the environment, 

and particle size.105,109 

 

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. c) Hot carriers energy redistribution via 

electron-electron scattering. d) Heat transfer from a metallic nanoparticle to its surroundings. 

Figure based on 105. 
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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 Γ .110 Γ  is proportional to both the non-radiative 

electronic relaxation processes Γ𝑛𝑟 and the radiative decay rate Γ𝑟111: 

Equation 7.    Γ = Γ𝑛𝑟 + 𝜔2Γ𝑟    , 

where 𝜔2 factor indicates that the influence of the radiative term decreases with the decreasing 

SPR frequency. According to the classic electrodynamic theory, the Γ𝑟 term is related to the 

emission of far-field radiation of the accelerating and decelerating charged particles.  

The non-radiative term Γ𝑛𝑟 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 law107: 

Equation 8.   Γ𝑛𝑟 = 1𝑡𝑒−𝑒 + 1𝑡𝑒−𝑝ℎ + 1𝑡𝑒−𝑑 + 1𝑡𝑠   . 

Therefore, dumping frequency increases for polycrystalline or defective nanostructures, and 

hence, for such nanostructures, larger LSPR band is produced.112 

Regarding radiative relaxation of plasmons, typical photoluminescence efficiency of plasmonic 

nanostructures is below 10-3–10-5,111 however, it is still five or even seven orders of magnitude 

higher than for the bulk Au.107 The strongest contribution to the photoluminescence mechanism 

is often attributed to the surface impurities.113 

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

different aspects need to be taken into account, in particular114: 

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.115 

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.111 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: 

Equation 9.    𝐸𝐹(𝑟) = 𝐸𝑙𝑜𝑐(𝑟)𝐸0    , 

where 𝑟 is the position vector of any point, 𝐸𝑙𝑜𝑐 is local electric field, and 𝐸0 is the incident 

electric field.116 

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, 𝑟−3. If the localized surface plasmons in the Au 

nanosphere are approximated to oscillating dipole (described by dipole moment �⃗�), the local 

electric field can be described as: 

Equation 10.    �⃗⃗�𝑙𝑜𝑐(𝑟) = �⃗⃗�0 + 3�⃗⃗�(�⃗⃗�∙�⃗�)−�⃗�4𝜋𝜀0𝜀𝑚 1𝑟3    , 
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where �⃗⃗� is the unit vector pointing to the direction of interest and normal to the surface of the 

nanostructure.116 

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).117 For nanostructures with 

tips (such as nanorods) and edges (such as nanoplates), the local field enhancement is especially 

pronounced.111 These specific morphological features are called ‘hot spots’118 (Figure 12) and 

can be also observed between two nanostructures oriented close to each other.119  

 

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 c) 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 120. Rearranged for presentation. 

At the junction of two nearby nanostructures, the enhancement by a factor of even 106 can be 

observed117 (Figure 13). Concept of plasmon hybridization121 (an analogy to the molecular 

orbital hybridization) enables design of specific structures providing precise field enhancement 

at exact nanoscale-located spots. 

The phenomenon is particularly useful in sensing,119 plasmon enhanced fluorescence,122,123 near 

field microscopy,124 and has been a foundation of surface enhanced Raman spectroscopy123 

(SERS). SERS is one of the crucial modern technologies and enables, e.g. single-molecule 

detection.125 
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Figure 13. Visualisation of hot spots in the arrays (0.65 μm) of gold nanotriangles with 25 nm 

silica layer on top. a) Model and b) optical transmission image before addition of dye. c) Model 

and d) optical transmission image after addition of dye (same area as panel b). Reprinted  

from 126 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.127 The enhanced 

near-field enables114: 

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.128 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.129 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). 

 

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. c) Comparison of the fraction of the absorbed photons – red 

crosses, relative field enhancements at the surface of a Pt component – blue dots, and measured 

photocatalytic rates (white light, 600 mW/cm2) – column bars. Reprinted from 129 and 

rearranged for presentation. 

In another example, Cronin et al. presented that addition of Au nanostructures (5 nm-thick 

nanoislands of Au) to the TiO2 (exhibiting strong catalytic properties) leads to the enhancement 

of the photocatalytic water splitting under visible illumination by a factor of 66.130 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 TiO2 film.131 

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 Schlücker et al.132 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.133 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.105 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.134 

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 H2 according to this mechanism.135 Photocatalytic activity of 

AuNPs was presented at room temperature, despite the large activation barrier of this reaction. 

Authors postulated existence of shortly lived 𝐻2𝜕− 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, O2.
136 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.137 

Hot electron transfer can also occur directly into the adsorbate for reactants exhibiting 

strong interactions with metal surface.138 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 H2 rich streams.139 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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oxidation experiments. Hence, the results confirmed that selectivity in plasmon-driven catalysis 

can be rationally controlled. Especially useful for the investigation of this catalytic pathway 

seems to be SERS, which has been utilized in the investigation of the dimerization reactions 

leading to the formation of 4,4’-dimercaptoazobenzene as the model molecule. Reactions were 

carried out on various plasmonic structures, including Au, Ag, and Cu films,140 and silver 

nanoflowers resembling peonies.141 

Differences between indirect and direct hot electron transfer are depicted in Figure 15. 

 

Figure 15. Schematic depiction of the photoexcitation pathways on the metal surfaces.  

a) Photon absorption in the bulk transition metal creates distribution of hot charge carriers 

which may undergo transient transfer into the unoccupied adsorbate states (indirect 

photoexcitation). b) For the weakly chemisorbed adsorbates their photoexcitation is similar to 

the one occurring for the molecules in the gas phase. The only difference lies in the broadened 

and stabilized electronic states, due to the presence of the metal substrate (direct 

intramolecular photoexcitation). c) For the strongly chemisorbed adsorbates hybridization 

between d-states of the metal and molecular states of the adsorbate occurs. In such case 

resonant electronic transitions take place between the hybridized states (direct photoexcitation 

of the hybridized substrate-adsorbate bond). Figure based on 139. 

Certainly hot electrons are much more commonly mentioned in the context of plasmon-

mediated catalysis, however hot holes mediate the third important photocatalytic pathway. Hot 

holes can accept electrons transferred from the highest occupied molecular orbital (HOMO) of 

the adsorbate to the plasmonic nanostructure. For instance, Jia et al. presented oxidation of 

benzyl alcohol at the surface of CuPt@TiO2.
142 Authors postulated, that although the generated 

hot electrons are injected in the TiO2, they do not interact with the substrate and the whole 
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reaction is carried out due to hot holes. Hot holes stabilize the substrate and lead to the breaking 

of the 𝑂 − 𝐻 bond in the benzyl alcohol molecule. Again, size of the catalyst was emphasized 

to be one of the crucial aspects, since the mean free paths of hot holes are relatively short (below 

1 nm). Hence, the size of the metal nanostructures needed to be limited. Role of hot holes was 

also discussed by Brus et al. in their work focused on the hot holes-induced oxidation of the 

surface stabilizing agent of Ag nanostructures.143 Upon low-intensity 514 nm irradiation of 

silver nanoparticles adsorbed on ITO, citrate ions were oxidized and, as a result, degradation of 

plasmonic nanostructures ensued. 

The fourth important type of hot carriers harvesting is another indirect pathway involving hot 

electron injection into the semiconductor. In such cases, plasmonic nanoparticles do not 

necessarily provide catalytically active sites (although they can), but mostly act as light 

absorbers. This scenario is one of the most commonly reported ones, mainly because it broadens 

application of the semiconducting nanostructures, which typically require high energy 

excitations, since they exhibit absorption in the UV region of the spectrum. Typically most 

commonly used semiconductors are TiO2 and ZnO2. By coupling of plasmonic nanoparticles 

and semiconductors, the spatial separation of the excited electron-hole pairs can be achieved, 

thus increasing carriers’ lifetime. However, the contact between metal surface and 

semiconductor results in the alignment of their Fermi energies. Due to the transformation of the 

surface states of both materials, bending of the valence and conduction bands ensues, resulting 

in the formation of a Schottky barrier (its typical magnitude is 0.5-1.5 eV144). Hot electrons 

injection in the semiconductor may occur only if carriers can surpass this threshold145  

(see Figure 16). Wei et al. presented that Au/TiO2 heterostructures might be used for the 

visible-light-driven (irradiation above 515 nm) hydrogen evolution from water.146 Authors ale 

reported, that the lifetimes of hot electrons injected from plasmonic component are two orders 

of magnitude longer than those of electrons photogenerated upon UV excitation in the 

semiconducting unit. After the injection electrons diffuse within the conduction band. One 

fraction of the hot carriers population participates in the catalytic transformation on the 

semiconductor’s surface, while the other fraction might be trapped in the states inside the 

bandgap. This, however, does not limit their ability to promote the occurrence of chemical 

reactions. Surface properties of the heterogeneous plasmonic-semiconducting catalysts, 

particularly the oxygen vacancies, were investigated by Zhang et al.147 Authors focused on the 

aerobic alcohol oxidation on Au-BiOCl photocatalyst. The investigated reaction typically 

exhibits low efficiency due to weak interactions between O2 and the surface of the 

photocatalyst. Moreover, the overoxidation or mineralization may occur due to the strong 

oxidizing power of the holes photogenerated in the semiconductor. Hence, proper photocatalyst 
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design is necessary to successfully perform the process. One of the most typical defects in 

BiOCl are oxygen vacancies, which enable enhanced O2 adsorption and may serve as trapping 

sites for hot plasmon-generated electrons in the plasmonic-semiconducting heterostructure. 

Such material design, relying on two components, also enables separation of hot carriers from 

Au, and thus strongly oxidative holes are not participating in the process. 

 

Figure 16. Schematic depiction of the Schottky barrier at the metal-semiconductor junction. 

Hot electrons (energies above Fermi level – EF) with proper energies can overcome the barrier 

(𝜑SB) and be injected into the conduction band of the semiconductor (EC). Other abbreviations: 𝜑M – metal workfunction, XS – semiconductor electron affinity, Eg  - semiconductor bandgap, 

EV – semiconductor valence band. Figure based on 148. 

Finally, the last possible pathway is direct hot electron injection into a semiconductor. In 

contrast to the fourth process, this is a one-step hot electron transfer in which electrons from 

metal equilibrium states are directly promoted to the semiconductor conduction band. Hence, 

the energy losses due to electron-electron and electron-phonon scattering can be avoided, 

increasing the overall efficiency of the process. Lian et al. prepared Au-tipped CdSe nanorods 

(dumbbell morphology) and observed >24% quantum efficiency of the charge separation.149 

Process was also polarization dependent and more efficient upon excitation along the nanorod 

axis. Moreover, Sönnichsen et al. linked the direct plasmon decay with the bandgap of the 

semiconductor.150 Authors investigated AuNRs covered with three different semiconductors, 

namely Al2O3, HfO2, and TiO2. They observed faster decays for the heterostructures with 

semiconductors exhibiting smaller bandgaps. 

To summarize, transfer of highly energetic charge carriers constitutes an important and 

diversified photocatalytic mechanism. Catalysts relying on the heterogeneous  
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plasmon-semiconductor nanostructures seem to be the most popular and reliable ones, due to 

the significant scientific attention they received. However, as it is often emphasised, this field 

still requires a lot of exploration and many aspects remain unexplained.151 

2.2.3. Thermal effects 

One of the most important nonradiative plasmon damping phenomena is transformation 

of the energy absorbed by the nanoparticle into heat. Generated heat dissipates locally at the 

surface of the plasmonic nanostructures152 and can be used e.g. in targeted photothermal cancer 

therapies.153,154 Moreover, since the reaction rates of chemical processes are affected by 

temperature according to the Arrhenius law, triggering of the thermoplasmonic effect is one of 

the very efficient approaches to the plasmonic photocatalysis.155 Plasmonic nanoparticles can 

be used as nanoheaters, namely to increase the rates of chemical reactions by providing energy 

necessary to overcome the energy barriers. Plasmonic nanostructures are better light to heat 

converters than other materials,155 mostly due to their large absorption cross sections and low 

probability of the radiative relaxations of excited electrons. Moreover, the employment of heat 

at the nanoscale is especially effective because of the confinement effect.156 Hence, the 

processes can be very precisely addressed and the heating dynamics is improved. 

By assuming steady-state, the temperature increase Δ𝑇 for a single nanoparticle can be 

obtained from heat transfer equation,157 and equals: 

Equation 11.   Δ𝑇(𝑟) = 𝑉𝑁𝑃𝑄4𝜋𝑘0𝑟   , 

where 𝑟 is the distance from the centre of the nanostructure, 𝑉𝑁𝑃 is the volume of a single 

nanoparticle, 𝑄 is the rate of heat dissipation, and thermal conductivity of the surrounding 

medium is described by 𝑘0. For the small spherical plasmonic nanostructures heat generation 𝑄 (or total heat power in other words158) under incident light of a wavelength much longer than 

the radius of the nanoparticle is given by157: 

Equation 12.    𝑄 = 𝜔8𝜋 𝐸02 | 3𝜀02𝜀0+𝜀𝑁𝑃| 𝐼𝑚𝜀𝑁𝑃    , 

where angular frequency of irradiation is denoted by 𝜔, 𝐸0 represents amplitude of the applied 

radiation, 𝜀0 is the dielectric constant of the medium, and 𝜀𝑁𝑃 is the dielectric constant of the 

nanostructure. Upon further derivation159 thermal enhancement of the spherical nanoparticle 

(described as maximum temperature increase at the distance 𝑟  equal to the radius of a 

nanosphere 𝑅𝑁𝑃) can be described as: 
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Equation 13.    Δ𝑇𝑚𝑎𝑥(𝐼0) = 𝑅𝑁𝑃23𝑘0 𝜔8𝜋 | 3𝜀02𝜀0+𝜀𝑁𝑃|2 𝐼𝑚𝜀𝑁𝑃 8𝜋𝐼0𝑐√𝜀0    , 

where 𝐼0 describes light intensity inside of the surrounding medium. 

Generally, the observed temperature increase is proportional to the second power of the size of 

the nanostructure, which is governed by the heat transfer (proportional to the nanoparticle’s 

surface area) and total heat generation rate (proportional to the volume of the nanoparticle).157 

Hence, the bigger the nanostructures the bigger the extent of the thermoplasmonic effect  

(see Figure 17). Also, in contrary to the hot electrons-driven photocatalysis, relationship 

between the reaction rate under the photothermal enhancement and illumination intensity is 

exponential.160 

 

Figure 17. Influence of different parameters on temperature increase Δ𝑇observed for gold 

nanoparticle placed in water as a surrounding medium, upon triggering thermoplasmonic 

effect. Calculated Δ𝑇  at the surface of the nanostructure a) as a function of irradiation 

wavelength (inset presents Δ𝑇  evolution as a function of distance from the center of 

nanostructure at different times) and b) as a function of the illumination power for spherical 

nanoparticles of different radii. Reprinted from 159 and reorganized for clarity. 

Exchange of the heat generated within plasmonic nanostructure with the environment 

can be described in terms of transient evolution of the temperature in the environment, given 

as158: 

Equation 14.    𝑇(𝑟, 𝑡) = 𝑄04𝜋𝑘0𝑟 (1 − 𝑒𝑟𝑓 ( 𝑟√4𝐷𝑠𝑡))     

for switching light on at 𝑡 = 0 and, hence, for constant heat power 𝑄(𝑡) = 𝑄0 for 𝑡 ≥ 0 and 𝑄(𝑡) = 0 for 𝑡 < 0. 
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For stopping the illumination at 𝑡 = 0, and hence for constant heat power 𝑄(𝑡) = 𝑄0 for 𝑡 < 0 

and 𝑄(𝑡) = 0 for 𝑡 ≥ 0, the transient temperature evolution is given by158: 

Equation 15.    𝑇(𝑟, 𝑡) = 𝑄04𝜋𝑘0𝑟 𝑒𝑟𝑓 ( 𝑟√4𝐷𝑠𝑡)    , 

where 𝑡 is time, 𝑒𝑟𝑓 is error function, and 𝐷𝑠 is thermal diffusivity (other parameters as defined 

above for Equation 11). 

Hence, the timescale of the system’s temperature evolution is given by the error function. For erf(1) ≈ 0.84  (which translates to the temperature increase equal to 84% of the final 

temperature increase) we can introduce new parameter, 𝜏 to rewrite the error function erf(1) as erf (√𝜏𝑡). Thus, the following equation: 

Equation 16.    𝜏 = 𝑟24𝐷𝑠    , 

represents timescale of the temperature evolution and manifests clear advantage of using 

plasmonic nanoparticles as heat sources, namely fast dynamics due to weak thermal inertia.158 

To give an example, for a nanoparticle placed in water (𝐷𝑠 equal 1.46 m2s-1) at 100 nm from a 

heat source the timescale of temperature evolution is 𝜏 ≈ 17 ns. 

In order to enhance heating, collective effects can be employed. For the collection of 

nanostructures heat fluxes from different nanoparticles can be added and strong enhancement 

due to the collective plasmon resonances can be observed.157 Hence, the temperature increase 

experienced by single nanoparticle located in between 𝑁 identical spherical nanostructures of 

radius 𝑅𝑁𝑃, and each nanostructure delivers power 𝑄𝑖 and is located at position 𝒓𝑖, 𝑖 ∈ ⟦1; 𝑁⟧ 

is given by158: 

Equation 17.    𝛿𝑇𝑗 = 𝑄𝑗4𝜋𝑘0𝑅𝑁𝑃 + ∑ 𝑄𝑘4𝜋𝑘0|𝒓𝑗−𝒓𝑘|𝑁𝑘=1𝑘≠𝑗     . 

Hence, 𝛿𝑇𝑗  results from self contribution 𝛿𝑇𝑗𝑠𝑒𝑙𝑓
 and the contribution of the 𝑁 − 1 

nanostructures surrounding the considered nanoparticle 𝛿𝑇𝑗𝑒𝑥𝑡
. If 𝛿𝑇𝑗𝑠𝑒𝑙𝑓

 dominates, the 

system is considered to be in the temperature confinement regime. In such case, the observed 

temperature increase occurs only in a close vicinity to the nanostructure. If 𝛿𝑇𝑗𝑒𝑥𝑡
 dominates, 

so-called thermal collective effects occur and the temperature distribution is homogenous on a 

macro scale. Prediction of the regimes relies on a dimensionless parameter proposed by 

Baffou158: 
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Equation 18.    𝜁𝑚 = 𝑝𝑅𝑁𝑃𝑁(𝑚−1)/𝑚    𝑓𝑜𝑟 𝑚 ≥ 2    , 

where 𝑝 is the average interparticle distance, 𝑅𝑁𝑃 represents radius of spherical nanostructures 

or typical size of the non-spherical nanoparticle, 𝑁 stands for number of nanostructures, and 𝑚 

for system dimensionality, namely 𝑚 = 1 represents linear chain of nanostructures, 𝑚 = 2 

two-dimensional array, and 𝑚 = 3 nanoparticles in solution. For 𝑚 = 1 Equation 18 reads 𝜁1 = 𝑝𝑅𝑁𝑃𝑙𝑛𝑁. 𝜁𝑚 ≫ 1  describes system in the temperature confinement regime (Figure 18), where 

nanoparticles do not influence each other. For 𝜁𝑚 ≤ 1, system exhibits collective heating, and 

hence the overall temperature offset can be observed (Figure 18). For systems described by 𝜁𝑚 ≪ 1 temperature homogenization occurs and temperature distribution becomes smooth.  

The interparticle distance sufficient to observe dominant collective effects is in a microscale, 

e.g. for separated 10 nm nanoparticles the average sufficient distance of 10 μm was reported.161 

 

Figure 18. Temperature distribution in the surroundings of arrays of gold nanostructures.  

a) Localized regime (temperature rise around individual sources of heat). b) Regime of 

collective effects, as a result an overall temperature offset arises. Reprinted from 158. 

To benefit from collective effects, one also needs to consider the timescale of irradiation and 

how this parameter influences heat propagation. Temperature envelope 𝑇𝑚𝑎𝑥(𝒓) is a concept 

defined as the maximum temperature achieved in the surrounding medium at any location and 

over time. Temperature envelope differs for continuous wave (CW) and pulsed irradiations, as 

well as for point and spherical sources of heat. For a spherical source of heat under CW 

irradiation, the envelope profile scales as 
1𝑟, while for femtosecond pulsed laser irradiation the 

envelope profile scales as 
1𝑟3 (see Figure 19).158 On the other hand, the average temperature 
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�̅�(𝒓) under pulsed illumination scales as 
1𝑟 . Thus, under pulsed illumination the enhanced 

spatial confinement typically concerns only the 𝑇𝑚𝑎𝑥(𝒓). 

 

Figure 19. a) Temperature profiles around a sphere heated by a pulse source (dashed lines) at 

different times and the envelope of the temperature evolution compared with the profile under 

illumination with CW source. b) Three-dimensional representation of the steady state 

temperature profile under CW illumination. c) Three-dimensional representation of the 

temperature envelope under pulsed illumination. Reprinted from 162. 

As a summary of this subsection a few examples of the employment of the 

thermoplasmonic effect in the photocatalytic enhancement of chemical reactions will be 

presented. 

Branda et al. presented photothermal enhancement of the retro-Diels-Alder reaction, leading to 

the controlled release of a fluorescein dye.163 Authors presented the possibility of controlling 

the chemical reaction of molecular systems anchored to the surface of nanoparticles. Core-shell 

nanostructures (silica core ~200 nm in diameter and Au shell ~10 nm thick) exhibited two LSPR 

bands at 700 and 1000 nm. Within the bicyclic system anchored to the nanoparticles’ surface a 

fluorescein dye was attached to the furan component. And as long as the molecule remained 

attached by a maleimide component to the surface of nanostructures, the emission of the dye 

was quenched. Upon irradiation at 800 nm (pulsed laser, 700 mW, 1kHz, 100 fs) release of the 

dye was observed, which confirmed successful reaction upon triggering the thermoplasmonic 

effect, although no measurable temperature change was observed. 

Scaiano et al. worked on the employment of the thermoplasmonic effect to the decomposition 

of dicumyl peroxide (DCP).164 Usually this reaction requires a high temperature of about 140°C 

(activation energy equals 34.3 kcal/mol). Authors reported that upon pulsed laser irradiation 

(532 nm, 8 ns pulse duration, irradiation for 1 min) the temperature inside of the liquid drop 

containing gold nanospheres (12.7 nm in diameter) and DCP rose locally to about 500°C for 
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submicrosecond times. The same group presented also the follow-up work in which the Friedel-

Crafts alkylation of anisole by benzyl chloride was performed.165 Authors were able to carry 

out the reaction at 80°C in contrast to the normally required temperature of 120°C (or even 

higher). In this research, the 4.4 nm and 6.2 nm spherical AuNPs were used on the Nb2O5 

support. 

Xiong et al. presented the applicability of Pd nanostrucutres, synthesised in the presence of 

Ru3+.166 For these structures authors were able to control the contribution of two important 

photocatalytic effects – hot electrons generation and thermoplasmonic effect. Influence of 

nanostrcutures of different morphologies on the styrene hydrogenation was investigated, 

including nanocubes, octahedrons, and concave morphology of nanoparticles. Catalytic 

efficiency of the reaction performed under 100 mW/cm2, Xe-lamp full spectrum irradiation, 

and in the presence of Pd concave nanostrucutres was comparable to the fully thermal reaction 

performed without a catalyst at 70°C. 

The final example is work focused on bimetallic nanostructures presented by Scott et al. and 

focused on use of Au-Pd triangular nanoparticles (average edge length of 43 nm, irregular 

polycrystalline Pd shells).167 The thermoplasmonic enhancement of the Suzuki-Miyaura  

cross-copuling and hydrogenation reactions were investigated. In this case an array of green 

LEDs was used as a light source (~500 mW, 360° illumination). Even for the low power and 

unfocused light source the photocatalytic effect of the thermoplasmonic effect was apparent. 

2.2.4. Interband transitions 

In the context of plasmon-mediated photocatalysis it is important to distinguish between 

intraband and interband electron transitions in plasmonic nanoparticles. If electrons are excited 

through the LSPR, the change in their energy distribution occurs within the conduction band. 

Such excitations are called “intraband transitions” and occur between two states (characterized 

by different momenta) within the same sp-bands (Figure 20a). These transitions become 

allowable due to the assistance of defects, electron-electron scattering, or phonons.168 On the 

other hand there are also interband transitions (IBs), which are the allowed transitions from  

d- to sp-bands determined by band structures (Figure 20b). Typically they can be addressed in 

such a spectral region that does not overlap with the LSPR part of the spectrum and hence are 

considered to be a nonplasmonic phenomenon. Nevertheless, IBs can be used to affect the 

chemical reactions catalytically.169,170 IBs occur for AuNPs around 400 nm (Figure 20c), since 

the energy gap between the highest occupied 5d band and lowest unoccupied 6sp band is  

2.4 eV.171 Their contribution is particularly strong e.g. for nanoparticles made of Pd or Pt 

(Figure 20d). IBs grant the intrinsic absorption properties of the nanostructure and are not 
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strongly affected by the geometry of the nanoparticle.172 Due to the spectral overlapping 

between LSPR and interband transitions in some cases the determination of the exact 

photocatalytic mechanism might be complicated, since the coupling between both regimes can 

be strong173 and the decay of LSPR to IBs can occur.174 One of the most common techniques 

used to correlate photocatalytic effect to the particular transition type is investigation of 

wavelength-dependent catalytic activity. 

 

Figure 20. Schematic depiction of a) intraband and b) interband transitions. Schematic 

depictions of the positions of interband transitions on the UV-Vis spectra of c) spherical AuNPs 

and d) Pd nanocubes. Figure based on 172. 

When photon absorption leads to the direct promotion of the d-band electrons to the  

sp-bands, the direct IBs take place. According to calculations of Atwater et al., the energy 

distribution of the generated energetic carriers is dependent on the position of the d-bands.175 

Electrons excited upon IBs have energies very close to the Fermi level and are not considered 

to be hot electrons (e.g. they would not overcome Schottky barrier). On the other hand, the 

corresponding holes generated upon IBs have a large potential below EF, and thus are very 

reactive.176 Interband carriers exhibit much shorter electron-electron scattering time,168 but the 

electron-phonon and phonon-phonon scattering are comparable to those occurring after 

intraband transition. Comparison of the general properties of carriers generated upon inter- and 

intraband transitions are presented in Figure 21. 



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

 

48 

 

Figure 21. Comparison of the properties of hot carriers generated upon interband and 

intraband transitions in AuNPs. Reprinted from 177. 

 To present the extent of the IBs applicability in the field of photocatalysis a few 

examples are presented to conclude this subsection. Nguyen et al. presented special 

photocatalyst design enabling elimination of mechanistic unambiguities and used mesoporous 

PdNPs with LSPR shifted to the near-infrared region.178 Hence, authors focused solely on the 

photocatalytic properties of d-band holes during investigation of aryl halide oxidation addition. 

This reaction is an important step that determines the rate of the Suzuki-Miyaura reaction as a 

whole. The deeper holes in the d-band were found to catalyse the process and hot electrons 

were determined to not participate in it. 

Landes et al. presented oxidative dissolution of individual AuNRs and compared the rates of 

the process under both IBs and LSPR.179 It was possible to distinguish contribution of holes 

generated from IBs and hot holes around Fermi level by performing wavelength-dependent 

experiments. Research indicated towards better catalytic efficiency of IBs and d-band holes. 

Toste et al.180 investigated photocatalytic reduction of Fe3+ under IBs, which led to oxidative 

etching of the AuNPs used as the photocatalyst. Reaction was coupled with the cyclization of 

alkynylphenols in which the photogenerated Au+ holes were employed. As a result of such 

experimental design, the catalytically active gold nanoclusters were formed, which constitutes 

an entirely new route for the preparation of novel catalytically active species.  

 

2.3. Cellulose as component of advanced materials 

This subchapter focuses on cellulose, since this biopolymer in a form of nanofibres was 

used as a robust and functional scaffold of the materials presented in the experimental part of 

the dissertation. Section 2.3.1. focuses on cellulose as a biopolymer and its different forms at 
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the nanoscale called also ‘nanocellulose’. Section 2.3.2. presents composite materials 

containing both cellulose and gold nanoparticles. Since combination of both constituents can 

provide new functional systems, the most relevant literature examples are presented as an 

important context for the experimental part of the dissertation. Finally, section 2.3.3. discusses 

different approaches to cellulose impregnation with dye molecules. Such procedures are not 

only industrially relevant, but also lead to new formulations beneficial for the development of 

advanced materials. 

2.3.1. Nanocellulose 

Cellulose is a biopolymer, an unbranched homopolysaccharide consisting of  

β-1,4-linked D-glucopyranosyl units (Figure 22)181 exhibiting flat ribbon-like conformation. 

Typical number of monomers in the polymer chain is between 10 000 and 15 000, depending 

on the source of cellulose. As important structural component of plants, produced also by some 

animals, fungi, or bacteria, it is probably the most abundant polymer in Nature.182 Although the 

monomeric unit of cellulose is soluble in water, cellulose itself is not, which is often attributed 

to hydrogen bonds preserving structural integrity of the polymer.183 This argument is however 

strongly contested.181 Nevertheless, topic of hydrogen bonds in the context of cellulose and its 

inter- and intramolecular interactions is very important, although in recent years it has been 

postulated that other nonbonded interactions might be just as crucial.184 Due to high number of 

hydroxyl groups within the structure of polymeric chain of the unmodified cellulose, this 

polymer is able to interact with water, which leads to swelling of materials composed of 

cellulose. 

 

Figure 22. Chemical structure of cellulose. Right-hand panel presents typical notation, while 

the left-hand panel presents notation with both ends of the chain indicated. Reprinted from 181. 

Cellulose is one of the components of primary and secondary walls of plant cells. Walls help to 

maintain structural integrity of the cells and contain also lignin, pectin, soluble proteins, and 

other components.185 Cellulose is biosynthesised within plasma membrane of the plant cells 

due to the activity of enzyme complex called cellulose synthase complex.185 Biosynthesised 

chains are organised into more complex structures composed of 18-24 chains and called 
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cellulose microfibrils (or elementary fibrils).186 Microfibrils formation is promoted due to the 

parallel stacking of cellulose chains. Microfibrils may aggregate even further to form larger 

fibrils (diameter of 5-50 nm and length up to several micrometres, see Figure 23). Within 

primary cell walls bundles of cellulose microfibrils might be bound spontaneously to 

hemicellulose, a branched polymer of different sugar units.187 Such binding serves as a glue for 

the microfibrils within the cell walls. Natural fibres containing cellulose come from various 

plant sources and are vital for the economics of different countries, e.g. India where most of the 

world production of plant fibres is based.188 Natural cellulose-based materials, such as wood, 

cotton, and linen, have been vital for humankind throughout the history. Natural fibres remain 

important today and are crucial for production of e.g. paper or ropes. 

 

Figure 23. Hierarchical structure from cellulose to the tree as a whole.  

Abbreviations: S – secondary cell wall, P – primary cell wall, ML – middle lamellae between 

tracheids. Reprinted from 189. 

Surface of cellulose is rather chemically inactive, however, it does not prevent 

adsorption of chemical species.190 In order to induce better chemical reactivity structural 

modifications of cellulose need to be performed. Moreover, cellulose is a semicrystalline 

material (on fibrillar level typical degree of crystallinity is 50-85%191) in which both crystalline 

and amorphous regions coexist. Crystalline cellulose exhibits polymorphs I, II, III, and IV.182 

Cellulose I, or natural cellulose, is produced e.g. by plants and bacteria. It is a 

thermodynamically metastable structure, which may convert to cellulose II or III. Cellulose I 

itself has two polymorphic structures, namely triclinic (Iα, provided mostly by algae192 and 

bacteria193) and monoclinic (Iβ, derived from higher-plant cell walls194). For Iα and Iβ unit cells, 

polymeric chains of cellulose are arranged in the ‘parallel up’ configuration.195 This means that 
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the 1→4 linkages of the stacked chains are oriented in the same direction (‘parallel’) and their 

direction points towards the positive c-axis direction of the unit cell (‘up’). Cellulose II is 

monoclinic and the most stable cellulose structure obtained typically via regeneration and 

mercerization.196 It was used for the production of cellophane or synthetic textile fibres. 

Cellulose III can be obtained from cellulose I and II by heat treatment and can be used to 

produce cellulose IV. To describe the overall fibrillar structure of cellulose two models have 

been proposed. One of them is the amorphous domain model197 which makes the analogy with 

semicrystalline polymers and presents cellulose as the chain of the crystalline domains 

separated by amorphous segments. The second, fringe model198 proposes that amorphous chains 

are distributed over crystalline domains constituting the core of the fibril. 

In the context of materials engineering it is important to mention that cellulose can be 

extracted from source materials in a form of structures called ‘nanocellulose’ or ‘cellulose 

(nano)particles’. There is a huge diversity of cellulose nanostructures, mostly due to the vast 

number of cellulose sources, which dictate morphology, crystallinity, and aspect ratio of the 

microfibrils. Moreover, different extraction processes can be employed to extract cellulose 

particles from cellulose microfibrils. Finally, there is a great number of protocols enabling 

surface modification, which further broadens the collection of possible nanomaterials.  

In general, the isolation of particles is performed in a two-stage procedure. Firstly, pretreatment 

in a form of purification and homogenisation of the source material is carried out.199 Secondly, 

separation of the components into (micro)fibrillar and crystalline fractions is performed.200 The 

most common isolation protocols are acid hydrolysis201 and mechanical treatment (the latter 

can be performed e.g. in high-pressure homogenizers202 and followed up by filtration).  

Upon the top-down processing of cellulose fibrils different types of nanostructures can be 

obtained. The number of possible nanocellulose morphologies is relatively big, mostly due to 

the fact that the nomenclature has not been standardized yet.191 Youngblood et al. proposed 

nine main types: wood fibre (WF) and plant fibre (PF) particles, microcrystalline and 

microfibrillated cellulose (MCC and MFC respectively), nanofibrillated cellulose (often called 

cellulose nanofibres, CNFs), cellulose nanocrystals (CNCs), tunicate cellulose nanocrystals  

(t-CNCs), algae cellulose (AC), and bacterial cellulose (BC).191 Out of them CNCs, CNFs, and 

BC are presumably the most popular types of nanocellulose (Figure 24). CNCs are relatively 

short and rod-like. They are 3-5 nm wide and 50-500 nm long, which makes them high aspect 

ratio structures.191,203 CNCs are highly crystalline (54-88%) and mostly consist of Iβ fraction 

(68-94%).191 On the other hand, CNFs are long (up to several microns) and very narrow fibrils 

(diameters in a nanometer range), exhibiting square cross-section and both crystalline and 

amorphous nature.203,204 CNFs are the only type of nanocellulose used in all of the experiments 
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described within this dissertation. There are different types of cellulose treatments resulting in 

CNFs, one of them, presumably the most common, is TEMPO (2,2,6,6-tetramethylpiperidinyl-

1-oxyl) oxidation. This procedure results in the generation of carboxyl groups, which also 

ensures faster fibrillation.204,205 CNFs exhibit tendency to form robust networks, mostly due to 

the formation of hydrogen bonds and entanglement of the fibres. Finally, BC particles are 

microfibrils produced by bacteria. They are microns in length and exhibit AR > 50.191 Their 

morphology is strongly dependent on the bacteria used and the culturing conditions. Upon 

changing temperature or providing additives, the Iα/Iβ ratio or width of the fibrils can be 

changed.193 

 

Figure 24. Morphologies of the most common types of nanocellulose, namely CNF – cellulose 

nanofibres CNC – cellulose nanocrystals, and BC – bacterial cellulose. Reprinted from 206. 

Properties of cellulose nanoparticles are strongly dependent on their surface chemistry, which 

is a direct result of the fabrication process207 (Figure 25). Typically, CNCs are prepared either 

upon degradation by the sulfuric acid, which results in the formation of sulphate ester groups,201 

or upon degradation with hydrochloric acid, providing hydroxylated surfaces.208 On the other 

hand, CNFs are usually prepared by applying mechanical methods or TEMPO-mediated 

oxidation. In addition, surface chemistry of nanocellulose may stem from properties of adsorbed 

species (e.g. CTAB209 or stearic acid210), and derivatization of the surface (e.g. covalent 

attachment of polyolefins211, isocyanates212, or silanes213). 

 

Figure 25. Most popular surface chemistries of cellulose nanoparticles, resulting from specific 

processing of initial cellulose fibrils. Top left – acetyl groups, a result of acetic acid treatment. 

Top right – sulphate esters, a result of sulfuric acid treatment. Bottom left – carboxyl groups, 

a result of TEMPO oxidation. Bottom right – hydroxyl groups, a result of hydrochloric acid 

treatment. Reprinted from 191. 

 Nanocellulose might be used to prepare engineered composite materials for applications 

requiring transparent films214, thermal or mechanical reinforcements215, or barrier films.214 
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Cellulose nanoparticles may be either added to various types of polymers or pure cellulose 

nanomaterials can be modified in order to obtain desired parameters of the final formulation. 

Different types of materials based on nanocellulose or incorporating it as a component can be 

prepared, including cellulose-reinforced polymer matrix composites216,217 and modified 

nanocellulose films (e.g. composites with silk,218 polyvinyl alcohol,219 or glycerol220). From the 

perspective of this dissertation, however, cellulose-gold nanoparticles and cellulose-dye 

composite materials are the most interesting and the two following subsections will be 

specifically devoted to them. 

2.3.2. Hybrid materials based on cellulose and gold nanoparticles 

Nanocellulose can be used as a template or scaffold for advanced materials. It possesses 

several advantages over other typically used structures. First and foremost, in contrary to many 

polymers, sol-gel matrices, or carbon nanotubes, cellulose is biocompatible and 

biodegradable.204 Notably, nanocellulose has been joined with gold nanoparticles to form 

advanced composites exhibiting new properties. First example of such material was reported 

by Chanzy et al. in the 1980s.221 Authors used 4-6 nm gold nanoparticles to label cellulose 

microfibrils and microcrystals obtained from algae and bacteria. After preparation of  

Au-enzyme complex, cellulose digestion by enzymes could have been investigated using 

electron microscopy. Au-enzyme complex exhibited very strong affinity towards cellulose, 

however the formation of the composite material was rather a side effect, not a goal on its own. 

Since then the field of cellulose-AuNPs composites has grown. This subchapter presents the 

most popular approaches to the preparation of cellulose-AuNPs hybrid materials and their 

applications. 

Mixing approach. One of the most commonly used approaches is simple mixing of 

AuNPs and nanocellulose suspensions. This path requires precise material design in terms of 

the surface chemistry of both components, as emphasised by Majoinen et al., who mixed 

positively charged spherical AuNPs (capped with ligand containing quaternary ammonium 

groups) with negatively charged CNCs (containing sulphate groups).222 Authors employed 

electrostatic interactions between components in the formation of the composite (Figure 26), 

which constitutes an important starting point for materials designed within this dissertation. 

Upon addition of CNCs to the water dispersion of Au nanostructures, precipitation of the 

resulting composite occurred, hence facilitating the separation of the final material. 
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Figure 26. Schematic representation of the employment of electrostatic interactions in the 

formation of AuNPs-decorated CNCs. a) Proper design of components’ surface chemistry 

ensures mutual interactions. b) Hybrid material can be prepared upon simple addition of CNCs 

dispersion to AuNPs dispersion. c) Scheme of CNC/AuNP superstructures formed upon 

electrostatic binding. Reprinted from 222 . Assembled from different figures and organized for 

presentation. 

If surface chemistry of the components is not matching, proper functionalization might be 

required as presented by Lam et al., who performed deposition of carbonate-coated AuNPs 

(spherical, 3.1 nm diameter) on the surface of CNCs which were modified with 

poly(diallyldimethyl ammonium chloride) (PDDA).223 Initial CNCs were negatively charged, 

due to the –COOH groups on their surface. To render nanocrystals compatible with also 

negatively charged Au nanostructures, CNCs were coated with polyelectrolyte, PDDA. Due to 

the electrostatic interactions between components, uniform coating of nanocellulose occurred 

(Figure 27). Nevertheless, the repulsion forces between components exhibiting the same 

surface charge can also be employed to drive the ordering of the composite, just as in work of 

Qu et al.224 who used sulphonated-CNCs and bovine albumin-coated Au nanoclusters 

(composed of 25 Au atoms). Both components exhibited negatively charged surface, which 

excluded flocculation and enabled preparation of uniform self-standing films. Iridescent 

colours, optical, and chiroptical properties were dependent on the content of Au nanoclusters. 

 

Figure 27. Schematic depiction of the CNCs’ surface modification leading to the preparation 

of AuNP-decorated cellulose nanocrystals. Reprinted from 223. 
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Formation of cellulose-AuNPs composites via mixing is not limited to CNC morphology. Guo 

et al. used two surface-modified CNFs, one with quaternary ammonium groups and one with 

amine groups, to electrostatically bind citrate-capped AuNPs.225 Eskilson et al., on the other 

hand, presented homogenous electrostatic adsorption of CTAB-coated AuNRs and cationic 

thiols-coated AuNSs on bacterial cellulose membranes.226 

One of the most important properties of cellulose is its chirality occurring at a molecular 

level as well as at other scales, for instance, CNCs can form liquid crystalline cholesteric (chiral 

nematic) phase.196 In such molecular organization, rod-like CNCs form a left-handed helix. The 

effect occurs for dispersions of CNCs in different solvents, which classifies cellulose as 

lyotropic liquid crystal (Figure 28). 

 

Figure 28. a) Schematic depiction of the liquid crystal chiral nematic ordering. Changes in the 

orientation of the long axis of molecule for each layer is presented next to the schematic 3D 

structure with direction of the helical axis indicated. Pitch length corresponds to the 360° turn 

of the director. Reprinted from 227 and relabelled for clarity. b) Evolution of CNCs from 

individual nanocrystals, through liquid crystal (LC) ordering, to iridescent, solid films. Inspired 

by 227. TEM image of CNCs reprinted from 228 and image of solid CNC films reprinted from 229. 

The ability of nanocellulose to form liquid crystalline ordering was one of most employed for 

the preparation of chiroptical plasmonic materials. Lukach et al. investigated influence of four 

types of AuNPs dispersed with negatively charged CNCs (216 nm in length and 13 nm 

diameter) on the formation of chiral solid films.230 Such films can be obtained by evaporating 

nanocellulose suspensions at room temperature for several days using even simple Petri dish as 

a casting mould. Authors utilized positively and negatively charged spherical AuNPs (capped 

with benzyldimethylhexadecylammonium chloride, BCAD and 1-mercapto-3,6,9,12-

tetraoxapendtadecan-15-oic acid, respectively) of two sizes, 9 and 43 nm. Size and charge of 

AuNPs did not have influence on the properties of the resulting films. The decisive parameter 

was found to be concentration of plasmonic nanoparticles, which influenced global chiral 

nematic order. At higher AuNPs concentrations, more disordered regions were observed which 
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led to the decrease of the circular dichroism signal. Resulting composites combined optical 

properties of AuNPs and chiroptical activity of CNCs. Similar results were presented by 

Querejeta-Fernández for sulphate-functionalized CNCs mixed with AuNRs (14 nm diameter 

and 41 nm length).231 Due to the elongated shape, AuNRs followed the liquid crystalline 

ordering of CNCs (Figure 29). Dry films of such suspensions exhibited strong circular 

dichroism signal and chiral nematic order distorted at higher Au concentrations. Importantly, 

authors presented how the plasmonic chiroptical activity of the films can be controlled by 

dimensions of AuNRs, and presence of additives such as salt. These factor were found to 

regulate the pitch of the chiral nematic ordering of the CNC matrix. 

 

Figure 29. Preparation of the composite chiroptical plasmonic film via mixing approach. Slow 

evaporation of solvent results in the formation of a left-handed liquid crystalline chiral nematic 

phase and, subsequently, a solid film. AuNRs follow the ordering of cellulose nanocrystals. 

Reprinted from 231. 

Chu et al. presented how to prepare free-standing chiral plasmonic films based on CNCs and 

citrate-capped AuNPs.232 Despite random distribution of Au nanospheres, nanoparticles did not 

aggregate and CNC matrix maintained its chiral nematic ordering. Using polarized light 

microscopy, a common technique in the investigation of liquid crystal materials, fingerprint 

texture of the matrix was confirmed. Composites exhibited also tunable and switchable 

plasmonic properties and angle-dependent position of the SPR band. 

The incorporation of AuNPs in the cellulose matrix might be also facilitated by cross-linking.  

Garavand et al. proposed a very interesting approach in which AuNRs (9 nm in diameter and 

30 nm in length) served as a cross-linking agent between cellulose nanocrystal xanthate and 𝑆 − 𝐻 functionalized polypseudorotaxane.233 As a result, a hybrid, organic-inorganic gel was 

obtained. In another work, Guo et al. used surface-modified propargyl-CNFs to induce click 

reaction with azido-terminated AuNPs in the presence of AA and CuSO4‧5H2O.225  

Nanocellulose does not need to serve only as a matrix for Au nanocrystals, it might also be used 

as a ligand and upon mixing of both components various morphologies of cellulose-AuNP 

systems can be obtained. Ohlendorf et al. were able to prepare hybrids exhibiting three different 
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organizations, namely, stable cellulose-Au cluster suspensions, instable cluster suspensions 

quickly undergoing aggregation, and single cellulose-stabilized AuNPs.234 Authors used 

hydroxypropyl celullulose-3-methyltiopropionyl chloride (HPC-MTP) and 11.9 nm diameter, 

spherical, citrate-stabilized AuNPs. Morphologies were controlled by concentration of  

HPC-MTP used during ligand exchange as depicted in Figure 30. 

 

Figure 30. Cellulose as a ligand for AuNPs. Ligand exchange process can result in different 

organisations of AuNPs. Reprinted from 234. 

In situ gold reduction in the presence of cellulose. Second important approach to the 

preparation of hybrid cellulose-AuNPs materials relies on the in situ fabrication of AuNPs in 

the presence of cellulose. Usually this process is performed in two steps. In the first step, gold 

precursor is adsorbed on the cellulose of a chosen morphology. In the second step, reducing 

agent is added and the generated metallic gold forms AuNPs. In a slightly different approach, 

chemical groups on the surface of the modified cellulose can serve as reductants. Despite the 

approach applied, cellulose also acts as either matrix or surface stabilizing agent. Generally, 

however, the in situ method results in less uniform hybrid materials in terms of the homogeneity 

of AuNPs deposition, as emphasised by Lam et al.,223 who compared the results of the in situ 

Au(III) reduction with mixing approach. Compared to the in situ reduction, mixing method 

resulted in the more uniform AuNPs deposition on the surface of CNCs. 

In order to promote adsorption of tetrachloroauric acid, Dong et al. modified cellulose that 

initially contained −𝑂𝐻 groups by immersing it in the solution of cationic epoxide.235 Upon 

the reaction of hydroxyl groups and epoxide, quaternary ammonium ions were introduced and 

cellulose became cationic itself, which further promoted adsorption of [AuCl4]
– ions. Formation 

of AuNPs was initiated by addition of NaBH4 and, as a result, polydisperse, irregular 

nanoparticles in a 8-10 nm size range grew directly on the surface of cellulose substrate. 

Nanocellulose may also be modified in such a way to promote very strong and direct bonding 

to the metallic gold. For instance, Yokota et al. prepared thiolabelled cellulose, thus enabling 

instant S-Au bonding upon AuNPs formation.236 Presence of the bond was confirmed by XPS 

spectroscopy. The as-synthesised nanoparticles were rather uniform (6.8 nm in size) and not 

aggregated (Figure 31). 



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

 

58 

 

Figure 31. Reaction conditions for the in situ synthesis of AuNPs in the presence of  

sulphur-containing cellulose acting as a ligand for the as-prepared Au nanostructures. 

Reprinted from 236. 

Dispersity of AuNPs can be controlled by asserting proper reaction conditions. For example, 

He et al. used porous cellulose fibres, hence providing specific nanoreactors for the reduction 

of gold precursor.237 Resulting AuNPs were smaller than 10 nm and their size distribution could 

have been controlled due to the ion-dipole interactions between metal precursor and hydroxyl 

groups of cellulose, as postulated by authors. Formation of other noble metal nanostructures, 

namely Ag, Pd, and Pt nanoparticles was also explored. A thorough investigation by  

Ashraf et al. provided more information on the effect of the reducing agent.238 Both sodium 

hydroxide and sodium borohydride were used to reduce Au precursor in the presence of lecithin 

treated and thiol-modified CNFs. Chemical modification of cellulose helped to form almost 

spherical nanostructures, although sodium borohydride led to higher polydispersity and lower 

loading (~22 wt%) of AuNPs. Nevertheless, materials could have been successfully employed 

as catalyst in the reduction of 4-nitrophenol.  

Another types of cellulose surface modifications that can be made to assure stabilization of the 

in situ synthesised AuNPs are the introduction of carboxyl239 and amino240 functional groups. 

Chen et al. grafted polyamidoamine dendrimers onto TEMPO-oxidized CNCs.241  

Dendrimers-modified CNCs not only provided stabilization for the in situ formed AuNPs, but 

were also able to induce gold reduction, and no other reducing agent was needed. The size 

distribution of the resulting Au nanocrystals was broader than in case of NaBH4-reduced 

AuNPs, however this aspect could have been influenced through the control of  

the CNC-dendrimers concentration.  

The another example for the approach discussed in this section is work of Yan et al., where 

one-pot synthesis of AuNPs on CNCs was proposed at elevated temperatures and in the 

presence of polyethylene glycol (PEG).242 PEG served as a reducing agent at 80°C, yet the 

controlled temperature changes were found to control the size of nanostructures. BC can also 
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be used in such synthetic approach, just as in the work of Zhang et al., who prepared Au-BC 

hybrids by using poly(ethyleneimine) as both reductor and linking agent.243 Great separation of 

individual AuNPs formed at 60°C was obtained and relatively uniform size (about 9 nm) and 

surface coverage (~80% of the BC surface area) were observed as well. In a similar work,  

Li et al. presented that the BC-AuNPs composites can exhibit 3D network structures with 

interconnected pores.244 

Although literature proposes various protocols of the in situ AuNPs formation in the 

presence or on the surface of nanocellulose of different morphologies,204 this approach usually 

does not provide the precise control over the optical properties of the resulting hybrids. The 

main reason for that is relatively low control over the process of Au nanocrystals synthesis. As 

it has been presented in the section 2.1.2 of this dissertation, synthesis of AuNPs of desired 

morphologies (and hence also exhibiting defined optical properties) is a complicated task 

influenced by various nuanced factors. By incorporating cellulose in the reaction mixture, 

another variable is introduced, which significantly changes process conditions. Moreover, due 

to the huge variety of cellulose sources and morphologies, each process is essentially different. 

As a result, there is only a poor control over the morphology and size of the synthesised 

nanostructures. Hence, preparation of composites containing anisotropic nanoparticles with 

well-defined optical properties with this approach is very improbable. 

 Other approaches. Mixing and the in situ synthesis are not the only methods of 

cellulose-AuNPs composites preparation. One can also distinguish alternative approaches, such 

as dip coating,245 solid grinding,246 layer-by-layer assembly,247 seeded-growth,248 inkjet 

printing,249 and micro-patterning.250 An example of a dip coating approach can be found in the 

work of Ngo et al., where ordinary paper was used as an adsorbent for AuNSs synthesised by 

Turkevich method.251 Au content was controlled by the concentration of the dipping dispersion, 

which enabled control over the aggregation state of nanostructures (Figure 32). Such composite 

plasmonic papers were used to amplify the SERS signal of the investigated dyes. An example 

of the seeded-growth approach is work of Gruber et al., who presented a facile way for the 

tuning of the composites’ plasmonic properties.248 Authors introduced silica coating on CNCs, 

which not only increased the stability of the template, but also – through control over the 

thickness of silica layer – enabled control over the plasmonic properties of Au deposited in the 

next step. After reduction, preformed silica nanowires were coated with gold, and the thickness 

of the coating was controlled by increasing gold-silica ratio. Changes to dimensions of both 

gold shell and silica core, provided tuning of the SPR. 
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Figure 32. Colours of the hybrid papers dip-coated with AuNPs were a direct result of using 

solutions of different AuNPs’ concentrations. Hence, not only the total deposition, but also the 

aggregation state of nanostructures were controlled. Reprinted from 251. 

 Applications. To summarize this subsection, a short paragraph concerning applications 

of the cellulose-AuNPs composites is presented. 

Due to the huge variety of the hybrid materials consisting of nanocellulose and Au 

nanostructures, such formulations can find applications in various fields. For instance,  

Bothra et al. presented that cellulose modified with bovine serum albumin-decorated Au 

nanoclusters can be used for the detection of Hg2+ in a 1nM–1mM concentration range.252 

Detection relied on the colour change of the observed fluorescence coming from nanoclusters. 

Changes could have been observed even with a naked eye. Limit of the detection was relatively 

low and met the detection requirements for drinking water provided by the European Union. 

BC-based hybrid materials are often used for the preparation of biosensors, e.g. for sensing of 

enzymes244 or hydrogen peroxide.243 

Another important application is preparation of SERS substrates. Zhang et al. presented a 

reproducible SERS substrate based on Au-decorated CNFs.245 Substrate was tested using  

4-aminothiophenol, a model molecule. Use of CNFs instead of other possible morphologies of 

nanocellulose increased substrate reproducibility comparing to paper or cotton. Wei et al.253 as 

well as Park et al.254 demonstrated preparation of AuNPs-decorated BC hydrogels and creation 

of SERS hot spots upon drying of the hydrogel structures. Upon drying spatial deformation was 

imposed on the hydrogels, which resulted in the SERS signal enhancement. 

Au-decorated nanocellulose can also exhibit antioxidant255 and antimicrobial256 activity or be 

utilized for protein separation257 or enzyme immobilization.258 From the perspective of this 

dissertation, however, one of the most important applications of such hybrid materials is in the 

field of catalysis. In this field various nanocellulose morphologies are utilized, including 

CNFs,239 CNCs,242 or BC.259 One of the most common reactions evaluating catalytic efficiency 

of the composites is reduction of 4-nitrophenol to 4-aminophenol with NaBH4 (Figure 33). The 
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turnover frequency (namely number of moles of the reacting molecule per mole of Au per hour) 

in the presence of cellulose-AuNPs materials can be even up to 4 orders of magnitude higher 

comparing to plasmonic catalysis performed using polymer-supported AuNPs.239 Columns 

filled with BC-AuNPs were able to operate even for several months without losses in the 

catalytic activity259 and the very intuitive relation was observed, namely the smaller the AuNPs 

used, the higher the catalytic activity of the composites, due to the higher surface area of the 

plasmonic metal.260 

 

Figure 33. Nanocellulose-AuNPs composites can be utilized in various fields, including field 

of photocatalysis. One of the reactions commonly used for the evaluation of the catalytic activity 

of composites is reduction of 4-nitrophenol (4-NP) with NaBH4. Reprinted from 242. 

2.3.3. Hybrid materials based on cellulose and dyes 

The final subsection of this subchapter concerns formulation of hybrid materials 

consisting of nanocellulose and dyes. In contrast to AuNPs, dyes are molecular species. For the 

formation of cellulose-dye materials in this subchapter the term ‘impregnation’ is used. First, 

the possible interactions at the foundation of the impregnation process are discussed and further, 

important aspects and parameters influencing the process are presented with examples. 

Main properties of cellulose stem from its molecular interactions (adsorption and 

adhesion) with various chemical species on the surface of the fibrils. Essentially, reactivity of 

cellulose towards various reagents comes from the reactivity of the oxygen atoms of O2, O3, 

and O6 hydroxyl groups (Figure 34), depending on the degree of cellulose organization.261 
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Figure 34. Cellulose – two repeated units presenting atom numbering. 

Generally, for the ordered cellulose, the oxygen atoms in O3’ hydroxyl groups are forming 

hydrogen bonds with O5 oxygen atoms in the neighbouring glucose units. Hence, the O3’ 

hydroxyls are not reactive. On the contrary, in the amorphous structures, oxygen atoms O2, O3, 

and O6, should be equally reactive, however, depending on the crystallinity, the O3 oxygen 

atoms can be more or less accessible. For bacterial cellulose (which exhibits high crystallinity) 

the O3 hydroxyls are almost non-reactive, yet in less ordered cotton fibres the same groups can 

be much more accessible.261 However, the intra-chain hydrogen bond between O5 acting as 

hydrogen acceptor and O3H3 acting as hydrogen donor is in most cases very stable, and as a 

result there are only 3.6 OH groups/nm2 accessible for hydrogen bonds formed with other 

fibrils, solvent, molecules, or macromolecules.184 Hence, cellulose can clearly form both  

inter- and intramolecular hydrogen bonds, which is one of the primary interactions binding 

small molecules, such as dyes.261,262 

In case of TEMPO-oxidized CNFs (which were used in the experimental part of this 

dissertation) the carboxyl group appears on the C6 and C6’ atoms. They are responsible for 

increasing the stability of cellulose nanofibres in aqueous solution – their dissociation in water 

helps to avoid sedimentation and aggregation, due to the electrostatic repulsion. Their negative 

charge is not formal and delocalized between two oxygen atoms in the −𝐶𝑂𝑂− group. Thus, 

CNFs may potentially form both hydrogen bonds and ionic bonds.  

Interactions between dyes and cellulose are basic for a field which is very common and 

vital for the humankind, such as dyeing of fabrics,263 but also for water depollution264,265 or for 

the development of optical brightening agents (OBA)266–268 applied to improve visual properties 

of paper and pulp products. Cellulose dyeing is dependent on pH, temperature, chemical 

structure of a dyeing molecule, its concentration, as well as diffusion process.263 For some of 

the dyes the fixation procedure is needed, which results in necessity for harsh basic and high 

temperature conditions. This is why cellulose-dye molecules interactions are of scientific 
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interest on both macroscopic and molecular level. There are many different aspects that need 

to be taken into account when preparing cellulose-dye hybrid materials and there are plenty of 

approaches to the process. Some of them, particularly important for the context of this 

dissertation, are presented and discussed below. 

Spatial accessibility of cellulose chains. In order for the interactions between two species to 

occur, both of them need to be accessible for each other. Dye molecules may be entrapped 

within the cellulose macroscopic structure when enough free volume is created for the 

interactions to occur. Kim et al. have proposed dyeing of cellulose acetate fibres, prepared via 

electrospinning technique, with curcumin dissolved in the NaOH/ethanol solution.269 

Electrospinning yielded material with high roughness and surface area, which resulted in the 

superb coloration. Curcumin entrapment within material’s structure happened during the 

deacetylation of cellulose. The resulting dye-impregnated material exhibited chromatic 

responsiveness when exposed to HCl or NH3 vapours (Figure 35). 

 

Figure 35. Impregnation of two different cellulose-containing materials with curcumin. Images 

representing colour changes of the curcumin-impregnated a) cellulose acetate fibres and  

b) cotton under different conditions. Colour depth of the samples expressed as K/S value (ratio 

of absorption coefficient, K and scattering coefficient, S) determined for 520 nm as a function 

of time for c) cellulose acetate fibres and d) cotton. e) Chemical reaction responsible for the 

colour change of the samples. Reprinted from 269. 

Strength of interactions and promoting adsorption. Cellulose can interact with both anionic 

and cationic dyes, the only difference being its surface preparation and modification. In order 

to increase the strength of interactions and promote adsorption, cellulose processing needs to 

include steps leading to the increase in the number of proper functional groups. Zhou et al. have 
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modified cellulose with glycidyl methacrylate (GMA) to obtain epoxy cellulose, which was 

further modified with diethylenetriamine pentaacetic acid (DTPA), and thus more −𝐶𝑂𝑂𝐻 

groups have been introduced.270 This enabled efficient adsorption of malachite green and basic 

fuchsine. Additional chemical modification of cellulose is, however, not necessary to promote 

interactions with other species. Wang et al. used carboxylated CNFs to reinforce collagen film 

via inter- and intramolecular electrostatic interactions between negatively charged CNFs and 

positively charged collagen (due to the protonation of its amine groups in acidic conditions, −𝑁𝐻3+).271 Besides the ionic bonds, the hydrogen bonds between −𝑁𝐻2, −𝐶𝑂𝑂𝐻, and −𝑂𝐻 

of CNFs and collagen have also been observed (Figure 36). Such composite cellulose-collagen 

materials can be further used for the adsorption of dyes, e.g. tannin, and further serve as 

bioadsorbents for the removal of metal ions from water.272 

 

Figure 36. CNF and collagen interactions – electrostatic interactions and hydrogen bonds – 

as an underlying reason for the formation of an interpenetrating network. Reprinted from 271. 

Cellulose-dye interactions can be mediated. Low molecular weight compounds, such as 

surfactants267 or salts268 can be used to mediate cellulose-dyes interactions or assist the sorption 

process.273 Liu and co-workers presented how to adsorb negatively charged stilbene on the 

surface of negatively charged cellulose.268 Adsorption was carried out due to the introduction 

of divalent salts, such as CaCl2. Ca2+ cations reduced electrostatic repulsion between stilbene 

and CNFs, helped to form more extended conformation of the fibres, and finally created bridges 

between the two components.  

Importance of electrostatic interactions. Iamazaki and Atvars have investigated possibility 

of sorption of an OBA, 4,4’-distyrylbiphenyl sodium sulfonate (Tinopal CBS), on cellulose 
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fibres in the presence of surfactants: anionic sodium dodecyl sulphate (SDS) and cationic 

dodecyltrimethylammonium chloride (DTAC).266 This work emphasises the importance of 

electrostatic interactions in the sorption of dyes on cellulose by focusing on the competing  

dye-surfactant and cellulose-surfactant interactions. Authors observed that both surfactants, 

despite different charges, interact with cellulose and cause phase separation of the fibres, 

leading to the turbidity of the solution. Since Tinopal CBS is negatively charged, it does not 

interact with SDS and the competition in their sorption on cellulose was observed. For the 

cationic surfactant, DTAC, interactions with dye molecules were possible, however, in the 

presence of cellulose and below critical micelle concentration (CMC) of DTAC, dye adsorption 

on cellulose occurred. Authors emphasise complexity of the whole process, involvement of 

several different interactions, such as hydrogen bonds, lateral hydrophobic association, van der 

Waals, and electrostatic interactions and note, that dyes can be adsorbed either inside the 

amorphous regions of cellulose fibres, or on their interface with its crystalline regions.  

Ionic strength needs to be considered. As presented for the sorption of dyes in the presence 

of surfactants, addition of salts might influence their CMC and, hence, also their interactions 

with dyes and cellulose.266 Additionally, CNFs need to be considered as a polyelectrolyte 

surface. Thus, CNFs’ surface charge and conformation might be influenced by ionic strength. 

Cellulose can increase water-dispersibility of hydrophobic dyes. Very often use of various 

dyes is limited due to their solubility. In such case cellulose can be used as a platform to transfer 

dye molecules to the desired solvents and systems. Sun et al. have presented CNCs used without 

any surface modification as a platform for spirooxazine (SO) derivative.274 Hydrophobic SO 

dye was adsorbed on the surface of hydrophilic cellulose in a form of a nanometer scale 

aggregates, attached to the spindle-shaped cellulose nanocrystals (Figure 37). Photochromic 

paper strips prepared with CNCs-dispersed SO dye exhibited higher values of differential light 

absorption coefficients. Hence, the amount of dye that needed to be used to observe the desired 

photochromic effect could have been limited and the related costs were decreased. 

 

Figure 37. Cellulose as a platform for solvent transfer of water-insoluble dye. Comparison of 

(left) bare CNCs and (right) CNCs with adsorbed aggregates of hydrophobic spirooxazine 

derivative. Reprinted from 274. 
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If the dye is chosen to match the surface chemistry of cellulose, no special treatment is 

necessary. As presented by Araki, adsorption of cationic dyes on nanocellulose can be not only 

qualitative but also quantitative and can be used to assess number of cellulose acidic surface 

groups.275 Proposed protocol is very rapid, employs uncomplicated cellulose-dye interactions, 

and does not require any additional steps or cellulose functionalization. In the experiment of 

Araki, toluidine blue O (TBO) was used to assess sulphate and carboxyl groups on the surface 

of cellulose nanowiskers (CNWs). CNWs were chosen due to their surface chemistry. TBO, a 

cationic dye, formed ionic bonds with carboxyl groups on the surface of nanocellulose, which 

was used for the quantification of their number based on the spectrophotometric measurements. 

As clearly presented above, there are various routes to prepare dye-impregnated 

cellulose. Despite all different factors that need to be considered, huge variety of dyes and 

different cellulose morphologies, combined with cellulose rich surface chemistry, constitute a 

strong and convenient starting point for the design of plethora of interesting systems. Linking 

this type of hybrid materials with the ones presented in the Section 2.3.2 of this introduction 

opens new possibilities and makes new material designs possible. Such hybrid materials might 

be used in the previously unattainable experimental scenarios. 

  

2.4. Hybrid materials based on azobenzenes and gold 

nanoparticles 

The final subchapter of the introduction discusses hybrid materials composed of AuNPs 

and azobenzene type photochromes (Azo). Such material design corresponds really well with 

the requirements for the smart materials, which are able to convert the action of the external 

stimuli in the microscale to the desired material behaviour in the macroscale. Design and 

preparation of such materials is presumably one of the more interesting challenges at the 

intersection of chemical sciences and materials engineering. One of the best stimuli that enables 

control over smart materials is light. Light is fully tunable in terms of its wavelength (energy), 

exposition time, and intensity. Moreover, light is ultrafast, efficient, ecological, and can be 

controlled with high spatiotemporal resolution.276,277 Out of many light responsive systems the 

nanostructured or supramolecular ones are particularly noteworthy, due to the potential ease of 

modification, low costs, and high economic and societal impact.276 Such systems are typically 

based on photochromic molecules and nanoparticles. Especially popular designs are  

Azo-AuNPs hybrids, which exhibit dual functionality, namely plasmonic and photochromic 

properties at the same time. Firstly, this subchapter describes azobenzene type photochromes. 



mgr inż. Nina Tarnowicz-Staniak                        Chapter 2           
 

 

67 

Subsequently, the most popular Azo-AuNPs hybrids designs are presented and their 

functionality is discussed. 

2.4.1. Azobenzene type photochromes 

Azobenzenes are a family of molecules that exhibit photochromism. A word 

‘photochromism’ comes from two Greek words, photos (light) and chroma (colour), hence, the 

simplest definition of this phenomenon is the ability of a molecule to undergo reversible light-

induced change of colour due to the occurrence of chemical reaction.278 This definition is 

related to the first observation of the phenomenon in 1867 by Fritzche, who observed that 

orange naphtacene solution becomes colourless in the daylight, yet it recovers its colour in the 

dark or upon heating.279 The most common model describing photochromism is a two-way 

reaction between species A and B, which are forms of the same chemical compound, separated 

by a potential barrier (ΔE; Figure 38a). Reaction 𝐴 → 𝐵 occurs upon irradiation and usually A 

absorbs in the UV or near-UV (Figure 38b). Reaction 𝐵 → 𝐴 may also occur solely upon light 

absorption, for bistable systems with high ΔE barrier, which is called P-type photochromism. 

However, for some of the molecules with thermodynamically unstable form B (low potential 

barrier), the back-reaction may occur spontaneously. Such compounds are called T-type 

photochromes, which refers to the thermally induced reaction 𝐵 → 𝐴 (Figure 38c).280,281 

 
Figure 38. Photochromism depiction. a) Potential energy diagram. b) Schematic absorption 

spectra of species A and B. c) Photochromic reaction between species A and B.  

Inspired by 278,280,281. 
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Upon irradiation, photochromic molecules change their geometrical conformation as well as 

chemical and physical properties, such as light absorption or emission profiles, conductivity, 

catalytic or magnetic properties. There are different types of photochromic molecules, including 

azobenzenes,282 diarylethenes,283 stilbenes,284 and spiropyrans285 (Figure 39). Photochromes 

find applications e.g. in electronics,286 teranostics,287 or as functional coatings288 and in order 

to efficiently utilize them, especially in advanced applications, some of their characteristics 

need to be researched and improved. First, photochromes need to be characterized by high 

fatigue resistance, namely, they should exhibit as many switching cycles as possible. Second, 

to improve switching speed and switching extent, quantum yield of the photochromic reactions 

should be high. Third, for P-type photochromes, molecules should exhibit complete bistability, 

while for the T-type photochromes, back-reaction should occur with precisely defined rate 

(usually very quickly, although this aspect is strongly application-dependent). Finally, distinct 

spectral shifts between both forms are required, which also translates to significant changes in 

other properties of the molecular photoswitch. 

 

Figure 39. Photoswitching of different types of photochromes. Figure based on 289. 

Azobenzene is an organic azo compound, a derivative of diazene, in which both 

hydrogen atoms were replaced by phenyl rings. Such molecular structure was discovered in the 

19th century, but the photochemistry of the molecule was not described until 1937.290 

Azobenzene and its derivatives, due to the presence of double bond between nitrogen atoms, 

may occur in a form of two isomers: cis and trans or Z (from German ‘zusammen’ – together) 

and E (from German ‘entgegen’ – opposite), respectively. E isomers are more 

thermodynamically stable, mostly due to the steric effects, hence the Z–E isomerization may 

occur spontaneously, meaning that azobenzenes are T-type photochromes. Presence of 

substituents can drastically influence photochemical and physicochemical properties of Azo, as 

well as the stability of Z isomer.291 Typically, however, Azo are characterized by two distinct 

bands, π-π* more pronounced and intense appearing in the UV part of the spectrum (usually 
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around 320-365 nm) and n-π* appearing in the visible spectral region (above 400 nm). Presence 

and type of substituents may substantially influence position and intensity of the bands.  

The effects may be even further influenced by type of the solvent.291 

Upon isomerization geometry of Azo molecule undergoes a distinct change centred around a 

movement of one of the phenyl rings with respect to the other (Figure 40). Upon such structural 

change, the distance between groups or atoms directly at the positions 4 and 4’ changes from 

about 9.0 Å in a trans-Azo to about 5.5 Å in a cis-Azo.292 For the terminal atoms in the chemical 

groups in the 4,4’-substituted azobenzenes the changes are even bigger. Such considerable 

geometrical change might be translated into properties and macroscopic behaviour of the  

Azo-doped materials, such as Azo-incorporating polymers293 and molecular crystals.294  

 

Figure 40. Geometrical change occurring upon Azo isomerization. 

Isomerization of Azo also results in the change of molecule’s polarity. In the E form lone 

electron pairs of both nitrogen atoms are oriented in the opposite directions, which is reflected 

in the low dipole moment of the molecule, typically 0.0–1.2 D, while for the Z form of Azo 

dipole moment increases to 3.1–4.4 D, depending on the substitution of the Azo core295,296 

(Figure 41). Such effect can be successfully used e.g. to tune the polarity of the Azo-decorated 

cavities.297 Both effects can induce motion in supramolecular switches, as it has been presented 

for cyclophanes298 or cyclodextrins299 where E–Z Azo isomerization was used to release 

molecular ‘cargo’ from cavities of macrocyclic hosts. 

 

Figure 41. Molecular orbitals for E and Z isomers of unsubstituted Azo with corresponding 

energies [eV]. Reprinted from 300. 
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Azo molecules are especially popular photochromes used for the design of advanced 

materials exhibiting photoswitching properties, mostly due to their relatively simple synthesis 

(their molecular structure can be easily modified) and high photostability even after prolonged 

irradiation.291 Azo are also characterized by a good fatigue resistance, quick photoswitching 

(both E–Z and Z–E reactions can be completed within picoseconds301) and low reactivity.302 

The usually indicated limiting factors are variable stability of the Z-Azo isomer and the fact that 

the positions of π-π* and n-π* bands are not that easily influenced, which is problematic for  

bio-related applications, since π-π* band of Azo occurs in the UV. However, the stability of  

Z isomer can be tuned by both internal and external factors, namely by the structure303 and 

surroundings304 respectively, and hence, can be adjusted to the desired applications. Moreover, 

there are multiple new Azo synthesis protocols enabling shifting of the absorption bands more 

into the Vis region of the spectrum. One of the synthetic approaches is the decrease of  

HOMO-LUMO gap, which redshifts Azo absorption bands. To effectively execute that 

approach π conjugation needs to be extended or electron-withdrawing groups (EWGs) and/or 

electron-donating groups (EDGs) at ortho or para positions need to be introduced.305 However, 

this strategy influences also thermal half-life of the Z isomer, usually by decreasing it.291 

Therefore, another strategy is often applied and involves separation of the n→π* transition. To 

achieve that Woolley et al. introduced methoxy group at the ortho position (Figure 42a).306 

The another example is work of Bleger et al. who proposed ortho substitution with fluorine307 

(Figure 42b). This synthetic approaches result in Azo molecules exhibiting more bistable 

character, which further predestines them for the bio-related applications.308 

 

Figure 42. Azo molecules can be modified by substitution in the ortho position to affect the 

energy of the n→π* transition. a) Upon substitution with four methoxy groups in all ortho 

position the trans-cis isomerization can be induced with green light (530-560 nm).306 b) Upon 

substitution with fluorine in all ortho positions the trans-cis isomerization can be induced with 

light above 500 nm light.307 Reprinted from 300. 
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2.4.2. Azo-AuNPs hybrids 

To summarize this chapter, which is focused on the introduction of the most essential 

topics from the perspective of the dissertation, a short discussion regarding the most popular 

designs of Azo-AuNPs plasmonic-photochromic hybrids is presented. 

Due to high affinity towards thiol- and amine-terminated molecules309,310 gold can be 

used as a surface for efficiently deposition of properly designed azobenzene derivatives. Such 

photochromic ligands need to include in their structure functional groups terminated with −𝑆𝐻 

or −𝑁𝐻2 moieties. Initially research attention was placed on the self-assembled monolayers 

(SAMs) of Azo ligands on planar gold surfaces (Figure 43a).295,311–314 Such material design 

was relatively uncomplicated and enabled macroscopic control over the surface properties. As 

presented by Lim et al., due to the changes in the dipole moment of the Azo ligand upon 

isomerization, such hybrid materials exhibited switchable wettability.315 On the other hand, 

Liu et al. presented reversible cell adsorption on the Au planar surface decorated with mSAMs 

of protein-terminated Azo-thiol and background alkanethiol.316 

However, the dense packing of Azo SAMs typically results in the constrained 

photoswitching.312,313,317,318 The estimated volume required for trans–cis isomerization of a 

single Azo unit is about 127 Å3 319 and the minimal planar surface is 0.40 nm2.320 Studies 

showed, that the average surface area occupied by a single Azo molecule in SAM on planar Au 

is about 0.187 nm2,317 which is lower than for a single alkyl thiol (0.215 nm2),321 and lower than 

necessary for efficient isomerization. It was confirmed, that such dense packing of Azo ligands 

is a direct result of interactions between the neighbouring molecules (especially between their −𝑁 = 𝑁 − motifs).322 Because photoswitching is the most crucial property of any material 

containing photochromic component, maintaining the photoswitchability of Azo on planar Au 

surfaces became an important challenge in the field. The remedy for the steric hindrance 

experienced by ligand molecules was found in a few approaches. One of them is preparation of 

mixed SAMs (mSAMs), where non-photochromic, shorter background ligands are introduced, 

mostly alkanethiols.311,323–326 Hence, the necessary space is created through background 

molecules acting as spacers between the neighbouring Azo. Another approach relies on the 

modification of the ligand’s structure through introduction of bulky spacers or elongated linkers 

near to −𝑁 = 𝑁 − motif.327–330 For instance, Ito et al. presented that p-carborane (carboranes331 

are a class of non-classically bonded boron, hydrogen, and carbon clusters, adapting a 3D 

geometry) can be used as bulky spacers to provide necessary free volume for Azo isomerization 

within SAMs.327 The another pathway involves use of unsymmetrically substituted disulfides 

as linkers anchoring Azo unit to the surface of gold.332–334 Such linker provides two anchoring 
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points and hence one dialkyl disulfide molecule occupies the average area of 0.43 nm2, similarly 

to the surface necessary for Azo molecule to freely isomerize.335 In order to avoid phase 

separation upon ligand adsorption on Au, which usually occurs due to the disulfide cleavage 

into a pair of thiolates, unsymmetrical disulfides are used. 

Nevertheless, from the perspective of materials science the most favourable approach to 

the elimination of the Azo ligands’ steric hindrance was introduction of new material design in 

which photochromes are bound to the positively curved surfaces, such as nanoparticles. 

Because of this, efficient weakening of intermolecular interactions between Azo molecules 

ensues, which results in the increased free volume.336 Such novel formulation enabled 

observation of new phenomena and started an undeniable boom for Azo-nanoparticles 

hybrids.7,337–339 Especially systems relying on plasmonic Au nanocores340–343 became popular 

(Figure 43b), because the presence of a metallic core exhibiting one-of-a-kind optical 

properties stemming from surface plasmons granted new functionalities and possibilities.114 

 

Figure 43. The most typical Azo-Au hybrid materials a) SAMs on the surface of planar Au and 

b) Azo-decorated Au nanoparticles. 

Preparation of Azo-AuNPs as a new type of interfaces resulted in the enlarged surface 

area of the materials and facilitated ligand exchange processes. Nowadays, the majority of 

studies focuses on hybrids prepared via direct interactions between the plasmonic 

nanostructures and the photochromic ligand. Usually the modifications to the nanomaterial 

properties, such as optical response or aggregation state, are central to the literature reports.339–

342,344–347 Particularly the Light-Induced (Reversible) Self-Assembly337,340,346,348  

of nanostructures (Figure 44) equipped with Azo ligands has evoked a great interest.  
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Figure 44. Schematic depiction of the Light-Induced Self-Assembly phenomenon observed for 

the Azo-AuNPs hybrid structures upon irradiation inducing isomerization of the photochromic 

ligand. 

One of the best known examples of Azo-AuNPs and LISA applications are self-erasing inks. 

Klajn et al. described reversible aggregation of photoactive 5.6 nm Au and 5.3 nm Ag 

nanostructures embedded into the PMMA films (150 μm).340 After UV irradiation through a 

photomask patterns with different levels of complication could have been imprinted in the film, 

due to Azo-AuNPs aggregation (Figure 45a). Depending on the Azo ligands concentration on 

the surface of nanostructures pattern self-erasure times in the daylight could have been 

modified. Writing times and irradiation intensities were about 0.8-10 s and 10 mW/cm2 

respectively. It was possible to create multicolour regions by varying irradiation times. After 

pattern erasure films could be re-written multiple times. 

Typically, aggregates of nanoparticles are associated with disordered structures. However, 

contrary to what would be intuitively expected, LISA may also lead to the formation of ordered 

aggregates. As presented by Klajn et al. proper hybrid’s design may lead to the formation of 

crystalline assemblies (Figure 45b).348 By utilizing dithiol azobenzene ligand, able to create 

covalent bonds between two neighbouring nanoparticles, and by controlling the number of 

ligands adsorbed on the surface of spherical AuNPs, one may obtain both light-reversible and 

irreversible crystals next to amorphous precipitate and unaggregated nanostructures. Covalent 

bonding of nanoparticles is mediated by light-induced dipoles of cis-Azo. Zhao et al. presented, 

that such Azo-AuNPs crystals created via LISA may be used as nanoreactors (called by authors 

‘nanoflasks’, Figure 45c).349 By creating confined volumes, comparable to the dimensions of 

molecules, local changes of e.g. polarity may occur and lead to chemical processes with high 

stereoselectivity. Sizes of the nanoflasks might be controlled by size of the Au core and length 

of Azo ligands. Creation of mSAMs may help to improve selectivity towards trapped reagents. 
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As clearly presented, LISA can be advantageous for certain applications. Nevertheless, it may 

pose considerable challenges for other purposes, mainly due to the fact, that optical properties 

of AuNPs are drastically changed upon aggregation. From the point of view of this dissertation 

LISA phenomenon is considered to be undesirable. 

 

Figure 45. a) Azo-AuNPs rewritable, flexible PMMA films. Sequential writing (2 s, 10 mW/cm2 

UV irradiation, except for array of squares where exposure time was 5 s) and erasing  

(‘t’ indicates long-time daylight exposure, ‘Vis’ refers to short visible light exposure, and ‘Δ’ 

indicates heating to 50 °C for 20 s) for the same film sample. Scale bar equals 5 mm. Reprinted 

from 340. b) Crystalline Azo-AuNPs assemblies. (Top) Structure of the Azo ligand (ADT) 

mediating LISA phenomenon. (Bottom) Phase diagram and related suprastructures obtained 

via LISA: NP – unaggregated AuNPs, AP – amorphous precipitate, RC – light-reversible 

crystals, IC – irreversible crystals, and SS – supraspheres. Scale bars equal 100 nm. Reprinted 

from 348. c) Formation of nanoflasks upon Azo-AuNPs aggregation (6 nm AuNPs decorated 

with 4-(11-mercapto-undecanoxy)azobenzene). Electron micrographs of colloidal crystals 

obtained after exposure to UV irradiation. Inset scale bar equals 200 nm. As-formed 

nanocavities (also named ‘nanoflasks’) are indicated with blue lines in the picture on the right. 

Reprinted from 349. 

The influence of AuNPs on the properties and photoswitching behaviour of the Azo 

ligands, although not as much researched as LISA, remains an important topic as well. In 

particular, since plasmonic cores are a source of powerful light-induced catalytic tools  

(as described in the section 2.2. of the dissertation), it can be stated that plasmon-related 

phenomena can be potentially used to affect the isomerization of azobenzenes (both trans–cis 
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and cis–trans reactions) by influencing mechanisms, rate constants (k), and half-times (τ) of the 

reactions.  

The summary of the selected research attempts focused on the investigation of AuNPs influence 

on the isomerization of Azo as one of the goals is presented in Table 1 to form more 

comprehensive picture of the phenomenon. This also presents scope of challenges crucial to 

this work and remaining to be addressed in the field. 

 

Table 1. Summary of the selected literature reports focused on the influence of AuNPs (solvent 

of the process indicated in the brackets) on the isomerization of azobenzenes (including kinetic 

parameters – reaction rate constant, k and reaction half-time, τ). Change in the kinetic 

parameters is given in relation to free Azo molecules (solvent for the comparative Azo solution 

indicated in brackets). 

Authors 

(year) 
Azo derivative 

AuNPs type 

(solvent) 

Azo-AuNPs 

interactions 

Catalysed reaction 

(irradiation 

conditions) 

Observed effect, 

proposed 

mechanism 

J. Zhang  

et al. 

(2001)350  

 
4-methyl-4′-(mercapto-

alkyloxy)azobenzenes with varying 

alkyl chain lengths 

~2.5 nm 

Au500 cluster 

(toluene → 

DCM or 

chloroform) 

direct Azo 

attachment 

UV-induced trans-

cis isomerization 

(350 nm, Rayonet 

Photochemical 

Reactor) 

slower 

isomerization than 

free Azo (DCM); 

chain length-

dependent 

quenching by metal 

cluster; no detailed 

comment on the 

kinetics 

A. Manna  

et al. 

(2003)351  
 

4-hexyl-4′-(12-(dodecyl- 

dithio)-dodecyloxy)azobenzene 

~5.2 nm 

spherical 

(toluene) 

direct Azo 

attachment 

UV-induced trans-

cis isomerization  

(364 nm;  

1.5 mW/cm2 and  

0.1 mW/cm2) 

 

Vis-induced cis-

trans isomerization  

(440 nm;  

1.5 mW/cm2) 

 

 

no influence; first 

order kinetics 

 

 

k - slight increase 

(toluene), first 

order kinetics 

(negligible steric 

effect) 

K. Shin  

et al. 

(2008)336  
 

4-(7-mercapto-

heptyloxy)azobenzene 

2-3 nm spherical 

(toluene → 

DCM) 

direct Azo 

attachment 

UV-induced trans-

cis isomerization 

(350 nm, Rayonet 

Photochemical 

Reactor) 

 

thermal (dark) cis-

trans isomerization 

 

k ~2.9-times 

increase (DCM), 

first order kinetics 

 

k ~2.3-times 

increase (DCM), 

first order kinetics 

R. Klajn  

et al. 

(2009)340 

 
4-(11-mercapto-

undecanoxy)azobenzene 

mSAMs with dodecylamine 

~5.6 nm 

spherical 

(toluene → 

sPMMA matrix) 

direct Azo 

attachment 

UV-induced trans-

cis isomerization 

(365 nm; IUV=0.7-10 

mW/cm2) in the 

sPMMA matrix 

faster isomerization 

with increasing IUV; 

k value dependent 

on the surface 

concentration of 

Azo (χ); first order 
kinetics; reversible 

aggregation 
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J. H. Yoon  

et al. 

(2011)347  
 

4-butyl-4’-(11-dodecylthio-

undecyloxy)azobenzene 

33 nm spherical, 

aggregated 

(water:ethanol, 

1:1, v/v) 

Azo 

chemisorption  

on the surface; 

formation of 

aggregates and 

confinement  

of Azo 

UV-induced trans-

cis isomerization  

(365 nm,  

51 mW/cm2, Hg-Xe 

lamp, 10x 

microscope 

objective) 

 

thermal (dark) cis-

trans isomerization 

of Azo confined in 

AuNPs aggregates 

 

 

 

further aggregation; 

no comment on the 

kinetics 

 

 

15-times increase 

of k (DCM), first 

order kinetics 

(reduced N=N bond 

order) 

G. Hallett-

Tapley  

et al. 

(2013)352  

 
4 different derivatives 

~12 nm 

spherical 

pseudo-naked 

(water) 

no attachment, 

free Azo and 

AuNPs in 

solution; 

AuNPs added 

to max-cis 

water-MeCN 

Azo solution 

thermal (dark) cis-

trans isomerization 

no comparison with 

pristine Azo; 

varying k values 

(AuNPs batch- and 

Azo-dependent); 

Azo-AuNPs 

electron transfer 

(eT) → formation 

of radical cation 

intermediate → 

rotation about N=N 

bond → AuNPs-

Azo eT 

Lysyakova 

et al. 

(2015)343  

 
[6-[4-(4-hexylphenylazo)-

phenoxy]-hexyl]-

trimethylammonium bromide 

 

surfactant-type molecule 

 

~10 nm 

spherical, 

pseudo-naked 

(water) 

electrostatic 

interactions 

(formation of 

complexes with 

morphology 

dependent on 

surfactant 

loading) 

thermal (dark) cis-

trans isomerization 

three modes of 

relaxation, τ equal 

2.3, 9.2, and 442 

min – each for 

different fraction of 

Azo surfactant vs. 

60 h for free Azo 

(water) 

Z. Chu  

et al. 

(2019)339 

various 4-(mercapto-

alkyloxy)azobenzenes and  

4-(mercapto-oligo(ethylene) 

glycol)azobenzenes 

mSAMs with charged and polar 

background ligands, e.g. 

 
and 

 

 

~2.5 nm 

spherical (water 

and different 

water-solvent 

mixtures) or 5.5 

nm spherical 

(9:1 water-

methanol) and  

 

 

direct Azo 

attachment 

both UV- and Vis-

induced 

isomerizations 

 

 

 

 

 

 

 

 

thermal (dark) cis-

trans isomerizations 

 

 

 

 

 

 

 

no comment on the 

kinetics 

 

 

first-order kinetics; 

k typically not 

dependent on the 

Azo surface 

concentration (χ); 

faster isomerization 

for smaller AuNPs 

for the same for the 

same χ; k 

comparable or 

one/two orders of 

magnitude larger 

than for free Azo 

(organic solvent) 

depending on the 

background ligand 

 

Table 1 summarizes the most representative examples of Azo-AuNPs hybrids that have 

been investigated for the last 25 years. The timescale was selected to present evolution of the 

field. The last row of the table should include an example of current year’s studies (2024) and 
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this dissertation, with results presented in Chapter 5 and 6, aims to fill in the blanks and continue 

research directions set up in the quoted works.  

What is important in the analysis of the research papers summarized in Table 1 is the fact that 

at the very beginning there were only qualitative reports on the AuNPs influence on the kinetics 

of Azo isomerization. Gradually, the quantitative parameters appeared, however except of a 

few selected works the investigations were not carried out systematically. Moreover, most of 

the works is focused on one type of isomerization. Initially, mostly irradiation-induced 

reactions were investigated. Over the years first reports regarding thermal relaxation of Azo 

ligands in Azo-AuNPs hybrids have started to appear. Nowadays thermal relaxations seem to 

be the main focus of any kinetic investigations and there seems to be a universal consensus on 

the first-order kinetics of the reaction in the presence of Au. Moreover, virtually all of the 

research attempts are limited to covalently bound hybrids operating mostly in organic solvents 

and small, spherical nanostructures which hinders harnessing of the potentially catalytic 

plasmon-assisted phenomena.  

 Based on the information presented in this chapter, as well as in Table 1, list of the 

current challenges in the field can be proposed: (1) comprehensive investigation of the influence 

of AuNPs on Azo isomerization in hybrid systems in all possible reaction scenarios, namely 

upon irradiation and in the dark (thermal process); (2) investigation of the Azo isomerization 

mechanism in the presence of Au; (3) utilization of bigger and anisotropic AuNPs in order to 

affect Azo isomerization reactions through plasmonic effect (currently due to small size and 

spectral overlapping of AuNSs and Azo this aspect is too complicated, if not impossible, to be 

reliably investigated); (4) preparation of Azo-AuNPs hybrids without covalent bonding of the 

components to provide more hybrid formulations for advanced applications; (5) transfer of the 

Azo-AuNPs functionality from organic solvents to water to broaden their potential applications 

(e.g. in bio-related research). 

This dissertation addresses challenges presented here. 
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II RESULTS, DISCUSSION, AND METHODOLOGY 
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Chapter 3. Cellulose as a Robust Scaffold for the 

Stabilization of Gold Nanorods in the Photocatalytic 

Regeneration of Cofactor Molecules 
 

This chapter focuses on cellulose nanofibres as a robust scaffold for plasmonic 

nanoparticles, enabling stabilization of their optical properties under various conditions. The 

preparation of cellulose nanofibres decorated with AuNRs is described and the proposed 

material is characterised in terms of its stability and optical properties. The proposed design is 

utilized to prepare CNFs decorated with bimetallic AuPdNRs. Such catalytically active 

composite is evaluated as a potential photocatalyst. The photocatalytic efficiency is determined 

in the model reaction of the cofactor (oxidized form of nicotinamide adenine dinucleotide, 

NAD+) regeneration. Hence, the results presented here challenge Objective 1 and verify 

hypotheses 1 and 2 of the dissertation. 

 

Objective 1: To stabilize the optical properties of AuNRs for applications in processes or 

phenomena requiring intense illumination, high temperatures, or wide pH range. 

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. 
 

 

Results presented within this chapter were published in ACS Applied Materials & 

Interfaces: 353 N. Tarnowicz-Staniak, S. Vázquez-Díaz, V. Pavlov, K. Matczyszyn,  

M. Grzelczak, Cellulose as an Inert Scaffold in Plasmon-Assisted Photoregeneration of 

Cofactor Molecules, ACS Appl. Mater. Interfaces 2020, 12, 17, 19377–19383, 

https://doi.org/10.1021/acsami.9b21556. 

 

3.1. Motivation 

Plasmonic nanoparticles, due to their unique properties described in the subsection 2.2. 

of this dissertation, find applications e.g. in plasmonic catalysis.104,114,127 In order to efficiently 

https://doi.org/10.1021/acsami.9b21556
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trigger plasmon-related phenomena optical properties of plasmonic nanostructures need to be 

precisely controlled, which is usually achieved via wet chemistry synthetic methods. Such 

protocols typically rely on use of surfactants as surface stabilizers, especially for big and 

anisotropic nanoparticles. Surfactants contain long alkyl chains and thus, plasmonic 

nanocrystals are covered with an insulating shell hampering their catalytic activity.354,355 

Removal of the shell may lead to the aggregation of nanostructures, which alters their optical 

characteristics and makes them unsuitable for further use. Hence, before surface stabilizers can 

be removed, nanocrystals should be first immobilized on a proper substrate. Supports such as 

oxides (e.g. TiO2,
354 SiO2,

161 and Al2O3
136), graphene,356 glass,357,358 or MoS2

359 can be used, 

however, they are usually not inert and the ensuing obstacles include altering of the electronic 

properties of plasmonic nanocrystals and changes in the dynamics of carriers flow. As a result, 

autonomous plasmonic catalysis cannot be performed. 

Necessary supports exhibiting chemical and physical inertia can be potentially found in a group 

of natural organic materials such as cellulose. Cellulose is a polymer of natural origin and 

appears abundantly in Nature. Upon proper processing it yields nanocellulose, namely 

nanostructured cellulose exhibiting high surface area. So far cellulose has been combined with 

semiconducting nanoparticles to efficiently produce photocatalysts.360–362 Because of rich 

surface chemistry it can be potentially used to stabilize surfactant-coated plasmonic 

nanostructures (Objective 1) and act as a support in the process of surface ligand removal. 

Hence, theoretically, optical properties of nanoparticles should be maintained (Hypothesis 1).  

 Novel photocatalysts formulations require proper evaluation of their catalytic 

efficiency. There are many photocatalytic reactions that can be employed for this purpose, 

including e.g. regeneration of cofactor molecules. 

Cofactors are electron donors or acceptors required in the reactions of oxidoreductases, which 

are enzymes participating in the redox processes requiring electron transfer.363 Cofactors serve 

as active sites for the charge transfer364 and one of their most common species are 

nicotinamides, such as nicotinamide adenine dinucleotide (NAD+ and NADH, oxidized and 

reduced form, respectively). NAD+/NADH mediate many two-electron redox reactions,365 

including anabolic reactions of cellular respiration. NAD+/NADH is a niacin derivative364 and 

is composed of two dinucleotides, namely nicotinamide and adenosine 5'-monophosphate, 

connected through their phosphate groups (Figure 46a). The NAD+/NADH system provides 

two highly energetic electrons and a proton and its reversible reduction is presented  

in Figure 46b. 
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Figure 46. a) Chemical structures of cofactor nicotinamide adenine dinucleotide in its oxidized 

(NAD+) and reduced (NADH) form. b) Reversible reduction of NAD+ to NADH. c) Both forms 

of cofactor exhibit band at 260 nm, however only NADH exhibits a pronounced band  

at 340 nm. Own results presenting difference in the optical properties of aqueous solutions of 

NAD+ and NADAH. 

NAD+ is typically derived from yeast366 and appears as white, amorphous, and hygroscopic 

powder. This cofactor is also well soluble in water, however not stable in the solution outside 

of neutral pH condition. NAD+ easily decomposes at high pH, while NADH in acidic 

conditions.366 Both forms also differ in optical properties – although both exhibit absorption 

band at 260 nm (εNAD+(260) = 16900 M-1cm-1), NADH exhibits also another band at 340 nm 

(εNADH(340) = 6220 M-1cm-1)367 as presented in Figure 46c. The industrial scale NADH 

regeneration is always carried out enzymatically,363 however the non-enzymatic approaches 

have been developed over the last few decades and can be divided into three categories, namely 

chemical,368,369 electrochemical,370 and photocatalytic371,372 methods. Hence, it is justifiable to 

test new photocatalyst, proposed within this dissertation, on the reaction of NADH 

regeneration.  

So far many different hydride donors for the cofactor regeneration have been proposed, 

including glucose, propanol, or molecular hydrogen.373 HCOOH is considered a liquid 

hydrogen carrier, due to its high volumetric and gravimetric H2 capacity.374 Moreover, it is easy 

to handle and not very toxic and hence can be used in such processes as well. Typically, to 

perform HCOOH dehydrogenation, elevated temperatures and noble metal catalysts (e.g. Pd, 

Pt) are required. Some photocatalytic methods also have been proposed, including use of carbon 

nitride,375 quantum dots,376 and plasmonic nanoparticles.377 Plasmonic nanostructures, 
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however, need to be supported by a co-catalyst, such as palladium, which can be deposited on 

their surface to facilitate the process. Moskovits et al. proposed hot carriers-driven mechanism 

of formic acid dehydrogenation in the presence of plasmonic catalyst.378 

To facilitate the process of NAD+ reduction, this dissertation proposes coupling of the 

reaction with sodium formate as hydride donor (Figure 47). Such process is mimicking the 

naturally occurring HCOOH dehydrogenation by an enzyme formate dehydrogenase, in which 

hydride (proton and two electrons) is transferred to NAD+.379 Here, Pd-coated AuNRs 

supported on nanocellulose scaffold are used as an efficient and reusable photocatalyst under 

visible light irradiation (Hypothesis 2). 

 

Figure 47. Schematic depiction of hybrid AuPdNRs-CNFs photocatalyst. Upon visible light 

irradiation, plasmonic nanoparticles catalyse the dehydrogenation of sodium formate 

(HCOONa) and, hence, reduction of cofactor molecules (NAD+) occurs simultaneously. Figure 

reprinted from own source publication 353. 

 

3.2. Materials and methods 

3.2.1. Materials and techniques 

Materials 

Chemicals used for the experiments were commercially available and did not require 

purification. In all experiments deionized water with the resistivity of 18.2 MΩ·cm (Millipore 

Milli-Q grade) was used. If not indicated otherwise, chemicals were purchased from  

Sigma-Aldrich. For the synthesis of AuNRs and AuPdNRs the following reagents were used: 

• metallic precursors: gold(III) chloride trihydrate (HAuCl4·3H2O) and potassium 

tetrachloropalladate(II) (K2PdCl4), 

• surface stabilizing agent: cetyltrimethylammonium bromide (CTAB), 
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• reducing agents: sodium borohydride (NaBH4) and L-ascorbic acid (AA), 

• other additives: silver nitrate (AgNO3), and hydrochloric acid (HCl, 37%, Scharlab). 

Support for nanoparticles: TEMPO-oxidized cellulose nanofibres (CNFs) supplied by 

CelluForce (Canada).  

Moreover, for the cofactor regeneration experiments β-nicotinamide adenine dinucleotide 

(NAD+) and sodium formate (HCOONa) were used. 

Other chemicals: sodium hydroxide (NaOH). 

Techniques 

UV-Vis-NIR extinction spectra of all samples were measured using JASCO V-770 UV-Vis 

spectrophotometer. Transmission Electron Microscopy (TEM) images were taken using JEOL 

JEM-1400PLUS. Scanning TEM were performed using JEOL JEM-F200. X-ray photoelectron 

spectroscopy (XPS) measurements were performed using SPECS Sage HR100 spectrometer 

equipped with a non-monochromatic X-ray source (Aluminum Kα line of 1486.6 eV, 300 W). 

3.2.2. Nanoparticles synthesis 

AuNRs synthesis 

Gold nanorods were prepared according to silver-assisted seeded growth approach, using the 

most popular synthesis protocols by Nikoobakht et al.79 and Liu et al.83 

In the first step seeds were prepared by reducing gold precursor, HAuCl4 (0.025 mL, 0.05 M) 

in aqueous solution of CTAB (4.7 mL, 0.1 M) with ice-cold NaBH4 (0.3 mL, 0.01 M) added 

under vigorous stirring. The mixture was left for 30 min to assure seed formation and reducing 

agent decomposition. Mixture was mildly stirred during that time. 

 

Figure 48. UV-Vis spectrum of the seed solution. The inset presents the visual appearance of 

the sample. Seed absorption spectra are typically sufficient to assess seed quality (based on the 

overall profile and absorbance value at 400 nm) and hence, TEM imaging is not necessary. 
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These results present standard features of the seed solution and are representative of all 

performed AuNRs syntheses. Thus, seed spectra will not be presented in the further parts of the 

dissertation. 

In the second step, Ag-assisted seeds overgrowth was performed in the solution containing 

HAuCl4 (0.1 mL, 0.05 M), CTAB (10 mL, 0.1 M), HCl (0.19 mL, 1 M), AgNO3 (0.12 mL of 

0.01 M), and AA (0.08 mL, 0.1 M) upon the addition of Au seed solution (0.024 mL). AuNRs 

were formed at room temperature and growth solution was left undisturbed for at least 2 h. The 

final concentration of metallic gold was 0.0005 M as determined by AuNRs absorbance at  

400 nm.380,381 The as-synthesised AuNRs were used to (1) prepare bimetallic AuPdNRs and  

(2) to investigate interactions between AuNRs and CNFs and formation of composite  

AuNRs-CNFs materials. 

 

Figure 49. a) UV-Vis-NIR extinction spectra of the as-synthesized AuNRs. The position of the 

l-LSPR band is 864 nm. The inset presents visual appearance of the sample.  

Appropriate b) TEM image and histograms presenting c) length and d) width distributions of 

the nanostructures. Average length: 33.6 ± 4.8 nm, average width: 9.3 ± 1.3 nm, number of 

nanoparticles measured N = 100, aspect ratio AR = 3.61. Panels b)-d) adapted from own 

source publication 353. 
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AuPdNRs synthesis 

Palladium overgrowth over the as-synthesised AuNRs was performed according to the silver-

assisted protocol by Zheng et al.377 This protocol enables preferential Pd reduction over tips of 

the initial AuNRs at low Pd mol%. 

First, AA (1.136 mL, 0.1 M) was added to the dispersion of AuNRs (10 mL, 0.0005 M). AuNRs 

were not washed after their synthesis, hence Ag+ ions added during silver-assisted AuNRs 

growth remained in the solution and could participate in the Pd overgrowth. Subsequently, 

given amount of K2PdCl4 (0.01M) was added to obtain the desired Pd mol% in relation to Au 

molar content. The chosen Pd mol% were 10, 25, and 41. In the end, HCl (80 μl of 0.1 M) was 

added and the solution was left for 12 hours at 40°C in order to assure complete reduction of 

the second metal. The as-synthesised AuPdNRs were used to prepare plasmonic photocatalyst. 

 

Figure 50. a) UV–Vis–NIR extinction spectra of AuNRs coated with Pd in the overgrowth 

process performed at 10 mol% of Pd with respect to the molar content of Au. Inset presents 

visual appearance of the sample. b) TEM image of AuPdNRs (Pd 10 mol%). Average length: 

37.1 ± 2.3 nm, average width: 10.0 ± 0.8 nm, number of nanoparticles measured N = 100, 

aspect ratio AR = 3.71. 

3.2.3. Nanoparticles-CNFs composites preparation 

AuNRs-CNFs composites 

First, bare AuNRs (10 mL, 0.0005 M) were washed twice with water by centrifugation (8950g, 

15 min). After washing, nanoparticles were redispersed in CTAB solutions of varying 

concentrations, namely 1 mM, 5 mM, 10 mM, or 15 mM. The volume of CTAB was adjusted 
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to control the wt% of Au with respect to CNFs added in the next step (from 7.5 to 35 wt% of 

Au with respect to dry mass of CNFs depending on the intended use of the composite). 

In order to promote interactions between AuNRs and CNFs, each nanoparticles dispersion was 

titrated with the aqueous CNFs dispersions of varying concentration (0.5, 1.0, 2.5, 4.0, and 5.0 

wt%) under vigorous stirring. Composites preparation was performed at room temperature and 

the AuNRs:CNFs volume ratio of 2:1 was kept the whole time. The as-prepared composites 

were used to investigate interactions between AuNRs and CNFs and to optimize the preparation 

of the final photocatalyst. 

AuPdNRs-CNFs photocatalyst preparation 

Aqueous AuPdNRs dispersion (2.5 mL, [Au] = 0.00225 M, [CTAB] = 1 mM) was titrated with 

an aqueous CNFs dispersion (1.25 mL, 0.5 wt%) under vigorous stirring. After phase separation 

of AuPdNRs-decorated CNFs, the mixture was centrifuged three consecutive times to remove 

the excess of surfactant. The resulting composite was dispersed in water (2.5 mL) and contained 

~18 wt% of Au. 

3.2.4. One-pot plasmon-assisted photoregeneration of cofactor 

molecules 

The reaction mixture (total volume of 2.5 mL) consisted of HCOONa (1 M) and NAD+ (1 mM) 

prepared in phosphate buffer (0.1 M, pH 5.96 or 7.91). To the reaction mixture AuPdNRs-CNFs 

photocatalyst was added in such amount to obtain desired absorption level of its l-LSPR band 

(0.5, 1.0, and 2.0). The whole mixture was irradiated for 2 h using MI-150TM light source 

(Dolan-Jenner Industries). The applied light power density was 200 mW/cm2 and it was 

determined that the irradiation led to the increase of the mixture’s temperature up to 40°C. 

To detect regenerated NADH, an aliquot was collected every 30 min and put directly to the  

1 mm quartz cuvette in order to measure the UV-Vis absorption spectra. NADH concentration 

was determined based on the peak intensity at 340 nm (Figure 51). After 2 h sample was 

centrifuged (1000g, 15 min). Photocatalyst, remaining as a pellet, was separated for washing 

and potential subsequent use in further reactions and the supernatant was collected to determine 

the absolute amount of the regenerated NADH. 
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Figure 51. Schematic depiction of the cofactor regeneration process workflow. At certain times 

irradiation of reaction mixture was stopped and aliquot was collected to measure the UV-Vis 

absorption spectra and determine NADH concentration based on the intensity of the absorption 

peak at 340 nm. 

Photoelectrochemical measurements 

The photocurrent measurements were conducted on DRP-110 (DropSens) at -0.4 V (vs. Ag) by 

potentiostat (Autolab Electrochemical Workstation, PGSTAT302N). Ag and carbon were used 

as pseudo-reference and counter electrode, respectively. The working electrodes were 

functionalized with bare CNFs, AuNRs-CNFs, and AuPdNRs by drop-casting (15 µl of each 

dispersion was used) followed by overnight evaporation at room temperature. For all 

photoelectrochemical experiments, sodium formate (20 µl, 1 M) was deposited on the electrode 

surface and followed by current stabilization for 60 s. Measurements were performed at room 

temperature. A halogen illuminator (Fiber-Lite MI-150, Dolan-Jenner Industries) with a 

spectral range of 400-1200 nm and a power density of 87 mW/cm2 on the sample was used for 

the irradiation. 

 

3.3. Results and discussion 

3.3.1. Preparation and properties of AuNRs-CNFs and  

AuPdNRs-CNFs composites 

As presented in the subsection 2.3.2. Hybrid materials based on cellulose and gold 

nanoparticles of the Introduction, interactions between nanocellulose and components such as 

AuNPs are driven by both constituents' surface chemistry. Hence, CNFs and AuNRs exhibiting 

opposite surface charges were selected to induce electrostatic interactions as a basis for the 

formation of composite material. CTAB molecules, due their role of surface stabilizers, are 

intrinsically present after the synthesis of AuNRs according to the chosen protocol and grant 
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positive charge of the nanostructures. At concentrations higher than CTAB critical micelle 

concentration (1 mM), AuNRs dispersion also contains positively charged CTAB micelles. On 

the other hand, the chosen TEMPO-oxidized CNFs are rich in −𝐶𝑂𝑂−  groups and hence 

exhibit negative surface charge. Thus, upon mixing of both components, conditions for mutual 

electrostatic interactions between CNFs and AuNRs were created (Figure 52). 

 

Figure 52. Electrostatic interactions between AuNRs and CNFs can lead to the formation of 

AuNRs-CNFs composite and stabilization of Au nanostructures in the solution. 

For the nanocellulose-surfactant systems concentrations of both components are crucial, since 

they dictate phase forms of the system as a whole. By varying CTAB and nanocellulose 

concentrations e.g. suspensions or gels can be formed, as presented by Tardy et al.382 This is 

why AuNRs were dispersed in CTAB solutions of different concentrations (1-15 mM) before 

mixing with CNFs, although the overall AuNRs content was kept constant in all samples. 

Concentration of the aqueous nanocellulose dispersions titrating plasmonic nanocrystals was 

also varied in the 0.5-5.0 wt% range. As a result, the quasi-phase diagram of AuNRs-CNFs 

system was obtained (Figure 53). 

 

Figure 53. Quasi-phase diagram of the AuNRs-CNFs system (2:1 volume ratio, constant 

AuNRs loading), presenting dependency between identified phases and concentrations of CTAB 
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and CNFs. Solution, two-phase system, viscous solution, and gel phases were identified. Figure 

reprinted from own source publication 353. 

Stable gel and viscous solution were formed at high CNFs and low (1 mM) CTAB 

concentrations (Figure 53, red and pink regions), which indicates cross-linking of CNFs fibres 

solely by AuNRs. On the other hand, for the decreasing CNFs concentration and the increasing 

CTAB concentration (Figure 53, dark blue region) stable colloidal solution was formed. It can 

be assumed, that free surfactant molecules and micelles replace AuNRs in the interactions with 

CNFs. Thus, surface of CNFs (or rather CTAB-CNFs) becomes positively charged and 

electrostatic repulsion with AuNRs instead of electrostatic attraction occurs, similarly to the 

mechanism of nanoparticles stabilization by CTAB micelles after the synthesis of nanocrystals. 

However, for the broad range of concentrations, the precipitation of AuNRs-decorated CNFs 

ensued (Figure 53, pale blue region). As presented in the accompanying image (Figure 53, on 

the right-hand side to the colour scale), phase separation resulted in the clear supernatant, which 

indicates complete anchoring of nanostructures on cellulose nanofibres. For the further 

preparation of plasmonic photocatalyst the ensuing phase separation was found to be very 

beneficial, because such material can be easily handled, washed, and separated from reaction 

mixture, for instance by centrifugation. Hence, this phase form of the system was selected for 

the preparation of photocatalyst in the further steps. 

 To characterize prepared composites quantitative spectroscopy analysis of the samples 

was performed. CNFs did not exhibit any absorption in the UV-Vis-NIR spectral range. The 

slight slope observed in the extinction spectra for the two-phase control sample prepared upon 

mixing of 0.5 wt% CNFs with 1 mM CTAB (Figure 54a) comes from the scattering of the 

fibres building up below 600 nm. Hence, the overall optical properties of hybrid AuNRs-CNFs 

(Figure 54b) stem from the presence of gold. Upon AuNRs immobilization on CNFs the global 

optical features of nanostructures were not changed (Figure 54b) – both t-LSPR and l-LSPR 

bands were clearly visible. Slight blueshift of l-LSPR band (9 nm) originates most probably 

from two effects, namely change in the local environment (introduction of nanocellulose) and 

plasmon coupling between immobilized nanoparticles. Conclusion on the latter might be 

justified by the simultaneously observed slight broadening of the l-LSPR. Moreover, below 

600 nm the contribution of CNFs scattering was clearly visible. Hybrid material exhibited 

structural integrity and the deposition of AuNRs on the CNFs was also confirmed by TEM 

(Figure 54c). To further determine the optimal conditions (CNFs and CTAB concentrations) 

for the formation of two-phase systems exhibiting the most pronounced and not distorted optical 

properties, for each phase separated system represented in Figure 53 UV-Vis-NIR spectrum of 
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the dispersion was measured in 1 mm cuvette (Figure 54d) and, subsequently, ratio between  

l-LSPR and t-LSPR was calculated (Figure 54e). 

 

Figure 54. UV-Vis-NIR extinction spectra of a) CTAB-CNFs control precipitate without AuNRs 

and b) AuNRs-CNFs composite prepared at low CNFs (0.5 wt%) and CTAB (1mM) 

concentrations compared with spectrum of pristine AuNRs. c) TEM image of AuNRs-CNFs 

composite presented in b). d) Systematic screening of the optical properties of two-phase 

systems. e) Quantitative optical analysis of two-phase systems reflecting contribution of 

plasmon band to the overall optical characteristics of the composite. Particularly pronounced 

plasmon contribution (reflected as high ratio between maxima of l-LSPR and t-LSPR bands) 

can be observed at low CTAB and CNFs concentrations. Panels d) and e) are based on own 

source publication 353. 

Upon changing CTAB and CNFs concentrations the optical properties of AuNRs immobilized 

on CNFs were not drastically altered. Both LSPR bands were visible, although for higher CNFs 
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content the t-LSPR band became less pronounced, mostly due to the increased scattering of the 

scaffold overlapping with the plasmon band. Moreover, as presented in Figure 54d, upon 

increasing CNFs concentration an offset to the overall spectral profile of the composites 

appeared, shifting profiles along the Y axis. With the increasing CNFs and CTAB 

concentrations ratio between maxima of l-LSPR and t-LSPR bands decreased from about 2.3 

to about 0.9. These observations clearly indicate the increasing scattering contribution of the 

CNFs scaffold to the optical properties of the composites in place of the plasmonic contribution. 

Hence, to maintain pronounced plasmonic properties of the AuNRs-CNFs, optimal 

nanocellulose and surfactant concentrations were determined to be 0.5 wt% and 1 mM, 

respectively. 

To further enhance plasmonic properties, the number of AuNRs immobilized on cellulose 

scaffold was increased by using concentrated AuNRs dispersions and maintaining other 

optimized conditions, namely constant AuNRs:CNFs volume ratio (2:1), CTAB (1mM), and 

cellulose (0.5 wt%) concentrations (Figure 55a). Up to 18 wt% of Au with respect to the dry 

mass of cellulose, intensity of the l-LSPR band was beneficially increasing. For Au content 

over 18 wt% the spectra became distorted, namely l-LSPR band became damped and 

broadened, presumably due to the plasmon coupling, a result of decreased distance between 

nanostructures immobilized on CNFs.383 To exclude effect of plasmon coupling during the 

further planned photocatalytic process, the 18 wt% Au content was set as the upper limit for 

material preparation. 

 

Figure 55. a) UV-Vis-NIR spectra of the AuNRs-CNFs two-phase systems as a function of Au 

mass content. The broadening of the l-LSPR band above 18 wt% of Au due to the plasmon 

coupling can be observed. b) UV-Vis-NIR spectra of bimetallic AuPdNRs prepared upon 

coating of pristine AuNRs with different Pd content (molar content with respect to Au indicated 

in brackets). Panels reprinted from own source publication 353 and rescaled for presentation. 
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 The determined optimal conditions were subsequently extended to the preparation of  

plasmonic photocatalyst containing bimetallic AuPd nanorods in place of bare Au 

nanostructures. Palladium was introduced as a potential co-catalyst of the planned 

photochemical process. Presence of second metal in the final formulation was confirmed and 

both its role and influence were investigated as described below. 

For low Pd content (10 mol%) the thickness of the resulting coating was relatively low. Hence, 

the change in the overall geometrical structure of the nanorods was not distinguishable based 

on the TEM image (Figure 50). There was only 7% change in width and 10.5% change in 

length of AuPdNRs comparing to pristine AuNRs, accompanied by AR increase from 3.61 to 

3.71. Even if random error resulting from manual size measurement (performed in the ImageJ 

computer programme) is taken into account, these changes clearly indicate towards more 

preferential Pd deposition on the tips of nanorods. Nevertheless, Pd deposition was well 

reflected and evident in the spectral profile of the sample (Figure 55b). Due to the slight 

elongation of nanoparticles and general increase of their AR, slight redshift of the l-LSPR band 

occurred. Upon further increase in Pd content, plasmon band was progressively broadened, 

damped, and blueshifted. These effects are related to the interband transitions of palladium and 

relative changes in the shape and AR of nanostructures upon Pd deposition.384 UV-Vis-NIR 

extinction spectra presented in Figure 55b confirmed formation of AuPdNRs, however other 

experimental techniques were used to support this conclusion and further characterise the 

sample. The most important confirmation of Pd presence on nanoparticles surface is presented 

in Figure 56, where scanning transmission electron microscopy (STEM) and energy dispersion 

spectroscopy (EDS) elemental maps of single AuPd nanorod (coated with 41 mol% of Pd) are 

compiled. 

 

Figure 56. Scanning transmission electron microscopy and energy dispersive X-ray 

spectroscopy results. Elemental map of gold, carbon, and palladium from individual AuPd 

nanorod (coated with 41 mol% of Pd) compiled in the final panel to present whole bimetallic 

nanostructure. Figure reprinted from own source publication 353. 

Presence of crucial components, namely Au, Pd, and cellulose in both types of composites 

(AuNRs-CNFs and AuPdNRs-CNFs), was also confirmed by X-ray photoelectron spectroscopy 
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(XPS), as presented in Figure 57. Gold is present for both types of composites, while presence 

of palladium was confirmed only for composite containing AuPd nanorods (Figure 57a). 

Presence of chemical groups, such as −𝐶𝑂𝑂𝐻, 𝐶 = 𝑂, and 𝐶 − 𝑂 (Figure 57b, left column) 

confirms abundance of anchor points enabling immobilization of metallic nanoparticles on the 

surface of CNFs. Although most of CTAB is removed upon composites washing, since no Br 

3d peaks at 68.7 eV were observed (Figure 57b, right column), it can be assumed that some 

residual surfactant, mediating interactions between NRs and CNFs by involvement in the 

electrostatic binding of components, remains within composites. Figure 57b, middle column 

presents some residual signals that might be assigned to the polar head of CTAB molecule. 

Nevertheless, it can be stated that most of the native surfactant is effectively removed from the 

surface of nanoparticles, thus making the surface accessible for photochemical processes. 

 

 

Figure 57. XPS analysis of AuNRs-CNFs and AuPdNRs-CNFs (Pd 41 mol%). a) Presence of 

proper metallic components is confirmed in the respective composites. b) Photoemission 
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spectra and fits of C1s (left column) and N1s (middle column). No Br was detected (right 

column). Figure reprinted from own source publication 353. 

Attachment of AuPd nanoparticles to the cellulose nanofibres was confirmed by low-resolution 

TEM and STEM analysis as presented in Figure 58. There were no free AuPdNRs found apart 

from the CNFs scaffold. As presented in Figure 58a nanorods follow the direction of the 

nanofibres (visible as light grey wavy areas) on the TEM grid. These observations, combined 

with the visual appearance of the two-phase systems, where clear supernatant remains above 

intensely coloured AuPdNRs-CNFs precipitate (Figure 58c), indicate efficient immobilization 

of nanostructures. 

 

Figure 58. AuPdNRs-decorated CNFs. a) TEM image of the composite. b) STEM image (dark 

mode) depicting how nanostructures are embedded within cellulose nanofibres. Inset presents 

TEM image of the individual AuPd nanostructure (Pd 41 mol %). c) Images depicting visual 

macroscopic appearance of the composite, starting from dispersion of free AuPdNRs (left), 

through AuPdNRs-CNFs right after immobilization (middle), and after decantation of the 

composite with transparent supernatant above the precipitate (right). Panels a) and b) 

reprinted from own source publication 353. 

 Final aspect included in the investigation of the composite properties was its stability in 

the broad pH range. As indicated in the introductory section of this chapter the photocatalytic 

reaction of NADH regeneration, which was selected to evaluate the efficiency of the catalyst, 

is pH-sensitive. Hence, the stability of the composite should also be investigated under different 

conditions. As presented in Figure 59, AuPdNRs-CNFs material exhibited great stability in a 

broad pH range starting from pH 2.2 up to 9.7. Positions of the LSPR bands are maintained and 

the FWHM (full width at half maximum) values are oscillating around 180 nm. 
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Figure 59. UV-Vis-NIR spectra of the composites dispersed at different pH. The inset presents 

FWHM values of the l-LSPR band on the corresponding spectra as a function of pH.  

Figure adapted from own source publication 353. 

To conclude this subchapter, the stated objective 1 and hypothesis 1 should be verified. Part 

of objective 1 was successfully achieved, since cellulose was effectively used as a scaffold for 

AuNRs and the resulting AuNRs-CNFs composite exhibited stable properties, also under 

different pH conditions. The following subsection demonstrates whether optical properties of 

nanoparticles in such hybrid material are stabilized also under illumination and at elevated 

temperatures. The hypothesis 1 was corroborated, since optical properties of AuNRs  

(and AuPdNRs as well) were stable and not altered upon immobilization on cellulose 

nanofibres. 

3.3.2. Plasmon-assisted regeneration of cofactor molecules using 

AuPdNRs-CNFs photocatalyst 

To verify photocatalytic efficiency of AuPdNRs-CNFs composite process of sodium 

formate dehydrogenation coupled with simultaneous NADH regeneration is proposed.  

The hypothesis is introduced that NAD+ can be used to capture molecular hydrogen (product 

of formate dehydrogenation) and the total efficiency of the process is represented by the amount 

of the NADH formed. 

Hence, material was exposed to white light (400-1200 nm, 200 mW/cm2) in the presence of 

NAD+ (1 mM) and HCOONa (1 M) at pH 7.91 (setup and the photocatalyst macroscopic 

appearance are presented in Figure 60). Temperature of the reaction and mixing of reagents 

were ensured by heating plate. It was established by using the Pt1000 sensor that for 25°C set 

on the heating plate temperature of the sample was in fact 40°C due to intense irradiation.  
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Figure 60. AuPdNRs-CNFs photocatalyst in a 1 mm cuvette and representative photograph of 

the photocatalytic setup. 

Gradual conversion of the oxidized cofactor into its reduced form, NADH, was observed based 

on the absorbance changes at 340 nm (Figure 61a-c). Role of Pd was found to be critical, 

because no NADH regeneration was observed for the bare AuNRs-CNFs composite material 

(Figure 61d). Both Pd content and photocatalyst content were related to the rate and total 

efficiency of NADH formation. Upon increasing coverage of the Au plasmonic cores’ surface 

with Pd, NADH conversion rate was also increasing (Figure 61a). For AuPdNRs prepared 

using 10 mol% of Pd almost no regeneration of NADH occurred, while for the highest Pd 

loading (41 mol%) 15% of NADH was regenerated in 2 h. Similar tendency was observed for 

the increasing amount of the composite (for constant Pd loading of 41 mol%), represented by 

the absorbance value at the maximum of l-LSPR band of AuPdNRs (Figure 61b). At low 

photocatalyst content, namely absorbance of 0.5, no NADH was formed, while for the increased 

photocatalyst content (absorbance 2.0) almost 40% of NAD+ was reduced to NADH in 2 h. As 

discussed in the introductory part of this chapter, the stability of the regenerated NADH is pH 

dependent, and reduced cofactor is more stable above pH 7.0.385 However, on the other hand, 

HCOONa dehydrogenation to H2 on electrodes made of Pd is clearly more efficient at pH 4.0.386 

Hence, photocatalytic process was also investigated for Pd 41 mol% and Absl-LSPR = 1.0 at pH 

5.96. As presented in Figure 61c almost 5 times more NADH was formed at higher pH after  

2 h of irradiation. Hence, it can be stated that stability of the regenerated NADH is the limiting 

factor in the investigated process. At lower pH the unfavoured back oxidation of NADH occurs 

and significantly weakens total efficiency of the reaction. 
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Figure 61. NADH photoregeneration under visible light irradiation. a) Effect of Pd content 

(for material Absl-LSPR = 1.0, pH 7.91) and b) composite content (for Pd 41 mol%, pH 7.91) on 

the efficiency of NADH formation. c) Influence of pH on the NADH regeneration efficiency  

(Pd 41 mol%, material Absl-LSPR = 1.0). d) No NADH was regenerated for composite without 

Pd (material Absl-LSPR = 1.0, pH 7.91). Panels a)-d) reprinted from own source publication 353. 

To investigate the proposed photocatalythic process thoroughly, three questions were 

asked: (1) Is CNFs scaffold truly inert or does it participate in the reaction? (2) What form of 

hydrogen is responsible for NAD+ reduction – molecular hydrogen or rather some surface-

related species? (3) How the photocatalytic process compares to thermal HCOONa 

dehydrogenation? 

Regarding question (1), one-pot photochemical regeneration of NADH was performed at the 

most optimal conditions defined above, however without sodium formate in the reaction 

mixture. As presented in Figure 62a no NADH was formed after standard reaction time (2 h). 

This excludes CNFs dehydrogenation under reaction conditions. Moreover, under visible light 

irradiation, in contrary to AuPdNRs-CNFs photocatalyst, the bare CNFs scaffold does not 

exhibit any photocurrent density at -0.4 V vs. Ag electrode (Figure 62b). This excludes 

electron-donating character of CNFs. To sum up, it can be stated that CNFs constitutes an 

entirely inert scaffold that does not participate in the photocatalytic process.  
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Figure 62. a) No NADH was regenerated under optimal reaction conditions in the absence of 

sodium formate. b) Bare CNFs and AuPdNRs-CNFs photocurrent response at -0.4 V vs. Ag 

electrode (1 M HCOONa, periodic ON/OFF visible light irradiation, λ > 400 nm). Panels 

reprinted from own source publication 353 and adjusted for presentation. 

Question (2) comes from two aspects. Firstly, NAD+ reduction may occur in the presence of 

molecular hydrogen.387 Secondly, dehydrogenation of HCOONa to molecular hydrogen on Pd 

catalyst may result in formation of palladium hydride.378 Hence, there is a need to determine 

which species are responsible for the NAD+ reduction by investigating whether the performed 

photocatalytic process is surface-dependent. In order to examine this aspect three different 

experimental scenarios for one-pot cofactor regeneration at optimal conditions, namely 1 M 

HCOONa, 1 mM NAD+, pH 7.91, Pd 41 mol%, and Abdl-LSPR = 1.5, were performed. 

In the first experiment, whole reaction mixture was irradiated for 1 hour and then evolution of 

NADH regeneration was investigated in the dark. As presented in Figure 63a gradual increase 

of the signal at 340 nm was observed, which indicates that irradiation induces formation of 

reactive species able to reduce NAD+ even in the dark. Second experimental scenario relied on 

the pre-irradiation of the reaction mixture without NAD+. After 1 hour of pre-irradiation the 

oxidized form of the cofactor was added and the evolution of the band at 340 nm in the dark 

ensued (Figure 63b), further indicating towards accumulation of reductive species in the 

system. Third experimental scenario enabled to distinguish whether the reduction ensued due 

to molecular hydrogen or rather on the surface of the photocatalyst. After 1 hour irradiation of 

the complete reaction mixture, AuPdNRs-CNFs photocatalyst was removed by centrifugation 

and the light was switched off. In this case no 340 nm band build up was observed (Figure 63b) 

and hence, contribution of molecular hydrogen was excluded. These three experiments suggest, 

that simultaneous dehydrogenation of HCOONa and reduction of NAD+ are related to the 

formation of surface-related reductive species, such as palladium hydride or reduced functional 

groups of CNFs. 
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Figure 63. NADH regeneration a) after 1 h irradiation and switching light off, b) after 1 h  

pre-irradiation followed by NAD+ addition, and c) after 1 h irradiation followed by 

photocatalyst removal. Top panels present evolution of the spectra (340 nm band) and bottom 

panels present evolution of the %NADH regenerated. Panels adapted from own source 

publication 353. 

Question (3) is relevant due to the fact, that catalytic dehydrogenation of HCOONa occurs at 

elevated temperatures. Thus, the investigated process was repeated several times under both 

dark and light conditions, in the presence of AuPdNRs-CNFs photocatalyst, and at different 

temperatures. For light conditions, due to intense irradiation, the lowest available temperature 

was 40°C and higher temperatures were achieved by proper settings adjustment of the heating 

plate to account for thermal contribution of the irradiating beam. For both dark and light 

conditions the efficiency of the NADH formation was increasing with the increasing 

temperature. In the dark, at 30°C the efficiency was 0%, however at 60°C it was almost 12% 

(Figure 64). Upon irradiation the efficiencies were even higher (almost 7% for 40°C and 16% 

for 60°C). However, the overall ratio of NADH regenerated under irradiation to NADH 

regenerated in the dark decreased from 3.7 to 1.2 as the temperature increased from 40ºC to 

60ºC. These results suggest both inherent contribution of the plasmonic effect of  

AuPdNRs-CNFs photocatalyst to the investigated process and decrease of this contribution with 

the increasing temperature. These conclusions are in a good agreement with results presented 

by Majima et al. who related generation of hydrogen from HCOOH on Pd-coated AuNRs to 

the transfer of carriers between Au core and Pd shell.377 
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Figure 64. Influence of the temperature on NADH formation under dark and light conditions. 

Figure reprinted from own source publication 353. 

 One of the aspects emphasized in the dissertation as a motivation for using CNFs in the 

photocatalyst formulation was stabilization of optical properties of plasmonic nanoparticles. 

This is why UV-Vis-NIR absorption spectra of the AuPdNRs-CNFs composite were evaluated 

after its separation from the one-pot process. However, this point was broadened to 

simultaneously asses motivation for using two-phase separated system, which was facile 

material handling e.g. by centrifugation. To evaluate whether composite can be easily separated 

and repeatedly used without significant loss of the catalytic efficiency, four consecutive process 

runs were performed and material was evaluated after each of them. As presented  

in Figure 65a,b the efficiency of the photocatalyst was gradually decreasing and after four 

repetitions of the process a 45% drop in the total efficiency was observed (in relation to the 

initial efficiency of NADH regenerated after the first cycle). The relative efficiency accounted 

for l-LSPR band intensity changes (Figure 65c) due to both slight material losses after each 

cycle and changes in material structure. Visual appearance of the material was changing in such 

a way that photocatalyst clumps formed after consecutive cycles were observed. Hence, it can 

be assumed that AuPdNRs are gradually embedding within CNFs scaffold upon the exposure 

to intense irradiation, vigorous mixing, and elevated temperatures. The underlying reasons for 

that are most probably the chemically-rich surface of the fibres and the overall dynamic 

structure of CNFs. Moreover, as derived from spectra presented in Figure 65c, the overall 

optical properties of AuPdNRs were not drastically changed after 4 intense irradiations at 

elevated temperature (40°C). A 25 nm blueshift of l-LPSR band and 37 nm FWHM increase 

(from 278 nm to 315 nm) were observed. This further confirms gradual embedment of nanorods 

within CNFs scaffold and passivation of their surface with the fibres, which both changes local 

environment (and hence l-LSPR band position) as well as distance between nanorods (and thus 

l-LSPR band broadening occurs). Nevertheless, AuPdNRs maintain their characteristic optical 

features after prolonged and repeated exposure to harsh conditions due to the presence of CNFs 

scaffold.  
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Figure 65. a) Intensity changes at 340 nm (NADH identification spectral range). b) Changes 

in the relative efficiency of the photocatalyst after its recycling and use in many process cycles. 

c) Changes in the UV-Vis-NIR extinction spectra of the recycled AuPdNRs-CNFs photocatalyst 

in between subsequent cycles of NADH regeneration. Panels reprinted from own source 

publication 353. 

 Final results presented in this subchapter are focused on emphasising one more time the 

importance of CNFs as a scaffold for plasmonic photocatalyst. As it was presented in the 

sections above, presence of CNFs enables effective CTAB removal from the surface of 

nanocrystals, which is important for the efficiency of the photocatalytic process. Insulating 

CTAB shell can drastically hinder activity of the plasmonic nanocrystals. As presented in 

Figure 66a although optical properties of AuPdNRs were very similar to AuPdNRs-CNFs 

composite, there was no NADH regeneration observed when free CTAB-coated AuPd 

nanostructures were used (Figure 66b). Similarly, if AuPdNRs-CNFs photocatalyst was 

utilized but extra surfactant was added (20 mM CTAB), reaction was also hindered. Hence, 

important role of CNFs scaffold is entirely manifested, since its use for stabilization 

nanocrystals enables elimination of surfactant during material post-synthetic treatment while 

beneficial optical properties of plasmonic nanoparticles are maintained. 
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Figure 66. Influence of CTAB on NADH regeneration investigated using three different 

materials: free CTAB-stabilized AuPdNRs (colloidal phase), AuPdNRs-CNFS (proposed 

photocatalyst), and AuPdNRs-CNFs in the presence of extra CTAB (20 mM). a) UV-Vis-NIR 

extinction spectra of the materials. b) NADH formation efficiency showing inhibiting influence 

of surfactant. Panels reprinted from own source publication 353. 

To conclude this subchapter, the stated objective 1 and hypothesis 2 should be verified. 

The remaining part of objective 1 was successfully achieved, since stabilizing role of CNFs 

was manifested for harsh process conditions, including intense illumination and high 

temperatures. The hypothesis 2 was also corroborated, since Pd-decorated AuNRs immobilized 

on CNFs scaffold were successfully used in a novel photocatalytic process coupling two model 

photochemical reactions, namely sodium formate dehydrogenation and cofactor (NADH) 

regeneration. 

 

3.4. Conclusions 

This chapter establishes general protocol for the preparation of plasmonic nanoparticles-

cellulose nanofibres hybrid materials in which CNFs are primarily used as a scaffold enabling 

stabilization of AuNRs optical properties under various conditions (objective 1).  

Systematic screening of components concentration, including CTAB, surfactant inherently 

present after synthesis of AuNRs, enabled preparation of composites exhibiting different 

phases, such as stable colloidal solution, two-phase system, viscous solution, and gel. The phase 

separated system constituted a central formulation investigated within this chapter, although 

other phase forms can certainly find applications as advanced materials as well. Prepared 

composites exhibited great stability of plasmonic properties under intense illumination, 
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elevated temperatures, and at wide pH range. Hence, the role of CNFs as an inert scaffold 

preserving optical properties of plasmonic nanocrystals was confirmed (hypothesis 1). 

Proposed formulation relies on electrostatic interactions between components and does not 

require covalent bonding, which makes this protocol easily replicable using other surfactant-

stabilized nanoparticles. In this chapter protocol was easily extended to bimetallic AuPd 

nanostructures. The demonstrated functionality of AuNRs-CNFs and AuPdNRs-CNFs 

composites can constitute an interesting starting point for further development of macroscopic, 

processable materials exhibiting hierarchical structures, e.g. by employing 3D printing. 

This chapter also presents a conceptually new plasmon-assisted photochemical process in 

which dehydrogenation of sodium formate is simultaneously coupled with regeneration of 

NADH cofactor molecules. Influence of several parameters including Pd content, material 

content, and pH was investigated. Results emphasised role of Pd as a co-catalyst of the process 

and limitations stemming from NADH back-oxidation at low pH. At optimal conditions this 

plasmon resonance-driven process reaches up to 40% conversion efficiency within 2 hours 

without use of additional reaction mediators (hypothesis 2). A set of control experiments 

enabled establishing that process is surface-dependent and possible due to use of CNFs scaffold, 

which facilitates efficient CTAB removal and excludes its hindering effect. 
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Chapter 4. Plasmonic-Photochromic Hybrid 

Materials Exhibiting Water-Functionality 
 

This chapter describes the process of establishing the protocol for preparation of 

plasmonic-photochromic hybrid materials. Simultaneously, the following three challenges for 

such systems out of the five outlined in subsection 2.4.2. of Chapter 2 are addressed, namely: 

(1) inclusion of big, anisotropic AuNPs in the formulation, (2) preparation of Azo-AuNPs 

hybrids without covalent bonding of the components, and (3) preparation of water-functional 

hybrid systems. Relying on the experience stemming from Chapter 3, CNFs were chosen again 

as a scaffold for the stabilization of AuNPs. The first experimental attempts focus on  

CNFs-stabilized Au nanospheres and well-known thiolated Azo ligands. Subsequently, 

protocol modification towards using positively charged Azo molecule, able to interact with 

CNFs scaffold instead of the surface of AuNPs, is discussed. Finally, the protocol is modified 

to include bigger, anisotropic AuNRs and charged Azo molecules. The procedure is optimized 

in such a way as to yield materials with pronounced plasmonic and photochromic optical 

features at the same time. Hence, the results presented here challenge Objective 2 and verify 

hypotheses 3 and 4 of the dissertation. 
 

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. 

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. 
 

Part of the results presented within this chapter is available as a preprint: 

388 N. Tarnowicz-Staniak, M. Staniak, M. Dudek, M. Grzelczak, K. Matczyszyn, Gold 

Nanorods Grant an ON-OFF Control over the Kinetics of the Z-E Isomerization of Azobenzene-

Based Photoswitch via Thermoplasmonic Effect, preprint ChemRxiv 2024, 

https://doi.org/10.26434/chemrxiv-2024-vnj32. 

https://doi.org/10.26434/chemrxiv-2024-vnj32
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4.1. Motivation 

As presented in Chapter 2, currently, the most popular formulations of plasmonic-

photochromic materials rely on small, spherical AuNPs and thiolated Azo ligands covalently 

bound to the surface of nanostructures.335,389 Such systems are mainly investigated in terms of 

their reversible aggregation (LISA phenomenon340,348). However, the aggregation of 

nanoparticles leads to the decline of the plasmonic properties of such systems. On the other 

hand, some of the hybrids also exhibit limited photoswitching, as described in subsection 2.4.2. 

of the dissertation. Thus, it can be concluded that in case of many approaches, the critical 

features of the components are restricted or even lost in the final formulation. New material 

designs should address this aspect to become appealing for applications where stable 

photoswitching or stable plasmonic properties or both are necessary. In order to further develop 

the field, novel plasmonic-photochromic materials need to go beyond what has been presented 

so far. 

The use of small, spherical nanoparticles is mainly rooted in their easier stabilization 

upon ligand exchange compared to bigger, anisotropic nanostructures. Moreover, anisotropic 

nanoparticles are usually stabilized by bilayers and micelles of surfactant molecules (e.g. CTAB 

or CTAC) that disintegrate in organic solvents, leading to the immediate aggregation of AuNPs. 

Hence, the surfactant exchange on the surface of nanostructures is not trivial.390,391 However, 

there are reports presenting Azo-decorated nanostructures such as AuNRs. One of the first 

literature examples is the work of Khoury et al.392 Authors presented gold nanorods  

(about 10 x 35 nm) protected by thiolated Azo monolayer, dispersed in organic solvents, 

including dichloromethane. However, significant distortions of both plasmonic bands of 

AuNRs could have been observed on the UV-Vis extinction spectra (Figure 67a). Moreover, 

the contribution of the photochromic component was relatively weak and essentially no 

photoswitching was observed, which means that crucial property of one of the components was 

severely limited in the process. In another work, Wang et al. presented relatively big  

(27.8 x 114.5 nm) AuNRs with anionic Azo derivative adsorbed on the surface.393 Authors 

postulated dynamic exchange between CTAB and chosen ligand at different Azo concentrations 

and upon UV and Vis irradiation. CTAB was constantly present to some degree and seemed to 

be crucial in maintaining structures’ stability. Nevertheless, in this case as well, severe 

distortion of plasmonic band occurred upon hybrids preparation and further upon their 

irradiation, indicating aggregation of the structures. Due to the limited presentation of UV-Vis 

extinction spectra (Figure 67b), the assessment of hybrids’ functionality is difficult. Only 

damping of l-LSPR band was presented, and no conclusions can be drawn on the photochromic 
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properties of the samples. This work confirms how difficult it is to obtain hybrid materials 

exhibiting both photochromism and stable plasmonic properties. 

 

Figure 67. Azo-AuNPs hybrids based on rod-like plasmonic cores. a) The top panel presents 

optical properties of thiol monolayer-protected AuNRs upon UV irradiation and compares it 

with photoswitching of free Azo molecules. The bottom panel presents stability of 

nanostructures over time (red – initial profile, dark blue – sample in the dark after 20 min). 

Reprinted from 392. b) l-LSPR band changes of AuNRs (GNRs, top panel, black line) 30 min 

after AzoNa ligand addition (top panel, red line) and after sequences of UV (365 nm, 5 W) and 

Vis (>440 nm 500 W) irradiations (middle and bottom panels). Reprinted from 393. 

Typically, Azo-AuNPs hybrids are prepared via covalent linkage of the components. However, 

as presented in the work of Wang et al. discussed above,393 photochromic molecules exhibiting 

electrostatic charge may also interact with nanostructures. Such systems display dynamic 

behaviour. Lysyakova et al. presented a cationic Azo surfactant-like molecule that decorated 

AuNSs.343 Surface coverage of the structures led to different 3D organizations of AuNPs. 

However, contrary to the examples presented above, these hybrids exhibited typical Azo 

photoswitching both upon irradiation and in the dark. Nevertheless, the aggregation of 

nanoparticles after exposure to UV was not avoided. 

Finally, most of the Azo-AuNPs hybrids are functional in organic solvents, which limits their 

application and excludes such systems, e.g. from bio-related research. The above-mentioned 

works of Wang et al.393 and Lysyakova et al.343 presented water-functional hybrids, however, 

with limited stability of plasmonic properties. On the other hand, Chu et al. used typical 

thiolated Azo ligands and polar background ligands to induce dispersion of photochrome-
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decorated 2.5 nm spherical AuNPs in water and mixtures of water with other solvents.339 

Hybrids retained their photoswitching without affecting the stability of AuNSs. These results, 

however, were again limited to small, spherical nanoparticles. 

Although all of the crucial aspects of plasmonic-photochromic formulations seem to be 

addressed in different research articles, they are usually not addressed simultaneously. And 

although it may seem that every necessary step has been undertaken, somehow, the approaches 

cannot be combined, and there is virtually no example of a system fulfilling all of the 

requirements at the same time. This is why some of the novel plasmonic-photochromic 

materials utilize also a third, inert component serving as a scaffold or matrix for the two 

functional constituents. Although such a class of hybrid materials has not been officially 

recognized yet, the formulations constituted an important inspiration for undertaking research 

presented within this chapter (Figure 68). 

 

Figure 68. The evolution of Azo-Au hybrid structures and surfaces. The recognition of a new 

category of plasmonic-photochromic materials relying on use of a third, inert component as a 

scaffold or matrix is proposed within this dissertation. 

Use of scaffold or matrix enables control over macroscopic properties of the material, further 

enlarges its surface area, and prevents uncontrolled Brownian motion of the functional 

structures. In the literature different types of a third component have been proposed, including 

poly(vinyl alcohol),394 polydopamine,395,396 DNA,397 or carbon nanotubes.398 

Kunfi et al. reduced gold on the surface of polydopamine deposited on a glass substrate, hence 

creating AuNPs, and further decorated the surface with photochromic ligands (thioalkyl- or 

aminoalkyl-azobenzenes).395 Authors observed both photochromic and plasmonic properties of 

the material. System exhibited single plasmon band around 550 nm and characteristic π→π* 

band of Azo components. Azo ligands maintained their photoswitching ability, that could have 

been induced upon UV-Vis irradiation for many cycles. Moreover, the isomerization of 
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photochromic component did not distort optical properties of nanoparticles (Figure 69a).  

As-prepared hybrid surfaces were susceptible to ligand exchange processes and hence, different 

photochromic components could have been introduced. 

Dong et al. used poly(vinyl alcohol) films doped with AuNPs (15 nm, spherical) and  

tri-azobenzene to store thermal energy.394 Authors presented, that stored energy can be released 

upon addressing with proper light source and targeting simultaneously AuNPs and Azo (due to 

the overlapping of Azo n→π* band and AuNPs LSPR band) to accelerate the release at room 

temperature. For such systems temperature increase of about 9°C was observed. On the other 

hand, Wang et al. presented optically controlled inclusion-exclusion interactions between  

Azo-decorated carbon nanotubes and cyclodextrin-capped AuNPs (Figure 69b).398 Authors 

demonstrated that plasmonic component could have been reversibly attached and detached and 

postulated that such mechanism enables adjustment of electronic properties of the carbon 

nanostructures. 

 

Figure 69. a) Changes in the UV-Vis spectra (solid state) of plasmonic-photochromic  

glass-polydopamine surfaces upon irradiation. Inset presents stability of the photochromic 

properties over many irradiation cycles. Reprinted from 395. b) Reversible attachment and 

detachment of cyclodextrin-decorated AuNPs able to interact with Azo-covered carbon 

nanotubes. Reprinted from 398. 

 The main objective of this chapter is to address challenges described above and prepare 

multifunctional plasmonic-photochromic material by using CNFs as a third, inert component 

(objective 2). Based on the possible interactions between nanocellulose and AuNPs (subsection 

2.3.2. of the dissertation) as well as nanocellulose and dyes (subsection 2.3.3. of the 

dissertation), it can be hypothesised that CNFs may serve as a scaffold for both types of 

functional units (hypothesis 3). Due to stabilization of both components, it can be perceived 

that their optical properties and functionalities will be maintained (hypothesis 4). 
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Figure 70. Schematic depiction of the challenges in the design of novel plasmonic-

photochromic hybrid systems addressed in this chapter. 
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4.2. Materials and methods 

4.2.1. Materials and techniques 

Materials 

Chemicals used for the experiments were commercially available and did not require 

purification. In all experiments deionized water with the resistivity of 18.2 MΩ·cm (Millipore 

Milli-Q grade) was used. If not indicated otherwise, chemicals were purchased from  

Sigma-Aldrich. For the synthesis of AuNSs and AuNRs the following reagents were used: 

• metallic precursor: gold(III) chloride trihydrate (HAuCl4·3H2O), 

• surface stabilizing agent: for AuNRs – cetyltrimethylammonium bromide (CTAB), and 

for AuNSs – cetyltrimethylammonium chloride (CTAC), 

• reducing agents: for seed preparation – sodium borohydride (NaBH4), for growth 

solution – L-ascorbic acid (AA), 

• other additives: silver nitrate (AgNO3), and hydrochloric acid (HCl, 37%, Scharlab). 

Support for nanoparticles: TEMPO-oxidized cellulose nanofibres (CNFs) supplied by 

CelluForce (Canada). 

Reagents for the synthesis of Azo molecules are not listed, because the ready-to-use compounds 

were supplied by other researchers. 

Techniques 

UV–Vis–NIR extinction spectra measurements were performed using JASCO V-730 

spectrophotometer equipped with Peltier UV-Vis cuvette holder. Transmission electron 

microscopy (TEM) images were acquired using Hitachi H-800 microscope. The ATR FT−IR 

spectra were collected using a Bruker Vertex 70v Fourier transform infrared spectrometer 

equipped with an air-cooled DTGS detector and diamond attenuated total reflection infrared 

cell in the middle-infrared (4000 – 400 cm-1) region at room temperature. Instrument control 

and initial data processing were performed using OPUS Software (v. 7.0, Bruker Optics, 

Ettlingen Germany). For the irradiation experiments the Hamamatsu L9588 LightningCure LC8 

spot light source was used. The exact wavelengths were selected using bandpass filters. 

Irradiation intensities were measured with Thorlabs S425C Thermal Power Sensor and 

Thorlabs PM100D Compact Power and Energy Meter Controller. 
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4.2.2. Nanoparticles synthesis 

AuNSs synthesis 

AuNSs were synthesised according to the literature protocol.399 First, gold seeds were prepared 

by reducing HAuCl4 (5 mL, 0.25 mM) in aqueous CTAB solution (100 mM) with freshly 

prepared, ice-cold NaBH4 (0.3 mL, 10 mM) under vigorous stirring. Seeds were aged for  

30 min at 27°C before further use. Optical characteristics and visual appearance of the seeds 

were matching the data presented in Figure 48 (subsection 3.2.2. of Chapter 3) and hence are 

not repeated here. 

To the growth solution containing CTAC (100 ml, 100 mM), HAuCl4 (0.36 ml, 50 mM), and 

AA (0.36 mL, 100 mM) an aliquot of seed solution (0.6 mL) was added under vigorous stirring. 

Subsequently, the resulting mixture was left undisturbed for 12 h at room temperature.  

The as-obtained AuNSs were further centrifuged (7000g, 2h) to remove the remaining reagents 

and were subsequently redispersed in water. The final concentration of gold was around  

0.14 mM. The diameter of as-prepared AuNSs was 17.9 ± 2.1 nm with a plasmon band 

positioned at 523 nm (Figure 71). 

 

Figure 71. a) UV-Vis extinction spectra of AuNSs water dispersion. Inset presents visual 

appearance of the sample. b) TEM image of the as-synthesised AuNSs. c) Size histogram of the 

nanoparticles, average diameter: 17.9 ± 2.1 nm, number of nanoparticles measured N = 235. 

AuNRs synthesis 

AuNRs were prepared according to silver-assisted seeded growth approach, based on the 

protocol of Chang et al.400 

In the first step seeds were prepared by reducing gold precursor, HAuCl4 (0.25 mL, 0.010 M) 

in aqueous solution of CTAB (9.75 mL, 0.10 M) with ice-cold NaBH4 (0.6 mL, 0.010 M) added 

under vigorous stirring. The mixture was left for 10 min under mild stirring and subsequently 

for 2 h at 27°C (unstirred) to assure seed formation and reducing agent decomposition. Optical 

characteristics and visual appearance of the seeds were matching the data presented  

in Figure 48 (subsection 3.2.2. of Chapter 3) and hence are not repeated here. 
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In the second step, Ag-assisted seeds overgrowth was performed in the solution containing 

HAuCl4 (0.5 mL, 0.010 M), CTAB (8 mL, 0.1 M), HCl (0.2 mL, 1.0 M), AgNO3 (0.030 mL, 

0.010 M), and AA (0.08 mL, 0.1 M) upon the addition of Au seed solution (2.0 mL). AuNRs 

growth solution was left undisturbed for at least 16–20 h at 27°C. As-prepared nanostructures 

were purified on the next day via centrifugation at 16 000g for 35 min. The supernatant was 

subjected to the second centrifugation step. Pellets from both steps were combined and 

redispersed in water. Final concentration of metallic gold was 0.0007 M.  

 

Figure 72. a) UV-Vis extinction spectra of AuNRs water dispersion. b) Representative TEM 

image of the as-synthesised AuNRs. c) Size histograms of the nanoparticles, average length: 

38.9 ± 3.3 nm, average diameter: 18.3 ± 1.3, AR = 2.13, number of nanoparticles measured  

N = 275. Panels reprinted from own source preprint 388. 

4.2.3. Azo derivative synthesis 

AsoSH and AzoSS ligands presented in Figure 73 below, were provided by  

Dr Marek Grzelczak (Centro de Física de Materiales, CSIC-UPV/EHU) and  

Dr Marta Dudek (Faculty of Chemistry, Wrocław University of Science and Technology), 

respectively. Because these are well-known ligands commonly used in the preparation of  

Azo-Au hybrids systems (as described for AsoSH in 336,340,350 and AzoSS in 329,330), their 

synthesis will not be discussed here. 

 

Figure 73. Chemical structures of the photochromic Azo ligands able to create covalent bonds 

with Au and used in this chapter, namely a) AzoSH and b) AzoSS. Figure reprinted from own 

source preprint 388. 
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On the other hand, AzoGly ligand, a central photochromic component used in this dissertation, 

was synthesised and characterised by Dr Marta Dudek (Faculty of Chemistry, Wrocław 

University of Science and Technology). Its synthesis and characterisation are presented below. 

Synthetic and general analytical methods 

Solvents and reagents were purchased from commercial suppliers and were used without further 

purification. Column chromatography was performed using silica gel (Acros 60, 40–60 mesh). 

1H- and 13C NMR-spectra were recorded on a JEOL 400 MHz spectrometer or a Bruker Avance 

600 MHz NMR spectrometer at 25°C (residual protonated solvent signals were used as internal 

standards). High resolution mass spectra (HRMS) were obtained with a WATERS LCT Premier 

XE mass spectrometer (ESI). 

Synthesis 

 

Figure 74. Schematic depiction of the AzoGly synthetic route. Figure reprinted from own 

source preprint 388. 

AzoBocGly 

To a solution of Boc-Gly-OH (0.32 g, 1.83 mmol, 1.2 equiv.) in DMF (10 mL),  

4-aminoazobenzene (0.30 g, 1.52 mmol, 1 eq.) was added followed by addition of DIPEA  

(0.17 g, 1.3 mmol, 2.4 equiv.) and HATU (0.69 g, 1.83 mmol, 1.2 equiv.). The mixture was 

stirred for 2 hours at room temperature. Subsequently, water was added to the solution and the 

as-formed precipitate was separated by filtration, washed with water, and dried. The resulting 

crude residue was purified by column chromatography on SiO2 gradient from DCM to 1% 

MeOH in DCM to yield AzoBocGly in a form of an orange powder (0.4 g, 74%). 

1H NMR (601 MHz, Methanol-d4) δ: 7.93 – 7.86 (m, 4H), 7.80 – 7.75 (m, 2H), 7.55 – 7.45 

(m, 3H), 3.90 (s, 2H), 1.48 (s, 9H). 



mgr inż. Nina Tarnowicz-Staniak                        Chapter 4 
 

 

115 

HRMS m/z (ESI): C19H22N4O3 [M+H]+, calculated: 355.1770, found: 355.1541.  

AzoGly 

To a solution of AzoBocGly (0.1 g, 0.18 mmol, 1 eq.) in DCM (10 mL) trifluoroacetic acid 

(0.41 g, 3.6 mmol, 20 eq.) was added. The mixture was stirred overnight. Afterwards the solvent 

was removed under reduced pressure to give AzoGly as TFA salt in a form of an orange solid 

(quantitative). 

1H NMR (601 MHz, Methanol-d4) δ: 7.93 – 7.87 (m, 4H), 7.81 – 7.79 (m, 2H),  

7.55 – 7.47 (m, 3H), 3.47 (s, 2H). 

13C NMR (101 MHz, Methanol-d4) δ: 164.4, 152.7, 149.0, 140.7, 130.8, 128.9, 123.5, 122.4, 

119.6, 40.5. 

HRMS m/z (ESI): C14H14N4O [M+H]+, calculated: 255.1346, found: 255.1345. 

 

Figure 75. AzoGly in CD3OD - 1H-NMR spectra. Reprinted from own source preprint 388. 
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Figure 76. AzoGly in CD3OD - 13C-NMR spectra. Reprinted from own source preprint 388. 

Photostationary states (PSSs) composition 

The photoinduced isomerization reactions of AzoGly molecule were performed using 

Hamamatsu L9588 LightningCure LC8 spot light source equipped with 365 nm and 436 nm 

filters. The compositions of photostationary states (PSSE and PSSZ) were determined by  

1H NMR spectroscopy. Prior to recording the NMR spectra sample (8.8 mM in CD3OD solution 

at 25℃) was irradiated for 10 minutes either at 365 nm or 436 nm. Compositions of the 

respective PSSs (PSSE for 436 nm irradiation and PSSZ for 365 nm irradiation) were calculated 

from the intensity ratios of the integrals of the corresponding peaks on the NMR spectra, as 

presented in Figure 77c. 
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Figure 77. a) Chemical structure of AzoGly photochromic component. It is important to 

emphasise that in all experiments AzoGly was used in a form of its salt with trifluoroacetic acid. 

b) Representative UV-Vis absorption spectra of the E-rich and Z-rich photostationary states of 

AzoGly in ethanol. c) Quantification of the AzoGly PSSE and PSSZ composition by 1H NMR. 

Reprinted from own source preprint 388. 

4.2.4. Hybrid materials 

AuNPs-CNFs pre-composites 

AuNPs-decorated CNFs were prepared according to the protocol established in Chapter 3. Such 

materials are considered to be ‘pre-composites’, an intermediate in the preparation of the final 

hybrid plasmonic-photochromic formulation. Such naming convention will be used further in 

the text.  

Dispersions of as-prepared AuNPs (AuNSs or AuNRs) were washed twice via centrifugation 

and redispersed in 1 mM CTAB. Subsequently, solutions of plasmonic nanostructures were 

titrated with the aqueous 0.5 wt% CNFs solution at room temperature and under vigorous 

stirring. The AuNPs/CNFs volume ratio equalled 2:1. The as-prepared samples were left until 

the next day to promote material sedimentation. On the next day pellets were collected, and 

washed two times with water via centrifugation (540g, 5 min). Hence, the excess of surfactant 

was removed. The resulting Au-CNFs pre-composites were subjected to visual inspection and 

UV–Vis–NIR characterization. 
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AzoGly-AuNPs-CNFs composites 

This chapter is devoted to development of novel protocols enabling preparation of functional 

Azo-AuNPs-CNFs composites. Hence, all the undertaken steps resulting in the final procedure 

will be described and analysed within the following sections of the chapter. 

Photoswitching Tests of AzoGly-AuNPs-CNFs Composites 

In the photoswitching experiments the Hamamatsu L9588 LightningCure LC8 spot light source 

was used. Isomerization of the photochromic component in the hybrid formulation was induced 

with UV irradiation (365 nm, irradiation intensity 1.93 ± 0.06 mW/cm2) and visible light  

(405 nm, light intensity: 4.7 ± 0.1 mW/cm2; and 500-800 nm, light intensity: around  

200-300 mW/cm2). Irradiation intensities were measured with Thorlabs S425C Thermal Power 

Sensor and Thorlabs PM100D Compact Power and Energy Meter Controller. The course of 

isomerization reactions was monitored using UV-Vis absorption measurements.  

 

4.3. Results and discussion 

The design of plasmonic-photochromic system described within this chapter relies on 

using CNFs-stabilized AuNPs. As presented in chapter 3, the presence of CNFs does not alter 

optical properties of Au nanocrystals, moreover nanofibres stabilize the nanostructures in harsh 

conditions that would normally lead to the aggregation of AuNPs. Presence of CNFs enables 

also removal of the excess surfactant, which usually prevents the preparation of Azo-AuNPs 

hybrids out of big, anisotropic nanostructures. Hence, the first attempts described in the 4.3.1. 

subsection below rely on use of spherical nanoparticles, although bigger than the ones typically 

used in the literature reports. Simultaneously, in these attempts typical thiolated Azo ligands 

are used to mimic the well-known literature protocols. Based on the conclusions of subsection 

4.3.1. proper adjustments in the protocol are introduced and discussed in the following 

subsections, ultimately leading to the desired Azo-AuNPs-CNFs formulation. 

In this chapter only the most relevant and successful experimental attempts are 

described, although more procedures were tested in the course of the project. The initial 

conditions chosen for materials preparation were based on typical literature protocols,339,340,401 

e.g. amounts of photochromic ligands were adjusted to correspond with the number of Azo 

molecules per nm2 of total gold surface as described in the literature. Subsequently, if possible, 

Azo ligands concentrations were increased to advance photochromic properties of the 

composites. 
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Calculations for the established protocols relied on the following information that might be 

derived from the literature: 

(1) The extinction of AuNPs dispersions at 400 nm, Ext(400), represents total concentration 

of atomic Au, [Au0] (mM).380,402 The extinction coefficient at 400 nm is nearly constant 

for AuNPs of different sizes403 and shapes, which was confirmed for spherical380 and 

rod-like gold nanostructures.86,381 A formula enabling calculation of [Au0] is presented 

below:381 

Equation 19. [𝐴𝑢0] (𝑚𝑀) = 𝐸𝑥𝑡(400) × 0.44 

As presented in chapter 3, immobilization of AuNPs on CNFs is quantitative, hence for 

each pre-composite [Au0] value can be recalculated into the total number of Au atoms 

in the sample, NAu. 

(2) Based on TEM pictures the spherical shape of AuNSs and rod-like shape of AuNRs can 

be assumed. This enables calculation of volume of a single nanostructure based on the 

geometrical parameters determined from TEM images. Moreover, the bulk crystal 

structure of gold, FCC, with a unit cell dimension a = 0.408 nm and volume  

V = 0.0679 nm3, as well as the number of gold atoms per unit cell equal to 4 were 

assumed.404–406 Combining this information with volume of a single nanostructure and 

NAu value, enables the calculation of the total number of AuNPs in the sample, NAuNPs. 

(3) Based on the sizes estimated from TEM images surface of a single nanoparticle, SAuNP 

can be calculated. By multiplying SAuNP by the total number of nanostructures in the 

sample, NAuNPs, the total surface of Au can be calculated, SAu. This value allows for 

adjusting Azo ligand concentration to obtain the desired number of Azo molecules per 

total Au surface. Moreover, to better compare approaches presented here to the literature 

protocols the amounts of Azo can be also given as excess with respect to the number of 

binding sites of Azo on Au (single thiolated Azo-moiety occupies the area of 0.214 nm2 

on the surface of gold). 

 

4.3.1. Composites prepared with AuNSs and thiolated Azo ligand 

The total Au content in the AuNSs-CNFs pre-composite used for the preparation of 

hybrid plasmonic-photochromic materials was about 1.1 wt% with respect to the mass of CNFs. 

Hence, the plasmon band of immobilized AuNSs was not as pronounced as for the colloidal 

solution (Figure 78a). Most importantly, however, plasmon peak position remained 

unchanged, only a slight blueshift of 4 nm was observed. The pre-composite exhibited typical 
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macroscopic form (Figure 78b), which indicates that as long as the AuNPs are stabilized with 

the cationic surfactant their immobilization on anionic CNFs is not shape-dependent. 

 

Figure 78. a) Comparison of the optical properties (UV-Vis spectra) of AuNSs and  

AuNSs-CNFs. Inset shows physical appearance of the samples (colour of the frames indicates 

type of the sample accordingly to the colours presented on the spectra). b) TEM image of the 

AuNSs-CNFs pre-composite. 

Importance of pre-composite pretreatment 

First, to follow previous literature protocols describing preparation of Azo-AuNPs 

hybrids, thiolated AzoSH ligand was used (Figure 73a). Due to its chemical structure, AzoSH 

can be covalently bound to the surface of Au. Molecule was soluble in tetrahydrofuran (THF), 

which is miscible with water. 

Protocol no 1. To the THF solution of AzoSH a matching volume of aqueous dispersion of 

AuNSs-CNFs was added (1:1, v/v; Au/cellulose ratio ~1.1 wt %) under vigorous stirring. Total 

amount of Azo corresponded to 20-fold excess with respect to the number of binding sites on 

Au. After 5 min of stirring the vial with mixture was carefully sealed with parafilm and left for 

at least 17.5 hours at room temperature. On the next day the sample was examined and 

centrifuged in order to redisperse hybrid material in water. 
 

Sample examined on the next day did not separate even after centrifugation, hence its 

optical properties were determined for the whole mixture. As presented in the Figure 79a, only 

the π→π* and n→π* bands of AzoSH can be distinguished, since separation from the excess 

photochrome was not possible. Plasmonic properties of AuNSs are not distinguishable at all.  

In fact, metallic aggregates on the inside walls of the vial were observed, indicating loss of one 

of the key features of the sample. After reviewing the available literature on surfactant-CNFs 

interactions and their solvent stability the idea of proper AuNSs-CNFs pretreatment  

was created. 
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The nature of AuNPs and CNFs interactions within the proposed pre-composite rely on the 

electrostatic attraction between components, mediated by CTAB. Pre-composite is prepared in 

1 mM CTAB solution to prevent the aggregation of nanoparticles and ensure their efficient 

immobilization. CMC of CTAB equals 0.9 mM in water,407 which means that not only 

positively charged AuNPs, but also CTAB micelles are present in the solution upon  

pre-composite preparation. Hence, phase separation of the AuNPs-CNFs material occurs not 

only due to the immobilization of AuNPs, but also due to the interactions between the CTAB 

micelles and cellulose nanofibres. This, as a result, leads to material flocculation and phase 

separation. For the water+THF mixtures the CMC value of CTAB is not necessarily the same 

as for pure water. Misra et al. indicate that with the increasing THF addition the CMCCTAB 

increases, e.g. for 25 vol% addition of THF CMCCTAB can reach 24 mM at room temperature.408 

On the other hand, Rahmanzadeh et al. reported that the increasing THF content increases 

CMCCTAB, however not drastically, e.g. for 40 wt% addition of THF CMCCTAB equals about 

0.987 mM at room temperature.409 Such slight changes were also reported by other authors.410 

This suggests, that mixing AuNSs-CNFs dispersed in water with AzoSH dispersed in THF at 

1:1 volume ratio, does not result in the drastic increase of the CMCCTAB and the surface of 

nanoparticles might not be entirely unblocked and made accessible for the Azo ligands. Hence, 

there are no characteristic Azo bands on the UV-Vis spectra of the resulting sample.  

Notably, THF is known to form hydrogen bonds with −𝑂𝐻  groups of cellulose,411 which 

should prevent hybrid material from aggregation and stabilize it. However, if the micelles of 

CTAB are still covering the surface of cellulose nanofibres it is very likely that the stabilizing 

effect of THF cannot be entirely manifested and – as a result – the whole system is inherently 

not compatible. This leads to the conclusion that the remaining CTAB needs to be removed to 

promote efficient interactions between Azo component and the pre-composite. In order to do 

so, AuNSs-CNFs should be first pre-treated in such a way that CTAB will be removed not only 

from the surface of Au, but also from the vicinity of cellulose nanofibres. The approach should 

be effective and easy to not overcomplicate the whole protocol. Hence, utilization of ethanol 

(EtOH) was proposed. EtOH is known for its destructive influence over the stability of CTAB 

molecular arrangements. CMC of CTAB in EtOH is equal to 240 mM at room temperature.407 

This value is drastically higher than CMCCTAB in water or in water+THF mixtures (regardless 

of the source for their values). This means that both any remaining CTAB micelles as well as 

the CTAB bilayer covering the surface of AuNSs will be disassembled upon pre-composite 

transfer to EtOH. 
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Figure 79. a) UV-Vis absorption spectra of the AzoSH and AuNSs-CNFs mixture  

(1 mm cuvette) after attempted unsuccessful purification via centrifugation. Sample prepared 

without pre-composite pretreatment. b) UV-Vis spectra of the AzoSH-AuNSs-CNFs hybrid 

material redispersed in water (1 mm cuvette) prepared after pre-composite pretreatment with 

EtOH. Inset shows appearance of the sample. c) Photoswitching of the AzoSH-AuNSs-CNFs 

hybrid material redispersed in water. Inset shows evolution of the π→π* band of AzoSH in the 

composite. 

Protocol no 2. Pre-composite (Au/cellulose ratio ~1.1 wt %) was centrifuged (800g, 5 min) 

and the supernatant was collected, while the remaining pellet was redispersed in EtOH. Pre-

composite redispersed well in the new solvent and no aggregation of AuNSs was observed. 

Subsequently, to the THF solution of AzoSH a matching volume of EtOH-dispersed  

AuNSs-CNFs was added (1:1, v/v) under vigorous stirring. Total amount of Azo corresponded 

to 20-fold excess with respect to the number of binding sites on Au. After 5 min of stirring the 

vial with mixture was carefully sealed with parafilm and left for at least 17.5 hours at room 

temperature. On the next day sample was examined, centrifuged twice and redispersed in water. 
 

Important role of CNFs as a stabilizer for AuNPs was confirmed upon pre-composite 

pretreatment with EtOH. Usually, redispersion of nanostructures stabilized by surfactant in 

alcohols (methanol, ethanol) leads to their aggregation, due to the decomposition of stabilizing 

surfactant bilayer. Here, although decomposition of the CTAB arrangements remaining in the 

pre-composite was promoted, stabilization of AuNPs was maintained due the presence of CNFs 

and no aggregation or change of the macroscopic appearance of the AuNSs-CNFs upon 

redispersion in EtOH was observed. Notably, the final AzoSH-AuNSs-CNFs material 

maintained the phase-separated characteristics of pre-composite and was easily separated from 

solution via centrifugation. Hence, it can be stated that AuNSs are firmly immobilized on the 

cellulose nanofibres, and EtOH is not compromising the system’s integrity in any way. There 

are two possible explanations for that (1) CNFs replace CTAB as stabilizer and interact with 

the surface of Au nanocrystals or (2) CTAB mediating AuNPs-CNFs interactions constitutes a 

different fraction from the excess surfactant, serves as a molecular glue, and is not removed 
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from the material after EtOH treatment. This aspect is further explored and discussed in the 

subsection 4.3.3. of this chapter. 

Moreover, as presented in Figure 79b, the resulting AzoSH-AuNSs-CNFs composite exhibited 

weak π→π* band of the photochromic component and clear, although weak, plasmon band.  

No aggregation of nanoparticles was noticed this time. Resulting material exhibited 

photoswitching typically observed for Azo derivatives (Figure 79c), although the overall 

evolution of the π→π* band was very weak. UV irradiation (365 nm, 60 s, irradiation intensity: 

1.93 ± 0.06 mW/cm2 for this and all further described irradiations) caused the drop of the π→π* 

band, while blue light irradiation (405 nm, 60 s, irradiation intensity: 4.7 ± 0.1 mW/cm2 for this 

and all further described irradiations) led to its recovery, thus indicating the occurrence of 

trans→cis and cis→trans isomerization reactions, respectively. As presented in the inset of 

Figure 79c irradiation in a 500-800 nm range for 60 s (irradiation intensity around  

200-300 mW/cm2 for this and all further described irradiations) also led to the recovery of the 

trans isomer. Such irradiation range addresses the position of AuNSs plasmon band, however 

is also very close to the position of n→π* absorption band of the photochromic component. 

Hence, such irradiation conditions naturally lead to the recovery of the trans form. This is why 

for material formulations containing Au nanospheres, potential plasmon-assisted processes are 

difficult to evaluate, because the contributions of plasmon-related effects and direct triggering 

of Azo isomerization occur in the same spectral range and cannot be separated. 

Importance of Azo derivative concentration 

Because the optical properties of the first hybrid AzoSH-AuNSs-CNFs material were 

not very pronounced, the question arose how the number of Azo molecules remaining in the 

composite can be increased. As presented in the literature before, for Azo-AuNPs hybrids, 

factors such as presence of supporting ligands and ratio between them and Azo ligand need to 

be taken into account. Yet, in the following attempt it was decided to simply utilize a higher 

excess of AzoSH. Such attempt also helped to estimate roughly how the ligand concentration 

may affect the preparation protocol. 

Protocol 2 was hence repeated, with the increased total amount of Azo, which corresponded to 

200-fold excess with respect to the number of binding sites on Au (10 times increase in 

comparison to original Protocol 2). As-obtained hybrid material was redispersed in water. 
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Figure 80. AzoSH-AuNSs-CNFs hybrid materials. a) Comparison of UV-Vis spectra of the 

materials prepared with 20-fold and 200-fold excess of AzoSH. b) Photoswitching of the hybrid 

material (200-fold AzoSH excess) redispersed in water. c) Changes in the intensity of the π→π* 

band of AzoSH in the hybrid formulation (200-fold AzoSH excess) as a function of irradiation 

wavelength and time. 

Comparison of the optical properties presented in Figure 80a confirmed that Azo content can 

be increased within material structure by increasing Azo concentration during preparation step. 

The π→π* band of AzoSH component was more pronounced, however, plasmon band of 

AuNSs was clearly more dumped and almost not visible compared to the 20-fold excess sample, 

which compromised the overall plasmonic properties of the material. Nevertheless, sample 

exhibited characteristic Azo photoswitching, more pronounced than for the 20-fold excess 

sample (Figure 80b). As indicated in the Figure 80c, UV irradiation (365 mn, 90 s) caused the 

drop of the π→π* band (Abs350), while blue light irradiation (405 nm, 300 s) led to its recovery, 

thus indicating the occurrence of trans→cis and cis→trans isomerization reactions. Similarly 

to the observations made for the 20-fold excess sample, above 500 nm irradiation for 120 s or 

180 s also led to the recovery of trans isomer. The resulting photostationary state (PSSE) was 

even richer in trans form of Azo comparing to the PSSE reached after 405 nm irradiation (higher 

Abs350 values). Richer PSSE could have been also obtained for above 500 nm irradiation if the 

sample was initially irradiated with a blue light. This proves contribution of plasmon-related 

effects either in a form of charge carrier transfer or a thermoplasmonic effect, since relaxation 

of Azo derivatives induced thermally typically leads to PSSE richer in trans-Azo comparing to 

photoinduced isomerization. Nevertheless, the close proximity of the initial absorption bands 

of Azo and AuNSs does not enable determination of the exact contributions. 

4.3.2. AzoGly and CNFs interactions leading to formation of hybrid 

materials 

Since plasmonic-photochromic AzoSH-AuNSs-CNFs hybrids did not exhibit 

satisfactory optical properties, the decision was made to work out another approach relying on 
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Azo-CNFs interactions instead (hypothesis 3). For this purpose another type of Azo molecule 

needed to be employed and a positively charged Azo derivative, AzoGly, was selected as a 

model molecule, thus representing a class of positively charged Azo photochromes. General 

structure and photochromic properties of this compound are presented in Figure 77. AzoGly 

lacks −𝑆𝐻  group in its structure and is −𝑁𝐻3+  terminated instead. In all experiments this 

molecule is used in a form of its salt with trifluoroacetic acid (TFA). Moreover, AzoGly is 

soluble in ethanol, which aligns well with the pre-composite pretreatment step. 

To verify if AzoGly is able to interact with CNFs efficiently enough to form photochromic 

nanofibres, the experimental procedure established in the previous section has been repeated 

with appropriate adjustments. 

Protocol no 3. Solution of 1 mM CTAB was titrated with the aqueous 0.5 wt% solution of 

CNFs under vigorous stirring at room temperature. Volume ratio of CTAB/cellulose was 2:1. 

The as-obtained sample was left overnight to promote material sedimentation. The obtained 

pellet was washed two times with water by centrifugation (540g, 5 min) in order to remove the 

excess of surfactant. 

Subsequently, pre-composite pretreatment with EtOH was performed. CTAB-CNFs  

pre-composite was centrifuged (780g, 5 min), the supernatant was discarded and pellet (pre-

composite) was redispersed in EtOH.  

Afterwards, pre-composite in EtOH was added dropwise to the ethanol solution of AzoGly  

(1:1, v/v) under vigorous stirring. The amount of Azo was varied from 0.00 mM to 2.62 mM. 

After 5 min of stirring vials with mixtures were carefully sealed with parafilm and left for at 

least 17.5 hours at room temperature in order to promote CNFs impregnation with the 

photochrome. After this time samples were examined, purified by centrifugation, redispersed 

in water, and subjected to UV-Vis absorption spectra measurements. 
 

In this initial experiment, CNFs were not covered with AuNPs, to investigate direct 

AzoGly-CNFs interactions. For the comparison, for AuNSs-CNFs pre-composites used in the 

protocols described above, 200-fold excess of AzoSH corresponded to 0.69 mM concentration. 

Hence, the starting point for this experimental section also equaled 0.69 mM. The upper limit 

of the concentration range was set closer to the solubility limit of AzoGly in ethanol  

(about 3 mM). The as-determined concentration range was arbitrarily separated into 7 distinct 

experimental points. Reference point with pure ethanol (no Azo – 0.00 mM) was also prepared 

as a control sample. 

During purification step it became apparent, that the higher the concentration of the 

photochrome, the better the phase separation of the CNFs, which became more prone to 
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centrifugation and could have been easily separated. At the same time, for the two lowest 

concentrations – control 0.00 mM and 0.69 mM – separation and purification was rather 

problematic. This emphasises crucial role of AuNPs, that weight down and presumably stiffen 

the structure of fibres and make the purification procedure of the resulting composite much 

more facile, even for concentrations in the lower range (as for the AzoSH-AuNSs-CNFs hybrid 

material discussed in the previous section). 

Results presented in Figure 81a depict a straightforward dependency between AzoGly 

concentration used during impregnation and the population of the photochrome adsorbed on 

CNFs. Namely, the higher the concentration, the higher the population of AzoGly in the final 

material (represented by the intensity of the π→π* band, see Figure 81b, direct values). This 

also explains why at higher AzoGly concentrations material separation was more efficient. 

Higher population of AzoGly results in the higher overall hydrophobicity of the fibres, which 

promotes phase separation in water. Cellulose nanofibres do not contribute to the extinction of 

the composite, only to its scattering, which is also reflected in the sloped nature of all spectra 

and the tilted profile of AzoGly bands. Nevertheless, the position of AzoGly absorption bads 

was not drastically changed compared to the pristine AzoGly solution (π→π* band position: 

343 nm in composite vs 348 nm in pristine AzoGly, see Figure 77). Most importantly, the 

intensity of the bands was much more pronounced compared to the AzoSH-AuNSs-CNFs 

sample.  

To better visualize the observed tendencies and account for the differences in the retrieval rate 

of the materials, spectral profiles of the AzoGly-CNFs hybrids were adjusted at 600 nm. As 

determined in chapter 3, only below 600 nm the contribution of CNFs scattering to the optical 

properties of the composites becomes significant. Moreover, at 600 nm absorption of the 

photochrome is at the 0.0 level and hence, there is no contribution from photochromic 

component at this wavelength. Such adjustment is possible if the homogenous impregnation of 

CNFs with AzoGly is assumed. Only then the amount of AzoGly remaining in the hybrid 

material via interactions with CNFs is representative to the whole impregnation process and 

does not depend on the composite retrieval rate. Each sample was corrected separately in such 

a way that the spectral profile of bare CNFs was first adjusted at 600 nm to match profile of the 

sample and was subsequently subtracted from the sample spectra (as depicted in Figure 81a). 

The as-obtained corrected intensity values of the π→π* AzoGly band were plotted against 

concentration of AzoGly used during impregnation (Figure 81b, corrected values).  

The increasing trend observed for the direct values was maintained, however the deviation from 

the trend in the middle of concentration range was mitigated. In general, the intensity of the 

π→π* band increases about 26 times for about 3.8 times increase in the photochrome 
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concentration used during impregnation step. This clearly emphasizes profits stemming from 

impregnations performed at higher concentrations of the photochrome. 

 

Figure 81. Optical properties of the photochromic CNFs redispersed in water (AzoGly-CNFs 

without Au). a) The applied correction approach and the resulting spectra for samples prepared 

with different Azo concentrations. b) Extinction values at the peak of π→π* band of AzoGly as 

a function of photochrome concentration during impregnation procedure. Comparison of direct 

values and values derived from correction procedure. Reprinted from own source preprint 388. 

It is important to note, that AzoGly, even in a form of salt with TFA, is not soluble in 

water. Nevertheless, to investigate whether the photochromic contributions in the hybrid 

materials are a result of AzoGly-CNFs interactions or rather free AzoGly molecules remaining 

in water, two solutions of AzoGly in water and in ethanol were prepared at concentrations of 

~0.7 mM, which was the lowest concentration of the photochrome used during impregnation 

procedure. It was observed, that AzoGly did not dissolve in water and crude compound was left 

at the bottom of the vial. Nevertheless, both samples were diluted to obtain 30 μM solutions, 

which would grant viable spectroscopic measurements with absorbance below 1.0. The results 

presented below clearly show that AzoGly is not soluble in water and hence its EtOH solutions 

need to be used for the impregnation. Most importantly, however, these results emphasise role 

of CNFs as a platform for the photochrome transfer to the environment it is not compatible 

with. Comparing spectra in Figure 82 with spectra of the hybrid materials dispersed in water 

presented in Figure 81 it can be stated that the intense bands of AzoGly in the hybrid samples 

are not a serendipity, but a result of Azo-CNFs interactions. 
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Figure 82. UV-Vis absorption spectra of AzoGly dissolved in ethanol and water. 30μM AzoGly 

solution in EtOH was easy to prepare and its spectrum exhibits typical features of Azo type 

photochrome. The aqueous solution of Azo was not possible to prepare without compound 

aggregation. Distorted profile of the spectrum at low photochrome concentration confirms 

AzoGly insolubility in water. 

AzoGly-CNFs interactions were further investigated via IR spectroscopy, as described 

in the following subsection (4.3.3.), devoted to the preparation protocol of the final  

Azo-AuNRs-CNFs formulation. This subsection is concluded with the verification of protocol 

no. 3 for AuNSs-CNFs pre-composite. To compare this approach with previously presented 

AzoSH-AuNSs-CNFs hybrids, the concentration of AzoGly was matched to the one used in 

protocol 3 and the notation of Azo concentration as an excess with respect to the number of 

binding sites of Au was maintained. 

Protocol no 4. AuNSs-CNFs pre-composite (~1.1 wt% Au/cellulose ratio) was first 

centrifuged (780g, 5 min) and the resulting pellet was redispersed in EtOH. Subsequently, to 

the EtOH solution of AzoGly the AuNSs-CNFs dispersion in EtOH was added dropwise  

(1:1, v/v) under vigorous stirring. Total amount of AzoGly corresponded to either 20-fold or 

200-fold excess with respect to the number of binding sites on Au. After 5 min of stirring the 

vial with mixture was carefully sealed with parafilm and left for at least 17.5 hours at room 

temperature. On the next day both samples were examined, centrifuged, washed two times, and 

redispersed in water. 
 

As presented in Figure 83a AzoGly-AuNSs-CNFs samples exhibited promising optical 

characteristics, significantly better than both AzoSH-AuNSs-CNFs samples prepared 

according to protocol 2 for the same concentration of ligand. The π→π* band of AzoGly was 

very pronounced and its intensity was increasing with the increasing excess of Azo used during 

impregnation procedure. Additionally, both samples exhibited a clear plasmon band and no 

damping was observed in contrary to samples prepared with AzoSH, despite the fact that Au 
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content was the same for all of the hybrid materials. This proves higher efficiency of the process 

when non-thiolated ligand able to interact with the scaffold is used (hypothesis 3). Redispersion 

of AzoGly-containing hybrids in water was not problematic. Both materials maintained the 

form of phase-separated system and precipitated after some time. Nevertheless, hybrid samples 

can be easily dispersed again simply by shaking the sediment.  

Importantly, composites exhibited very pronounced photoswitching. As presented  

in Figure 83b,c for hybrids prepared with 20-fold AzoGly excess, UV irradiation (365 mn,  

90 s) caused the drop of the π→π* band, similarly to blue light irradiation (405 nm, 90 s). 

Positions of the π→π* and n→π* bands of AzoGly are different than for AzoSH, and hence, 

irradiation of AzoGly with blue light at relatively short wavelength (405 nm) also leads to the 

trans→cis isomerization. Finally, irradiation above 500 nm for 90 s led to the recovery of trans 

isomer in hybrid material. Similarly to AzoSH, irradiation above 500 nm is very close to the 

n→π* band of the AzoGly photochrome, and hence also leads to the recovery of trans isomer. 

Similar results are presented in the Figure 83d-f for hybrids prepared with 200-fold excess of 

AzoGly. However, due to the higher concentration of Azo molecules in the final formulation, 

the hybrid material exhibited much better and more consistent photoswitching and better 

resolution of the changes occurring at 343 nm. The evolution of absorbance at π→π* band 

enabled determination of the rate constants and half-lives of the observed isomerization 

reactions in the AzoGly-AuNSs-CNFs hybrids, which was not possible for the samples 

prepared with AzoSH ligand. Importantly, for all irradiation conditions at room temperature, 

sample exhibited first order kinetics, just as pristine and free Azo molecules do in the solution, 

which was confirmed by very high R2 values of the first-order kinetic equation fits (as presented 

in Figure 83f). However, this chapter focuses solely on the overall qualitative photoswitching 

properties of the hybrid materials, and the relative differences between the rate constant values 

are not discussed. AuNPs influence on Azo isomerization is investigated in chapter 5 and 6. 

Nevertheless, it needs to be emphasised, that PSSZ achieved after UV exposure (365 nm) was 

significantly richer in the cis isomer compared to isomerization triggered by short wavelength 

blue light irradiation (405 nm). Moreover, the back-isomerization triggered by irradiation above 

500 nm was also observed. 
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Figure 83. AzoGly-AuNSs-CNFs hybrid materials. a) UV-Vis spectra of samples prepared with 

20-fold and 200-fold excess of AzoGly compared with AzoSH-AuNSs-CNFs hybrids. Inset 

presents physical appearance of the samples during impregnation. b) AzoGly-AuNSs-CNFs 

material (20-fold excess) redispersed in water – photoswitching and c) changes in the intensity 

of the π→π* band of AzoGly as a function of irradiation wavelength and time. d) AzoGly-

AuNSs-CNFs material (200-fold excess) redispersed in water – photoswitching and e) changes 

in the intensity of the π→π* band of AzoGly as a function of irradiation wavelength and time. 

f) Juxtaposition of the rate constants for the isomerization reactions depicted in panel e). Table 

includes coefficient of determination (R2) for the first order kinetics fits. 

To conclude, results of the experiments presented in this subsection prove that CNFs 

can serve as a functional scaffold for the immobilization of both AuNPs and charged Azo 

ligands. The resulting materials exhibit promising optical characteristics and maintained 

properties of functional components, such as photoswitching of Azo and stable plasmonic 

properties of AuNPs. The following subsection verifies whether the established protocol 

(protocol number 4) can be used to prepare hybrid materials containing both AzoGly and 

AuNRs. 

4.3.3. Composites prepared with AuNRs and new Azo ligand – the final 

formulation 

Protocol no 4 was repeated for the AuNRs-CNFs composite with increased Au content. 

Amount of Au in the pre-composite was increased, in order to improve plasmon contribution 

to the spectra of the final hybrid material, since for low Au content, ~1.1 wt% for AuNSs, the 
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plasmon band of AuNPs was visible, although not very pronounced. This subsection explores 

first the optimization of protocol no 4 for AuNRs, followed by presentation of final preparation 

protocol, and investigation of the interactions between components in the final  

AzoGly-AuNRs-CNFs hybrids. 

Protocol optimization 

Influence of EtOH. As already postulated in the previous subsection, pre-composite  

pretreatment with EtOH is essential for efficient CNFs impregnation with AzoGly. Although 

proven successful for AuNSs, it was investigated whether such pretreatment approach is also 

viable for AuNRs. It was determined, that EtOH pretreatment does not compromise stability of 

the AuNRs-CNFs pre-composite, as presented in Figure 84a. The less scattering nature of the 

pre-composite after pretreatment (lower extinction values below 600 nm, where CNFs 

scattering of a two-phase system is manifested) confirms good dispersion of the Au-decorated 

nanofibres in the new solvent, which makes them more accessible for the sorption of dye 

molecules. Moreover, stable positions of both t-LSPR and l-LSPR bands without any 

distortions confirm sturdy immobilization of AuNRs. It can be also stated that the stability of 

pre-composite is not affected upon impregnation procedure. Figure 84b presents impregnation 

mixture before separation and purification of the hybrid fibres. Stable dispersion of components 

(reflected also in the colour of the mixture which combines colour of both initial solutions), 

without any aggregation can be observed. 

 

Figure 84. Influence of EtOH pretreatment on stability of AuNRs-CNFs. a) UV-Vis-NIR 

extinction spectra of the pre-composite in water (before EtOH pretreatment) and in EtOH (after 

pretreatment). b) Schematic depiction of the impregnation procedure and visual appearance of 

the mixture before purification and hybrid material separation. No aggregates are visible and 
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the colour of the impregnation mixture (green) reflects homogenous conditions of impregnation 

(combination of blue colour of the pre-composite and yellow colour of the AzoGly solution).  

Purification protocol. For all the already discussed preparation protocols, two-step 

centrifugation was proposed, hence constituting two-step purification procedure. First 

centrifugation enables hybrid material separation and transfer to water. Second centrifugation 

aims for composite purification from any unbound excess Azo ligand. Hence, it was 

investigated if such purification procedure is justified and whether it can be improved. 

There are three key goals of the proposed purification procedure that need to be balanced in 

order to efficiently prepare functional hybrid materials: 

(1) Removal of the excess photochrome and residual ethanol. For the sake of 

impregnation step efficiency, Azo molecules are introduced to the process in an excess 

amount. This means, that after impregnation, the excess Azo needs to be removed. Since 

AzoGly is not soluble in water but is well soluble in ethanol, Azo removal aligns with 

the need to remove residual ethanol during material transfer to water. 

(2) Efficient material transfer to the solvent of choice (here: from ethanol to water). The 

resulting hybrid material was designed to be functional in water. Moreover, stability of 

the hybrid fibres in water and in ethanol differs, and hence, the purification procedure 

needs to be arranged in such a way that the majority of hybrid fibres is retrieved from 

ethanol and efficiently transferred to water. 

(3) Preservation of both photochromic and plasmonic properties of the material. Due 

to the non-covalent nature of interactions between all components purification 

procedure cannot compromise neither the stability nor the properties of hybrid fibres. 

The chosen purification protocol relies on the centrifugation, due to the nature of the proposed 

material, which is a dispersion of a micrometre scale cellulose nanofibres covered with AuNRs 

and impregnated with Azo dye. In EtOH material forms clear and stable dispersion, hence, to 

separate the resulting plasmonic-photochromic CNFs from EtOH higher speeds and longer 

times (e.g. 7000g, 10-20 min) are required. Depending on the chosen separation parameters, 

the resulting supernatants may contain more or less material, and hence can also be subjected 

to prolonged centrifugation to increase material’s retrieval rate. On the other hand, components 

of the separated hybrid materials are bound via electrostatic interactions, hence purification step 

(second centrifugation) requires lower speeds. Also, to not compromise the integrity of the 

materials and avoid their aggregation, the centrifugation times need to be adjusted. These 

aspects open a potentially endless cycle of consecutive centrifugations, separation and washing 

steps, and hence, the fundamental questions arise: when to stop and what factors limit this 
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cycle? Hence, parameters of purification protocol were thoroughly investigated for hybrids 

prepared using pre-composite containing ~4.8 wt% of Au and solution with 250-fold excess of 

AzoGly. Optical properties of each precipitate after its redispersion and any remaining 

supernatants were monitored using UV-Vis absorption spectroscopy. To ensure proper 

resolution in the spectral region of interest (around plasmon bands and 960 nm) 1 cm cuvette 

was used for all measurements. 

After first, initial centrifugation, which serves as a necessary separation step  

(~540-1400g, 10-20 min), some percentage of the prepared hybrid material remains in the 

supernatant (Figure 85a, green line). To increase the efficiency of material’s retrieval and not 

destabilize functional components, the follow-up centrifugation steps can be applied to 

supernatant and not the initial mixture. Such reattempted separations (~7000g, 10-20 min) can 

be performed up to three times to recover about 60% of the material that remained in the 

supernatant after initial separation (Figure 85b, assessed based on the intensity of the l-LSPR 

band of AuNRs). Hence, if necessary, material’s retrieval rate can be conveniently increased. 

If AuNRs-CNFs or AzoGly-CNFs interactions are weakened in any way at this stage, the as-

formed free species will be removed from the dispersion in the following washing steps. 

Once all of the collected precipitates are combined and redispersed in water, at least one 

washing of the sample is necessary to remove any residues of AzoGly or ethanol or any species 

unbound from CNFs during separation step. As clearly visible in Figure 85a, if the baseline for 

the UV-Vis measurement is water and the measured solution is ethanol-based, the spectra 

include drop in the absorbance around 960 nm. Hence, it is possible to assess if there is any 

residual ethanol simply by observing spectra of the sample after every washing step in the 

region of this drop. Its presence confirms that there is not only EtOH remaining in the sample, 

but presumably also some unbound AzoGly, due to molecule’s solubility. Figure 85c presents 

spectral region of interest for samples after separation and two washing steps. After separation 

(green line) drop at 960 nm is present, indicating that residual ethanol remains in the sample 

and hybrid fibres require at least one washing. After first washing (turquoise line, ~4850g,  

10-20 min) the drop at 960 nm is no longer present. The same is true for the sample after second 

washing (navy line, ~4850g, 10-20 min). This proves, that if purification procedure is done with 

appropriate care, one washing step is enough to remove any remaining ethanol and free AzoGly. 

However, if necessary, the washing procedure can be repeated. 

Thus, two steps of purification are recommended. The first one – separation of hybrid material 

from the impregnation mixture – can be repeated on the supernatant up to 3 times after initial 

centrifugation. The second one – washing of the combined precipitates if properly executed can 

be done only once. This means, that some portions of the material can be centrifuged up to even 
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5 times (separation, three follow-up centrifugations, and one washing) and hence, one more 

question requires addressing. Does any subsequent washing after the first one compromises the 

plasmonic-photochromic properties of the hybrid fibres? In order to assess that, the optical 

properties of the material after two, consecutive washing steps were compared. Spectra 

presented in Figure 85d were measured in the 1 cm cuvette, to provide appropriate 

measurement resolution. The observations are purely qualitative and despite the fact that the 

bands arising from the presence of AzoGly are either exceeding Y axis or ragged, 

measurement’s conditions were maintained, since these characteristics (perceived often as 

spectral profile defects) are also very informative for this analysis. Profile of the sample after 

separation is dominated by free AzoGly remaining in the excess, due to the residual ethanol 

that is not removed yet. Concentration of the remaining photochrome is too high to be measured 

accurately, yet this proves that purification protocol cannot rely only on one separation step. 

Sample spectrum after first washing (turquoise line) is much better presented, yet the profile is 

ragged at the maximum of the π→π* band. Nevertheless, the qualitative comparison of this 

spectrum (turquoise line) with spectrum of the sample after second washing (navy line) makes 

evident, that after second washing the π→π* band of AzoGly is significantly damped. Hence, 

the elongation of the purification protocol by even one more washing step might be severely 

damaging for the photochromic properties of the material. 

 

Figure 85. Spectroscopic evaluation of the hybrid material purification protocol. Applicable to 

all spectra: optical pathlength – 1 cm, baseline – water. a) UV-Vis spectra of supernatants 
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(ethanol) after the initial and follow-up separations via centrifugation. b) Retrieval of the 

hybrid material remaining in the first supernatant as a function of the number of follow-up 

centrifugation steps. c) Observation of spectral changes around 960 nm were the assessment 

method of choice to exclude presence of ethanol residues. d) Differences in the spectra of 

AzoGly-AuNRs-CNFs hybrid material after three consecutive washing steps. 

Final procedure, summarizing necessary purification steps is presented in the Figure 86. To 

sum up, two purification steps are required: separation (enhanced if performed up to three times 

on the remaining supernatant) and washing of the combined precipitates. If performed with 

appropriate care, those steps yield a purified material, exhibiting well-established plasmonic 

and photochromic properties. 

 

Figure 86. Schematic depiction summarizing optimized protocol of the AzoGly-AuNRs-CNFs 

hybrid materials purification. 

Comment on additional aspects. In the course of the development of the presented plasmonic-

photochromic material preparation protocol, also some other aspects were investigated. It was 

decided to sum them up in a short paragraph: 

(1) Order of components mixing. It was observed, that only the pre-composite addition to 

Azo solution efficiently yields functional materials. 

(2) Strengthening of photochromic properties. It is not possible to increase the content 

of AzoGly component in the final material after the already performed impregnation. 

The repeated attempt at impregnation does not strengthen the photochromic properties 

of the material and, at best, the functionality of hybrids remains the same. It might be 

motivated by the possible weakening of the interactions during the repeated purification 

protocol required after second impregnation attempt.  
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(3) Impregnation conditions. It was found out that impregnation should be performed 

without mixture stirring. Otherwise, the spectral contribution of photochromic 

component is weakened. 

(4) Influence of AuNRs loading. For higher Au loadings (around 18 wt% of Au with 

respect to the mass of CNFs), the intensity of the π→π* band of AzoGly is clearly lower. 

It can be attributed to the increased material’s tendency to sedimentation and hence, 

more scattering nature, which results in the higher scaffold contribution to the optical 

properties below 600 nm (in the region of Azo photochromism). 

Final hybrid plasmonic-photochromic material preparation protocol 

Protocol no 5. AuNRs-CNFs pre-composite (~5.4 wt% Au with respect to the mass of CNFs) 

was centrifuged (780g, 5 min) and redispersed in ethanol. The resulting clear dispersion was 

subsequently added dropwise to the solution of AzoGly in ethanol under vigorous stirring. 

Concentration of the photochromic component was adjusted to ~3.1 mM (which corresponded 

to ~250-fold excess with respect to number of binding sites on Au). Mixture was stirred for  

5 min and then left undisturbed for at least 17.5 hours at room temperature. On the next day, 

as-obtained hybrid photochromic-plasmonic composite was separated from ethanol  

via centrifugation (540-1400g, 10-15 min). The supernatants were subjected to three follow-up 

material separations (7000g, 10-20 min). The combined pellets were transferred to water and 

were subsequently washed once (4850g, 20 min) to remove any remaining ethanol and the 

unbound AzoGly excess. The as-prepared composite was subjected to visual inspection,  

UV–Vis–NIR characterization, and further in-depth investigation. 
 

Similarly, to the results of preliminary experiments with AuNSs, AuNRs-decorated 

CNFs were accessible for AzoGly sorption during an overnight incubation step due to the EtOH 

pretreatment of the pre-composite. Trifluoroacetate counterion (TFA–) of AzoGly salt does not 

remain in the hybrid material, due to the negative surface functionalization of CNFs. It can be 

rationally assumed that TFA– is entirely removed from the system after hybrid material 

purification from any unbound species. AzoGly, however, remains in the material, due to 

interactions with CNFs, as concluded in the discussion presented in the previous subsections, 

and further fortified by the interpretation of the IR spectra of four different samples presented 

below. Liquid dispersions of pristine constituents were investigated, namely bare CNFs in 

water, AzoGly in EtOH, and AuNRs-CNFs pre-composite in water (Figure 87). 
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Figure 87. Chemical structures of the individual, pristine hybrid material components: AzoGly 

in a form of salt with TFA, CNFs, and the proposed structure of the AuNRs-CNFs pre-

composite, for which two presumed forms of CTAB are indicated, namely bilayer on the surface 

of AuNRs, mediating Au-CNFs interactions, and free CTAB molecules interacting with CNFs 

(AuNRs are presented schematically, not to scale). Reprinted from own source preprint 388. 

 

 

IR spectrum of the water dispersion of hybrid AzoGly-AuNRs-CNFs material was juxtaposed 

with the spectra of pristine components to identify all crucial signals in Figure 88. Their 

summary is presented in Table 2 below. Colour codes between Figure 87 and Figure 88 are 

matching. 
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Figure 88. IR spectra of pristine hybrid material components, namely AzoGly, CNFs, and  

pre-composite, compared with the IR spectrum  of the final hybrid-material, AzoGly-AuNRs-

CNFs. Comparison reveals importance of the underlying interactions for material's structural 

integrity. Reprinted from own source preprint 388. 
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Table 2. Summary of the relevant IR signals identified in the Figure 88. The following 

abbreviations are used: ν – stretching vibration, νas – asymmetrical and νs – symmetrical 

vibration, γ – out of plane and δ – in-plane deformation vibration. Table reprinted from own 

source preprint 388. 

Signal 

Band position [cm-1] 

AzoGly 

(@EtOH) 

CNFs 

(@water) 

AuNRs-CNFs 

(@water) 

AzoGly-AuNRs-

CNFs (@water) 

 CNFs identification 

𝑂 − 𝐻 (ν) 
3000-3500 

(center: 3300, 

weak, round) 

3000-3500 

(center: 3338) 

3000-3500  

(center: 3344) 

3000-3500  

(center: 3342) −𝐶𝑂𝑂− (νas) 
1699 

(trifluoroacetate) 
1641 1653 (weak) 

part of 1653 

(broad) −𝐶𝑂𝑂− (νs) 
1409 

(trifluoroacetate) 
1427 1429 1419 𝐶 − 𝐶 ring (ν) - 1159 1161 1161 𝐶 − 𝑂 − 𝐶 

pyranose ring (νs) 
- 

850-1200 

(center: 1032) 

850-1200  

(center: 1059) 

850-1200  

(center: 1059) 𝐶 − 𝑂 − 𝐶  

β-glycosidic 

linkages 

- 899 910 (weak) 905 (weak) 

𝑂 − 𝐻 (γ) - 663 667 (weak) 667 (weak) 𝑂 − 𝐻 bending of 

the absorbed 

water 

- 1641 1653 (weak) 
part of 1653 

(broad) 

 CTAB identification 𝐶 − 𝐻 (νs) 2852 - 2858 (weak) 2854 (weak) 𝐶 − 𝐻 (νas) - 2897 2922 2918 −𝐶𝐻3 (ν) of 

ammonium salt 
- - 

1456  

(weak, part of 1429) 

1456  

(weak, part of 1419) 𝐶 − 𝑁 (ν, weak, 
shoulder) 

- - 906 (very weak) 906 (very weak) 

 AzoGly identification 𝑁 = 𝑁 (ν) 1545 - - 1541 (part of 1653) 𝐶 = 𝐶 (ν)  
in plane 

1599 - - 1558 (part of 1653) 𝐶 = 𝑂 (ν) 1666 - - 1653 −𝑁 − 𝐻 (ν) 
amine salt 

(strong) and =𝐶 −𝐻 (ν, medium) 

2924 - 2922 2918 

= 𝐶 − 𝐻 (γ) 768 - - 758 
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Identification of several peaks in the AzoGly-AuNRs-CNFs hybrid material confirmed its 

structural integrity and presence of all components. Presence of CNFs was confirmed by signals 

marked with pale yellow appearing at 1161 cm-1, 1059 cm-1, and 905 cm-1 for 𝐶 − 𝐶 cellulose 

ring stretching, 𝐶 − 𝑂 − 𝐶  cellulose pyranose ring stretching, and 𝐶 − 𝑂 − 𝐶  cellulose  

β-glycosidic linkages, respectively. Presence of the photochromic component (AzoGly) in the 

hybrid formulation was confirmed by bands occurring as a part of the broad 1653 cm-1 peak. 

The 𝑁 = 𝑁  moiety (pale purple), −𝐶 = 𝑂  amide signal (vivid green), and 𝐶 = 𝐶  in-plane 

deformation signal (bright yellow) were identified. 

Moreover, comparative IR spectra analysis was used to verify two main hypotheses regarding 

final material formulation. The first one assumes importance of intermolecular AzoGly-CNFs 

interactions, mainly electrostatic attraction of the components. The coherent 6-10 cm-1 spectral 

shifts at the IR spectra observed for the chemical groups involved in the interactions corroborate 

this hypothesis. At 2924 cm-1 the −𝑁 − 𝐻  stretching signal of −𝑁𝐻3+  AzoGly end group 

appears for free photochromic molecules (grey highlight). This signal is shifted to 2918 cm-1 in 

the hybrid material. Similar spectral shift is observed for the −𝐶𝑂𝑂− symmetrical vibration 

band of CNFs (vivid green highlight) and the original peak shifts from 1429 cm-1 (as identified 

for the pre-composite) to 1419 cm-1 in the hybrid formulation. Moreover, the initial position of 

the 𝑂 − 𝐻 stretching band of CNFs in the pre-composite (highlighted with a pale blue colour), 

cantered at 3344 cm-1 is slightly shifted towards lower wavenumbers in the AzoGly-AuNRs-

CNFs material, where this peak appears at 3342 cm-1. Based on the literature data, this suggests 

the formation of hydrogen bonds between the available hydroxyl groups of CNFs scaffold and 

chosen photochromic molecule, AzoGly.412,413 

The second hypothesis concerns potential presence and role of CTAB in the final formulation. 

As already discussed, CTAB assures immobilization of AuNPs on CNFs upon pre-composite 

preparation. Hence, CTAB presence was determined based on the identification of 𝐶 − 𝐻 

symmetric stretching band of −𝐶𝐻2 −  group (blush highlight) when bare CNFs and pre-

composite IR spectra were compared. For bare CNFs no CTAB was present and hence, no peak 

was observed, while for the AuNRs-CNFs CTAB presence was confirmed by a peak at 2858 

cm-1. Upon material pretreatment with EtOH, it can be assumed that CTAB molecular 

assemblies such as bilayer on the AuNRs surface or micelles interacting with CNFs are 

disassembled. However, the unexpected stability of the AuNRs upon such solvent transfer  

(see Figure 84) can be explained simultaneously by two effects. One of them is passivation of 

AuNRs surface with CNFs. The other is the possibility that CTAB mediating AuNRs-CNFs 

interactions remains in-between AuNRs and CNFs even in EtOH, when other assemblies are 
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destroyed. Here, the strength of CTAB-CNFs interactions described in the literature,414,415 as 

well as the stabilizing van der Waals forces between hydrophobic CTAB tails within surfactant 

bilayer416 are taken into account. The IR spectra analysis of the AzoGly-AuNRs-CNFs sample 

enabled verification of this hypothesis. However, the signal of −𝐶𝐻2 − group could not be used 

to probe surfactant presence, because AzoGly also contributes to this very signal and another 

spectral band needed to be selected. Hence, the evolution of two bands was analysed, namely 

1456 cm-1 (vivid red highlight) of the −𝐶𝐻3  group of ammonium salt (Figure 89) and  

906 cm-1 (very weak shoulder of the β-glycosidic band) of −𝐶 − 𝑁+ stretching. Both bands 

were present in the IR spectra of the hybrid material, hence confirming presence of residual 

CTAB in the final formulation. It needs to be emphasised, that due to several steps of washing 

and centrifugation during the composite purification procedure, the surfactant cannot simply be 

present in the solution in a form of free molecules. Hence, it is reasonable to assume surfactant 

intercalation in hybrids either (1) as a residual bilayer exhibiting lower integrity, but 

nevertheless mediating interactions between AuNRs and CNFs, or (2) solely on the surface of 

CNFs. Thus, role of CTAB as molecular glue in the plasmonic-photochromic formulation was 

confirmed. 

 

Figure 89. Evolution of the presence of 𝑁+ − 𝐶𝐻3  stretching band on IR spectra probed 

throughout  the whole preparation protocol, namely for AuNRs pre-composite before and after 

solvent transfer (stage II and III, respectively) and for the final hybrid formulation (stage IV). 

Spectra of bare CNFs and CNFs with the adsorbed CTAB are presented for comparison. 

Reprinted from own source preprint 388. 

All of the fundamental interactions crucial for AzoGly-AuNRs-CNFs material formation and 

its stability in water, derived from results presented above, are presented in Figure 90a. 
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Homogenous material structure without aggregation of the AzoGly component is presented in 

Figure 90b. Typically, water-insoluble photochromes transferred on nanocellulose platform, 

aggregate in the aqueous environment.417 Yet, the formulation presented here does not contain 

any AzoGly aggregates. The proposed protocol enables uniform impregnation of CNFs, thus 

assuring homogeneity of the composite. 

 

Figure 90. AzoGly-AuNRs-CNFs, a plasmonic-photochromic hybrid material. a) The proposed 

chemical structure emphasising the underlying interactions. b) TEM image of the hybrid 

sample. Reprinted from own source preprint 388. 

CNFs scaffold ensured system's stability, and thus, the hybrid material maintained its 

dual plasmonic-photochromic functionality, as depicted in the UV-Vis-NIR absorption spectra 

of the sample (Figure 91a, hypothesis 3). Contributions of both functional components were 

distinctly visible. The intensities of both photochromic bands in aqueous environment 

undoubtedly confirmed the success of the proposed material design. The small shifts in the 

bands positions compared to pristine AzoGly could be attributed to the interactions with the 

scaffold417 and solvent change.300,418 t-LSPR and l-LSPR bands of AuNRs were also very 

distinct and well separated from the optical contributions of the photochrome. Moreover, 

plasmon bands were not distorted and only slight spectral shifts were observed (Figure 91b), 

presumably due to the change in the effective refractive index after removal of most of the 

CTAB from the surface of AuNRs. 

Hybrid material exhibited stable photoswitching upon exposure to UV (365 nm) and Vis  

(436 nm) irradiation (Figure 91c, hypothesis 4). Photoswitching is stable over many cycles 

and can be repeatedly induced. Importantly, the intensity of the π→π* band in the respective 

photostationary states, was very stable upon the interval irradiation. Hence, it can be concluded, 

that there is no degradation of photochromic component or material as a whole. Most 
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importantly, however, the optical characteristics of AzoGly-AuNRs-CNFs hybrid formulation 

have crucial implications in the context of challenges in the field of plasmonic-photochromic 

materials, particularly for plasmon-assisted Azo isomerization. As depicted in Figure 91a, 

three different spectral regions of the sample can be distinguished. First region (1) covers both 

of the absorption bands of the photochromic component. This spectral range can be utilized to 

directly address photoswitching of the photochrome. This aspect will be investigated in Chapter 

5. Second spectral region (2) corresponds with the t-LSPR band of AuNRs. However, due to 

the partial overlap with the n→π* band of the photochrome, this region cannot be used in the 

plasmon-assisted experiments. Such spectral overlapping complicates the assessment of the 

phenomenon responsible for the photocontrol of the monitored reaction. The third spectral 

region (3), which covers the l-LPSR band of AuNRs is far enough from region 2 to be the most 

suitable to investigate plasmon-assisted photochromism. Irradiation in this spectral window 

enables triggering of plasmon-related phenomena, which potentially grants an indirect control 

over Azo isomerization, as described in Chapter 6. Hence, the benefit of the proposed 

formulation containing both AuNRs and Azo molecules is entirely manifested. 

 

Figure 91. Functional AzoGly-AuNRs-CNFs formulation. a) UV-Vis-NIR spectrum of the 

sample, depicting three important spectral regions of the sample. b) Depiction of the spectral 

changes in the position of l-LSPR band in the final sample vs. bare AuNRs (18 nm redshift).  

c) Distinct and stable photoswitching of the photochromic component in the hybrid formulation 

upon interval UV (3 min) and Vis (3 min) irradiation. Purple and blue points indicate π→π* 

band intensity at PSSZ and PSSE, respectively. Reprinted from own source preprint 388. 

Finally, the chapter is concluded with an important control experiment in which for the 

same pre-composite material the established preparation protocol no 5 was performed to test 

impregnation with traditional sulphur-containing ligands, namely AzoSH (dissolved in THF) 

and AzoSS (dissolved in EtOH). Since it can be assumed, that CTAB is removed from most of 

the AuNRs surface after EtOH pre-treatment, gold becomes accessible for Au-S interactions. 
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Nevertheless, the theoretical synergy between AuNRs and the sulphur-containing ligands did 

not grant satisfactory results and material properties were compromised (Figure 92). 

Composites were heavily aggregated and did not exhibit neither photochromic nor plasmonic 

properties. Moreover, materials did not disperse well in water in contrary to hybrids prepared 

with AzoGly. Hence, the proposed protocol, relying on use of charged Azo derivative 

constitutes an important contribution to the field. 

 

Figure 92. a) Visual comparison of the hybrid samples prepared using different Azo ligands. 

Aggregates of the composite prepared with AzoSH are clearly visible in the “1 mm cuvette” 

column. Internal width of the cuvette is 10 mm. Spectral differences between samples 

impregnated with AzoGly vs. b) AzoSH and c) AzoSS are also depicted. Due to the highly 

scattering nature of the samples prepared with sulphur-containing ligands, the extinction 

profiles were multiplied by 0.01 and 0.1, respectively. Reprinted from own source preprint 388. 

 

4.4. Conclusions 

This chapter establishes general protocol for the preparation of multifunctional, hybrid 

plasmonic-photochromic material based on cellulose-stabilized AuNRs and model azobenzene-

type photochrome (objective 2). Results presented here address current challenges in the field 

of plasmonic-photochromic hybrids, and hence, the established protocol enables preparation of 

water-functional composite, operating without aggregation, and prepared with use of non-

thiolated Azo ligand able to interact with CNFs scaffold. 

Based on the results and analysis presented above, a schematic depiction of the proposed 

preparation protocol is demonstrated in Figure 93. This depiction summarizes all of the crucial 

protocol steps and underlying components interactions at the foundation of the efficient 

impregnation of scaffold with the chosen photochromic dye, mainly electrostatic attraction and 

hydrogen bonds formation between AzoGly and CNFs. Moreover, the presence of CTAB as a 

molecular glue grants material with great structural integrity, without aggregation of the 
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components (hypothesis 3). Material exhibits well-defined optical characteristics and 

preserved plasmonic and photochromic features. Plasmon band of the immobilized AuNRs 

remains unchanged and the photochromic AzoGly component exhibits stable and distinct 

photoswitching upon UV-Vis irradiation over many cycles (hypothesis 4). Beneficial spectral 

separation of the optical properties of Azo and AuNRs can be used to potentially perform 

plasmon-assisted isomerization of the photochrome, which will be investigated in the following 

chapters. 

 

Figure 93. Preparation of AzoGly-AuNRs-CNFs hybrid material and the depiction of the 

fundamental interactions between components. Reprinted from own source preprint 388. 
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Chapter 5. Catalytic Influence of Gold Nanorods on 

Azobenzene Isomerization 
 

This chapter describes E-Z and Z-E isomerization reactions of the photochromic 

component (chosen model AzoGly molecule) in the hybrid Azo-AuNRs-CNFs plasmonic-

photochromic formulation. First, photoisomerization reactions triggered directly by UV  

(365 nm) and Vis (436 nm) irradiation are investigated. Subsequently, chapter focuses on 

thermal relaxations (Z-E isomerization) of the photochromic component in the dark. A set of 

thermodynamic and kinetic parameters of the reaction is determined for hybrid materials and 

compared with pristine free AzoGly. Catalytic influence of AuNRs is investigated by 

comparing the ongoing isomerization reactions for composites with and without Au. Moreover, 

influence of AuNRs aspect ratio on the reactions is explored. Hence, the results presented here 

challenge Objective 3 and verify hypotheses 5 and 6 of the dissertation. 
 

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. 

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. 
 

Part of the results presented within this chapter is available as a preprint: 

388 N. Tarnowicz-Staniak, M. Staniak, M. Dudek, M. Grzelczak, K. Matczyszyn, Gold 

Nanorods Grant an ON-OFF Control over the Kinetics of the Z-E Isomerization of Azobenzene-

Based Photoswitch via Thermoplasmonic Effect, preprint ChemRxiv 2024, 

https://doi.org/10.26434/chemrxiv-2024-vnj32. 

 

 

 

 

https://doi.org/10.26434/chemrxiv-2024-vnj32
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5.1. Motivation 

Isomerization of the photochromes remains extensively investigated and for azobenzene 

derivatives research attention focused on their photoswitching has not stopped since 1937.290 It 

is mostly motivated by a broad range of applications of Azo molecules, including 

photoactuators,419 molecular electronics,420 chemical biology,421,422 and catalysis,423 to name a 

few.282 Also multicomponent systems employing Azo compounds to harness their collective 

photoactivity became broadly investigated, 277,424,425 because presence of the adjacent chemical 

species can influence the photoswitching of Azo photochromes.339,426,427 

Although catalytic properties of AuNPs are well known, as described in Chapter 2, and 

the Azo-AuNPs hybrids have been extensively explored, as presented in Table 1 (Chapter 2), 

the catalytic influence of Au nanostructures on the photoinduced Azo isomerization remains 

virtually unexplored. In fact, for some of the presented formulations, the photoswitching of 

photochromic component might be even hindered.350 This is why structures of Azo ligands used 

for the preparation of hybrids typically include linkers, enabling more efficient photoswitching 

of the photochromic component.340 Nevertheless, since azobenzene is a T-type photochrome, 

AuNPs have been acknowledged as modulators of Azo thermal relaxations or – in other words 

– Azo Z-E isomerization in the dark.428,429 

The mechanism of Azo Z-E thermal relaxation in the presence of AuNPs via electron transfer 

(eT) was first proposed by Hallett-Tapley et al.352 Authors presented AuNPs-mediated 

modulation of the Azo Z-E isomerization kinetics without prior anchoring of the photochromic 

molecules to the surface of AuNPs. Spherical (~12 nm in diameter), pseudo-naked 

nanostructures were prepared via laser ablation and authors postulated two separate electron 

transfers occurring during Azo Z-E isomerization in the dark. The first eT occurs from the Azo 

molecule in its cis form to the Au nanostructure and, as a result, Azo radical cation intermediate 

is formed. Subsequently, the intermediate undergoes rotation about the 𝑁∙ − 𝑁+  bond, 

followed by the second eT from the surface of AuNP back to the Azo molecule. Hence, the 

rotational mechanism of Azo isomerization is also supported. This sequence is mirrored in the 

increasing first order rate constant of the Azo Z-E isomerization in the presence of Au 

nanostructures (Figure 94). Authors investigated isomerization of four different 4- and  

4,4’-substituted Azo molecules and found that their molecular dipole moment was more 

determining for the catalytic increase of the rate constant than the electron nature of 

substituents. Experiments were carried out in the organic solvents native for Azo molecules and 

the main identified hindrance was the drastically varying catalytic activity of the AuNPs 

batches, which is typical for AuNPs prepared via laser ablation. Catalytic activity of such 
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nanostructures is typically dictated by their surface chemistry, age, and homogeneity of the 

applied laser beam.430,431 

 

Figure 94. Schematic depiction of the typical research scenario for the investigation of catalytic 

influence of AuNPs on Azo thermal Z-E isomerization. Purple structures represent E-Azo and 

blue structures represent Z-Azo. 

The electron transfer mechanism was confirmed in experimental and theoretical studies carried 

out by Titov et al.432 Authors investigated influence of bare AuNPs prepared via laser ablation 

(~10 nm in diameter) on different Azo derivatives, including also molecules with positively 

charged substituents, thus exhibiting structural similarity to surfactants used in the synthesis of 

AuNPs, such as CTAB. Authors suggested fitting of the experimental data with 

multiexponential fit and proposed determination of two Z-Azo lifetimes, related to different 

populations of molecules. One (shorter) isomerization lifetime was related to molecules 

experiencing catalytic effect of AuNPs, and the other (longer) to those unaffected by the 

presence of gold, due to the distance between both species. However, each population still 

exhibited first order kinetics. Similar experimental results and conclusions were also presented 

by authors in another publication.343 Such fittings were possible for all of the investigated Azo 

molecules, despite their different affinities towards Au surface. Although such an approach is 

mathematically possible, it might be questioned from the theoretical point of view. Nonetheless, 

authors also provided theoretical calculations confirming that both electron acceptance by and 

withdrawal from Azo molecule lead to the reduction of isomerization activation energy 

compared to isomerization of neutral Azo species (Figure 95). Ultimately, it was found that the 

Azo cation formation energy on Au surface is smaller than anion formation energy, and hence 

conclusions of Hallett-Tapley et al. were supported. 
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Figure 95. Energies of the transition states (TS), Z-, and E-Azo isomers of 4-R-Azo molecules 

(different substituents, R, are labelled on the X axis), recalculated relatively to the energy value 

for E-Azo in the reference state. Reprinted from 432. 

Moreover, as found out by Simoncelli et al. Z-E isomerization of Azo in the presence of AuNPs 

exhibits a predominantly surface catalytic character.433 Authors investigated influence of 15 nm 

AuNSs coated with poly(vinyl pyrrolidone) (PVP) on thermal Z-E isomerization of nine 4- and 

4,4’-substituted Azo derivatives in acetonitrile:water mixtures (5:1, v/v) and compared the 

results with those obtained for citrate-capped AuNSs of the same size. Citrate binds strongly to 

{111} crystallographic facets, while PVP to {100} facets and the latter were found to be more 

reactive. Moreover, by using SiO2-coated AuNSs (with varying silica shell thickness), authors 

determined that process is diffusion controlled. Importantly, all of the relaxations exhibited first 

order kinetics and for some of the investigated photochromes the catalytic acceleration in the 

presence of AuNPs was even by 2 up to 4 orders of magnitude using citrate-stabilized AuNSs. 

A common denominator for these examples is utilization of small, spherical AuNPs. 

Moreover, in all experiments the conditions did not reflect real material conditions for typically 

prepared Azo-AuNPs hybrids. Shape-limitation of plasmonic cores is understandable due to the 

certain aggregation of bigger and anisotropic nanostructures in the presence of Azo, especially 

in organic solvents. Nonetheless, by using small, isotropic nanoparticles exhibiting limited 

light-harvesting properties, studies became restricted to the exclusive investigation of Azo dark 

(thermal) Z-E isomerization. This chapter addresses investigation of mutual AuNPs-Azo 

interactions and the kinetics of Azo photoswitching in the presence of AuNRs both upon  

UV-Vis irradiation and in the dark for real, macroscopic hybrid materials (objective 3). In the 

formulation central for the dissertation AuNRs are used instead of AuNSs, nevertheless it can 



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

 

150 

be hypothesised, that this geometry of nanoparticles can also catalyse the Azo photoswitching 

by the same mechanism of eT (hypothesis 5). Moreover, this chapter verifies the postulate of 

aspect-ratio-dependent catalytic influence of AuNRs on AzoGly isomerization (hypothesis 6). 

 

5.2. Materials and methods 

5.2.1. Materials and techniques 

Materials 

Chemicals used for the experiments were commercially available and did not require 

purification. In all experiments deionized water with the resistivity of 18.2 MΩ·cm (Millipore 

Milli-Q grade) was used. If not indicated otherwise, chemicals were purchased from  

Sigma-Aldrich. For the synthesis of AuNRs the following reagents were used: 

• metallic precursor: gold(III) chloride trihydrate (HAuCl4·3H2O), 

• surface stabilizing agent: cetyltrimethylammonium bromide (CTAB), 

• reducing agents: sodium borohydride (NaBH4), L-ascorbic acid (AA), hydroquinone 

(HQ), 

• other additives: silver nitrate (AgNO3), and hydrochloric acid (HCl, 37%, Scharlab). 

Support for nanoparticles: TEMPO-oxidized cellulose nanofibres (CNFs) supplied by 

CelluForce (Canada). 

Photochromic component: AzoGly molecule provided by Dr Marta Dudek (Faculty of 

Chemistry, Wrocław University of Science and Technology) – see Figure 77. 

 

Techniques 

UV–Vis–NIR extinction spectra measurements were performed using JASCO V-730 

spectrophotometer equipped with Peltier UV-Vis cuvette holder. Transmission electron 

microscopy (TEM) images were acquired using Hitachi H-800 microscope. For the irradiation 

experiments the Hamamatsu L9588 LightningCure LC8 spot light source was used. The exact 

wavelengths were selected using bandpass filters. Irradiation intensities were measured with 

Thorlabs S425C Thermal Power Sensor and Thorlabs PM100D Compact Power and Energy 

Meter Controller. 
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5.2.2. Hybrid materials preparation 

AuNRs synthesis 

Three separate batches of AuNRs were prepared, AuNRs-1, AuNRs-2, and AuNRs-3 (also 

labelled further in the text as Au-1, Au-2, and Au-3) according to the following protocol.400 

In the first step seeds were prepared by reducing gold precursor, HAuCl4 (0.25 mL, 0.010 M) 

in aqueous solution of CTAB (9.75 mL, 0.10 M) with ice-cold NaBH4 (0.6 mL, 0.010 M) added 

under vigorous stirring. The mixture was left for 10 min under mild stirring and subsequently 

for 2 h at 27°C (unstirred) to assure seed formation and reducing agent decomposition. Optical 

characteristics and visual appearance of the seeds were matching the data presented  

in Figure 48 (subsection 3.2.2. of Chapter 3) and hence are not repeated here. 

In the second step, for Au-1 and Au-2 samples, Ag-assisted seeds overgrowth was performed 

in the solution containing HAuCl4 (0.5 mL, 0.010 M), CTAB (8 mL, 0.1 M), HCl (0.2 mL,  

1.0 M), AgNO3 (0.030 mL and 0.075 mL, 0.010 M for batches Au-1 and Au-2, respectively), 

and AA (0.08 mL, 0.1 M) upon the addition of Au seed solution (2.0 mL). For Au-3 to the 

solution containing HAuCl4 (0.5 mL, 0.010 M), CTAB (9 mL, 0.1 M), AgNO3 (0.045 mL, 

0.033 M), and HQ (0.5 mL, 0.1 M), a seed solution (1.0 mL) was added. All growth solutions 

were left undisturbed for at least 16–20 h at 27°C. As-prepared nanostructures were purified on 

the next day via centrifugation at 16 000g for 35 min. The supernatant was subjected to the 

second centrifugation step. Pellets from both steps were combined and redispersed in water. 

Final concentration of metallic gold was 0.0007 M.  

 

Figure 96. UV-Vis extinction spectra of the as-prepared AuNRs samples. Colour codes are 

matching with Figure 97. 
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Figure 97. a) Representative TEM images and b) histograms of the AuNRs samples.  

The average sizes of the AuNRs were as follows: Au-1 average length: 36.6 ± 5.1 nm, average 

diameter: 12.4 ± 2.0 nm,  number of nanoparticles measured N = 257, aspect ratio AR = 2.95; 

Au-2 average length: 39.1 ± 4.9 nm, average diameter: 11.4 ± 1.7 nm,  number of nanoparticles 

measured N = 267, aspect ratio AR = 3.43; and Au-3 average length: 39.3 ± 4.3 nm, average 

diameter: 9.75 ± 1.1 nm, number of nanoparticles measured  N = 268, aspect ratio AR = 4.03. 

AzoGly-AuNRs-CNFs composites preparation 

Pre-composites preparation. Dispersions of AuNRs were washed twice with water (16 000 g, 

30 min for Au-1 to Au-3) and redispersed in 1 mM CTAB. Subsequently, AuNRs were titrated 

with aqueous CNFs solution (0.5 wt%) at room temperature and under vigorous stirring 

(AuNRs/CNFs = 2:1, v/v). The resulting materials contained ~3.9 wt% of Au with respect to 

the mass of CNFs. Pre-composites were left until the next day to promote materials 

sedimentation. On the next day the collected pellets were centrifuged twice (540 g, 5 min) and 

redispersed in water. 

Pre-composites impregnation with AzoGly. Pre-composites were centrifuged (780 g, 5 min) 

and redispersed in ethanol. The as-obtained clear dispersions were subsequently added 

dropwise to the solution of AzoGly in ethanol under vigorous stirring. The concentration of the 

photochromic component was adjusted to ~3.1 mM for all samples, hence granting about  

200-fold Azo excess per binding site on Au for each AuNRs batch. Mixtures were stirred for  

5 min and then left undisturbed for at least 17.5 hours at room temperature. On the next day 

impregnated composites were centrifuged in a few step procedure. First, separation from 

ethanol via centrifugation was performed (540-1400g, 10-15 min). Subsequently, supernatants 
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were subjected to three follow-up separations (7000g, 10-20 min each). All of the combined 

pellets (for each sample) were transferred to water and washed once (4850g, 20 min). The 

resulting composites were subjected to visual inspection, UV–Vis–NIR characterization 

(Figure 98a), and further in-depth investigation. 

Control AzoGly-CNFs composites without Au. To prepare composites without AuNRs,  

1 mM CTAB solution was titrated with the aqueous CNFs solution (0.5 wt%) under vigorous 

stirring and at room temperature (CTAB/CNFs = 2:1, v/v). The as-prepared pre-composite 

sample was left until the next day to promote sedimentation of the fibres. Pre-composite was 

centrifuged twice (540 g, 5 min) and redispersed in water to remove the excess CTAB. 

Subsequently, pre-composite pretreatment with EtOH was performed (centrifugation, 780 g,  

5 min followed by material redispersion in EtOH). Next, the pretreated material was added 

dropwise to the solution of AzoGly in ethanol (~3.1 mM) under vigorous stirring. Mixture was 

stirred for 5 min and then left at room temperature, undisturbed for at least 17.5 hours. On the 

next day mixture was purified via centrifugation in a few step procedure. First, separation from 

ethanol via centrifugation was performed (540-1400g, 10-15 min). Subsequently, supernatant 

was subjected to three follow-up separations (7000g, 10-20 min each). All of the combined 

pellets were transferred to water and washed once (4850g, 20 min). The resulting control 

composite (Figure 98b) was redispersed in water and used in all control experiments. 

 

Figure 98. a) UV-Vis-NIR extinction spectra of the AzoGly-AuNRs-CNFs hybrid materials 

containing plasmonic cores exhibiting different AR. Optical features of plasmonic and 

photochromic components are clearly visible and three spectral regions identified in Chapter 

4 are labelled on top of the spectra. b) UV-Vis-NIR extinction spectra of the AzoGly-CNFs 
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control hybrid material without Au. Spectrum of bare CNFs before impregnation with Azo dye 

is presented for comparison. Panel b) reprinted from own source preprint 388. 

5.2.3. Isomerization of photochromic component in hybrid materials 

Photostability and Photoswitching Tests 

In the photoswitching experiments the Hamamatsu L9588 LightningCure LC8 spot light source 

was used. The exact irradiation wavelengths were selected with bandpass filters (Figure 99). 

Irradiation intensities were measured with Thorlabs S425C Thermal Power Sensor and 

Thorlabs PM100D Compact Power and Energy Meter Controller. E-Z and Z-E isomerizations 

in the composite materials with and without Au were induced with UV irradiation (365 nm, 

irradiation intensity: 1.93 ± 0.06 mW/cm2) and visible light (435 nm, light intensity:  

5.1 ± 0.1 mW/cm2), respectively. Reactions were monitored by measuring UV-Vis absorption 

spectra of the samples until reaching respective PSSs. 

 

Figure 99. Transmission spectra of the filters used in the photoswitching and photostability 

experiments. Reprinted from own source preprint 388. 

Thermal Relaxations 

Z-E isomerization of AzoGly in the dark was investigated for hybrid materials with and without 

Au (water-based dispersions), as well as for free Azo molecules (38 μM EtOH-based solutions). 

First, AzoGly E-Z isomerization was induced by UV irradiation of samples (365 nm for  

3-5 min, until PSSZ was achieved). Subsequently, the extinction changes at wavelength 

corresponding to the position of the π→π* band were measured at different temperatures as a 

function of time. Extinction values were probed every 10 seconds until samples reached PSSE. 

Thermal relaxations were measured for each sample at four consecutive temperatures from the 

set: 20, 25, 30, 35, and 40°C.  
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5.3. Results and discussion 

5.3.1. UV-Vis-induced direct Azo photoswitching in hybrid materials 

The proposed AzoGly-AuNRs-CNFs formulation exhibited both distinct plasmonic 

and photochromic optical properties for all used plasmonic cores (Figure 98a). The l-LSPR 

bands, which are sensitive towards any changes in the surroundings of nanostructures, remained 

distinct, although for all samples l-LSPR redshift was observed compared to initial band 

position for respective free AuNRs dispersions (Figure 100). The redshift originates mostly 

from CTAB removal upon pre-composite EtOH pretreatment and possible interactions with 

CNFs. 

 

Figure 100. Positions of the l-LSPR bands of the hybrid samples differing in size of the 

plasmonic core compared with the positions of the l-LSPR bands of the initial dispersions of 

AuNRs. a) Au-1 (14 nm redshift), b) Au-2 (19 nm redshift), and c) Au-3 (6 nm redshift). 

In case of photochromic properties of the composites, it is essential to test and describe the 

kinetics and robustness of photoswitching. Hence, composites were subjected to UV-Vis 

irradiation (365 nm and 436 nm respectively) in the first spectral range defined for hybrid 

samples (see Figure 98). This range enables direct triggering of the E-Z and Z-E isomerization 

of the photochromic component. As depicted in Figure 101 for hybrid sample containing 

AuNRs-1, the photochromic component maintained its functionality in the hybrid material and 

the changing intensity of the π→π* band indicated the efficient triggering of the E-Z and Z-E 

isomerizations upon UV and Vis irradiation, respectively. Photoswitching of Azo component 

was also accompanied by a reversible change in the position of l-LSPR band. Upon UV 

irradiation and E-Z Azo isomerization a 2 nm blueshift was observed, while after Vis light 

exposition and Z-E Azo isomerization, a redshift to the initial position of the band occurred. No 
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other changes such as band broadening or damping were observed, hence indicating stability of 

plasmonic properties exhibited by the hybrid materials.  

 

 

Figure 101. Photochromism of AzoGly-AuNRs-CNFs hybrid sample containing AuNRs-1 

plasmonic cores. The left-hand side presents schematic depiction of the process and the  

right-hand side presents differences in the optical properties of hybrids in the E-rich and Z-rich 

PSSs. Irradiation order is described by appropriate numbers, namely 1 – UV, 2 – Vis. 

Numbering and the colour codes for specific irradiations are matching between figures. Figure 

based on own source preprint 388. 

IMPORTANT 

It is typical, that the position of l-LSPR band of AuNRs blueshifts over time, due to the 

shortening of structures in the solution. Atomic gold oxidizes particularly on the tips of 

AuNRs, which leads to their shortening and, as a result, the position of l-LSPR band changes. 

Experiments described within this chapter were carried out at different times, so the initial 

positions of l-LSPR bands may differ between different figures. Nevertheless, experiments 

were always designed in such a way that bands positions are compared within a specific 

experimental context. 

 

All hybrid systems (including control sample without gold) exhibited efficient AzoGly 

photoswitching between the respective PSSs, as presented in Figure 102. The observed 

reversible shifts of the l-LSPR band positions were also coherent for samples containing Au-2 

and Au-3 plasmonic cores. The nature of the observed shifts of the plasmon bands is discussed 

further in the text. 
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Figure 102. Photoswitchability test – general tendencies in the spectral changes for samples 

containing a) Au-2 core, b) Au-3 core and for c) control sample without gold (no Au). 

First, the photochromism of hybrid samples was investigated and changes in the 

intensity of the π→π* band of AzoGly upon irradiation were monitored over time until PSSZ or 

PSSE were achieved. The photoswitching of hybrid materials with and without gold exhibited 

first order kinetics, as depicted in Figure 103, where monoexponential fits of the data are 

presented. 

 

Figure 103a-d. Photochromism of hybrid samples with and without Au in water. Evolution of 

spectral profiles and extinction changes as a function of time. a) E-Z and b) Z-E isomerization 

of control sample (no Au). c) E-Z and d) Z-E isomerization of sample containing Au-1 

plasmonic core. Panels a-b) reprinted from and panels c-d) inspired by own  

source preprint 388. 
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Figure 103e-h. Photochromism of hybrid samples with and without Au in water. Evolution of 

spectral profiles and extinction changes as a function of time. e) E-Z and f) Z-E isomerization 

of sample containing Au-2 plasmonic core. g) E-Z and h) Z-E isomerization of sample 

containing Au-3 plasmonic core. Panels e-h) inspired by own source preprint 388. 

In general, all Au-containing samples exhibited kinetic boost of both Azo isomerization 

reactions, hence manifesting catalytic influence of AuNRs in the hybrid formulation and 

confirming partially hypothesis 5. Comparison of the rate constant values (Figure 104) 

indicated that presence of AuNRs in the hybrid formulation may lead even to 117.0% increase 

in the rate constant of the E-Z isomerization and 38.8% increase in the rate constant of the Z-E 

isomerization when control material without Au is compared with material containing the 

smallest Au plasmonic cores (Au-1). For Z-E isomerization the rate constant values were 

decreasing with the increasing AR of nanostructures. For the E-Z isomerization, despite slight 

disruption for Au-2 plasmonic core, tendency remains relatively the same. These observations 

tentatively corroborate hypothesis 6 and the exact nature of catalytic enhancement is discussed 

further in the text. It is important to note, that no comparison with isomerization of free AzoGly 

is presented, since isomerizations of hybrid materials were investigated in aqueous environment 

and the chosen photochrome is not soluble in water. 
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Figure 104. Comparison of the rate constant values of E-Z and Z-E AzoGly isomerization 

reactions investigated for hybrid samples with and without Au. 

Importantly, the photoswitching properties of hybrid materials remained stable over many 

cycles and both isomerization reactions could have been induced repeatedly. Hence, it can be 

concluded, that no degradation of the photochromic component occurs in the presence of 

AuNRs. 

 

Figure 105. Interval UV-Vis irradiation of hybrid samples – photostability test. Intensity of the 

π→π* band is depicted at respective PSSZ (after UV irradiation for 3 min, purple circles) and 

PSSE (after Vis irradiation for 3 min, blue circles). Plots are presented for samples containing 

AuNRs exhibiting different AR, namely a) Au-1, b) Au-2, c) Au-3, and for d) control sample 

without gold (no Au). 

Hybrid materials exhibited also great stability of plasmonic properties throughout many 

cycles of UV-Vis irradiation. No damping or broadening of l-LSPR bands were observed. Only 

a slight successive blueshift occurred as a result of the photostability test, as depicted  

in Figure 106. These results manifest fundamental difference between the formulation 

proposed in this dissertation and literature examples of Azo-AuNPs hybrids. For literature 
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plasmonic-photochromic systems optical properties of plasmonic components are typically lost 

in one of the PSS, as a result of UV-Vis irradiation. Here, only a coherent changes in the  

l-LSPR band position occur without drastic change to the overall plasmonic properties. 

Nevertheless, the reversible changes in l-LSPR position depicted in Figure 101 and Figure 102 

were also coherently occurring during interval UV-Vis irradiation (Figure 106). By analysing 

the hybrid material design, it can be proposed, that although collective, the molecular motion 

of the photochromic component induced upon irradiation is not causative enough to result in 

global changes in the material three dimensional structure, due to the macroscopic size of CNFs. 

Moreover, the whole system dispersed in water is dynamic in nature, hence, it is not likely, that 

these changes originate from e.g. changeable distance between nanostructures, due to the 

motion of CNFs triggered by AzoGly isomerization. Taking into account the catalytic effect of 

AuNRs exhibited through the increased AzoGly isomerization rate constants, it can be proposed 

that the observed changes are a manifestation of this catalytic influence. 

 

Figure 106. l-LSPR band position changes monitored during photostability tests for samples 

containing a) Au-1, b) Au-2, and c) Au-3 nanorods. Blue circles represent band position at 

PSSE while purple circles represent the position at PSSZ. Generally, during course of the 

experiments, a slight progressive blueshift of the l-LSPR bands occurs. This tendency is 

depicted by the linear fitting of the datasets at respective PSS, represented by fitting line and 

95% confidence bands. 

Importantly, such l-LSPR changes do not occur for bare AuNRs irradiated with UV-Vis  

(Figure 107). And since electron donating character of CNFs was excluded in Chapter 3, it can 

be rationally assumed that the observed effect does not stem from presence of cellulose.  
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Figure 107. Changes in the position of the l-LSPR band of free AuNRs (no CNFs, no AzoGly, 

dispersion in water) upon UV-Vis irradiation. a) Au-1 core, b) Au-2 core, and c) Au-3 core. 

Positions of l-LSPR bands remain stable upon and only singular disruptions occur, usually at 

the beginning of experiment. 

Notably, the evolution of l-LSPR band position in hybrid materials agrees with the overall trend 

of the evolution of the π→π* band of AzoGly (Figure 108). Thus, it might be concluded, that 

the observed changes for both constituents are related and are a result of mutual interactions 

between plasmonic and photochromic component. Since in the presence of AuNRs the values 

of the E-Z and Z-E isomerization rate constants are higher compared to control sample without 

gold, it is proposed that the observed changes are the manifestation of the catalytic influence of 

AuNRs. 
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Figure 108. Changes in the position of the l-LSPR band of AuNRs in the hybrid  

AzoGly-AuNRs-CNFs materials (dispersions in water) upon UV-Vis irradiation compared with 

the simultaneous changes in the intensity of the π→π* band of AzoGly. a-c) changes upon UV 

irradiation for samples containing a) Au-1, b) Au-2, and c) Au-3 core. d-f) changes upon Vis 

irradiation for samples containing a) Au-1, b) Au-2, and c) Au-3 core. 

To confirm these observations, real-time monitoring of l-LSPR band position was performed 

for AzoGly-AuNRs-CNFs hybrid samples containing Au-2 and Au-3 plasmonic cores under 

UV-Vis irradiation. In these experiments the UV-Vis-NIR absorption spectra measurements 

were performed using Maya2000 Pro High-Sensitivity Spectrometer (Ocean Insight) coupled 

via fibre optics to DH-mini UV-Vis-NIR Deuterium-Halogen Light Source. Spectra were 

collected every 1 second. For the irradiation G2V Pico Small Area LED Solar Simulator was 

used (UV irradiation at 361-372 nm, irradiation intensity: 1.2 mW/cm2, Vis irradiation at  

425-456 nm, irradiation intensity: 1.5 mW/cm2) and the room temperature of the samples during 

experiment was maintained using Linkam MC60 heating stage. Both hybrid materials exhibited 

advancing blueshift upon UV irradiation and redshift to the initial band position upon Vis 

irradiation.  
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Figure 109. Changes in the position of the l-LSPR band of AuNRs for hybrid samples  

(water dispersions) containing a) Au-2 cores and b) Au-3 cores, during UV-induced Azo E-Z 

isomerization and Vis light-induced Z-E isomerization of the photochromic component. 

The observed l-LSPR position shifts can be attributed to the catalytic influence of 

AuNRs on the UV-Vis induced Azo isomerization via electron transfer. Electron catalysis is 

considered a valuable chemical tool434 also in the context of azobenzene photoswitching.428 

Here, upon UV irradiation, when AzoGly E-Z isomerization is directly triggered, interband 

transitions of AuNRs are also addressed. Under these conditions, AuNPs generate hot carriers, 

greater in number but lower in energy compared to hot carriers generated upon LSPR 

irradiation. As presented by Toste et al.180 as well as Link and co-workers,435 transfer of those 

carriers to other chemical species (such as Azo molecules in case of the presented hybrid 

material) might be accompanied by the etching of the tips of AuNRs, which is reflected in the 

blueshift of their l-LSPR band. Such blueshift was indeed observed for all Au-containing 

samples after UV irradiation. But most importantly, a progressive l-LSPR blueshift was 

observed for all hybrid materials during the course of the photostability tests when UV-Vis 

irradiation was applied in the consecutive cycles. Hence, the overall changes depicted  

in Figure 106 arise from the etching of AuNRs tips during catalytic eT that boosts up AzoGly 

E-Z isomerization. On the other hand, the redshift observed during Azo Z-E isomerization (after 

each Vis light exposition) can be interpreted through the lens of information provided by 

Mulvaney and co-workers,436,437 who showed LSPR redshift of the elongated AuNPs upon 

discharge of the excess electrons after catalytic reaction. Authors emphasised that those 

electrons can be also involved in the reduction of the ionic gold in the vicinity of nanostructures 

and, hence, contributed the observed redshift to the elongation of the AuNRs. Results presented 

in this chapter correspond well with this literature example. As described in the section 5.1., 



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

 

164 

Azo Z-E isomerisation in the dark and in the presence of AuNPs occurs via electron transfer 

from photochrome to Au nanostructure. Coherent redshifts of the l-LSPR bands of AuNRs 

during photoinduced (436 nm) Azo Z-E isomerization in the hybrid material may indicate 

towards the same mechanism. 

Since no shifts of the l-LSPR bands are observed for bare AuNRs upon UV-Vis irradiation in 

the interband transitions spectral region (Figure 107), yet spectral changes are evident when 

both Azo and AuNRs are present in the hybrid material (Figure 106, Figure 108, Figure 109), 

it can be concluded that the charge transfer might be the underlying mechanism (hypothesis 5) 

of the catalysis and in the presence of Au nanostructures AzoGly isomerizes via charged 

intermediate state. 

 

5.3.2. Thermal relaxation of hybrid materials in the dark 

Azobenzenes are T-type photochromes,438 which means that isomerization between 

their cis and trans state (namely from less to more thermodynamically stable form) can progress 

in the absence of light via thermal energy. Hence, it was essential to investigate course of this 

reaction in the proposed AzoGly-AuNRs-CNFs hybrid materials. 

As described in the motivation of this chapter, so far the catalytic influence of AuNPs on Azo 

isomerization was investigated in the dark. The results were, however, limited to the 

experiments performed at room temperature.343,352,432,433 Thus, to thoroughly examine kinetic 

and thermodynamic differences of the process in hybrid materials with and without gold, 

thermal relaxation of the photochromic component was measured at several temperatures. In 

order to induce Z-E isomerization of Azo, hybrid samples needed to be first UV irradiated to 

reach PSSZ. In contrary to some of the previous literature reports,352,432,433 for real material 

compositions, such as the formulation proposed in this dissertation or hybrids proposed by 

Lysyakova et al.343 or Chu et al.,339 addition of AuNPs cannot be temporally separated from 

UV irradiation, because plasmonic nanostructures are already present in the material together 

with the photochromic component. 

 The experiments carried out for AzoGly-AuNRs-CNFs and AzoGly-CNFs hybrid 

materials indicated that thermal back-isomerization of the photochromic component exhibits 

first-order kinetics both with and without Au (Figure 110, Figure 111). All samples exhibited 

faster thermal relaxation at higher temperature, which is typical for Azo-type photochromes. 

These observations further confirm that AzoGly component maintained its full photochromic 

functionality in the final formulation. 
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Figure 110. a, d) Thermal relaxation curves (Z-E isomerization) of the photochromic 

component in hybrid materials without AuNRs (no Au – top panels) and with Au-1 plasmonic 

cores (bottom panels), accompanied by b, e) Arrhenius and c, f) Eyring plots. Panels a-c) 

reprinted from own source preprint 388. 

 
Figure 111. a, d) Thermal relaxation curves (Z-E isomerization) of the photochromic 

component in hybrid materials with Au-2 (top panels) and Au-3 (bottom panels) plasmonic 

cores, accompanied by b, e) Arrhenius and c, f) Eyring plots. 
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Notably, comparison of the results obtained at room temperature (25°) indicated that AzoGly 

isomerizes faster in the presence of AuNPs and that, moreover, the reaction rate increases with 

the decreasing AR of AuNRs. Hence, influence of aspect ratio of AuNRs on the catalytic 

enhancement of Azo isomerization (hypothesis 6) was manifested. 

 

Figure 112. Comparison of the AzoGly thermal relaxation curves measured at room 

temperature (25°) for samples containing different Au plasmonic cores and control sample 

without Au. 

By measuring AzoGly thermal relaxations in hybrid materials at different temperatures 

and by employing Arrhenius (Equation 20) and Eyring (Equation 21) equations it was possible 

to estimate kinetic and thermodynamic parameters of the ongoing reaction. 

Equation 20.      𝑘𝑍−𝐸 = 𝐴𝑒−𝐸𝑎𝑅𝑇 

Equation 21.      𝑘𝑍−𝐸 = 𝑘𝐵𝑇ℎ 𝑒−∆𝐺‡𝑅𝑇 = 
𝑘𝐵𝑇ℎ 𝑒∆𝑆‡𝑅 𝑒−∆𝐻‡𝑅𝑇  

kZ-E [s-1] is rate constant of thermal Z-E isomerization at 298 K and for reactions exhibiting first 

order kinetics this parameter can be recalculated into thermal half-life, τ1/2 [s] as follows:  𝜏1/2 = 𝑙𝑛2𝑘 . A [s-1] is Arrhenius prefactor, R [J/(mol‧K)] is universal gas constant, T [K] is 

temperature, kB [J/K] is Boltzmann constant, h [J·s] is Planck’s constant. Moreover, a set of 

thermodynamic parameters was determined, namely activation energy Ea [kJ/mol], activation 

free energy ΔG‡ [kJ/mol], activation entropy ΔS‡ [J/(molK)], and activation  

enthalpy ΔH‡ [kJ/mol]. During preparation of this dissertation no literature examples of such 

dataset of kinetic and thermodynamic parameters were found for Azo-AuNPs hybrids or 

plasmonic-photochromic materials. 

Direct comparison of the determined parameters can be used to quantitatively visualize and 

discuss catalytic influence of AuNRs on the thermal back-isomerization of AzoGly. The 

calculated values of the parameters are presented in Table 3. 
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Table 3. Kinetic and thermodynamic parameters of AzoGly thermal relaxation in hybrid 

materials with different plasmonic cores and without Au. 

Parameter 
Sample 

no Au Au-1 Au-2 Au-3 

ln(kZ-E) [-] a -7.24 ± 7.10 -6.59 ± 2.13 -6.74 ± 4.33 -7.23 ± 2.39 

kZ-E [s-1]  7.16·10-4 1.38·10-3 1.18·10-3 7.28·10-4 

τ1/2 [min]  16.13 8.37 9.81 15.87 

A [s-1] ·10-11 2200 ± 2200 0.28 ± 0.22 1.6 ± 1.6 0.25 ± 0.20 

Ea [kJ/mol] 99.8 ± 12.5 76.0 ± 3.8 80.7 ± 7.5 77.2 ± 4.2 

ΔG‡ [kJ/mol] 91.0 ± 18.1 89.3 ± 6.2 89.8 ± 12.7 90.9 ± 6.2 

ΔS‡ [J/(molK)] 21 ± 42 -47 ± 15 -59 ± 30 -54 ± 15 

ΔH‡ [kJ/mol] 97.3 ± 12.5 75.2 ± 4.2 72.1 ± 8.4 74.7 ± 4.2 

a Estimated from Arrhenius equation at 298 K. 

All of the fittings presented in Figure 110 and Figure 111 were very good (adjusted R2 > 0.95), 

particularly for samples exhibiting such complicated structure and composition. Due to the error 

propagation and exponential dependencies between parameters, the calculated uncertainties for 

some of the values are high, although not atypical. This fact, however, does not compromise 

the validity of the presented values. Moreover, parameters determined for hybrid sample 

without Au constitute reference points for samples with AuNRs, because kinetic and 

thermodynamic parameters need to be compared for hybrid, water-dispersed materials in which 

AzoGly is bound to CNFs. Neither of the parameters can be compared with the respective 

values for free AzoGly, due to difference in the environment. 

Comparison of parameters describing AzoGly relaxation in different hybrid materials 

undoubtedly manifested the catalytic influence of AuNRs. For all AuNRs-containing samples 

τ1/2 and Ea were lower than for control sample without gold (hypothesis 5, see Table 3, Figure 

113). Notably, the biggest catalytic boost was observed for hybrid material containing  

AuNRs-1. The calculated Z-isomer half-life at 298 K was ~1.93-times lower for Au-1 sample 

as indicated by the drop from 16.13 min for control sample to 8.37 min. 
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Figure 113. Hybrid plasmonic-photochromic samples and control sample without Au – 

comparison of the a) thermal half-lives and b) activation energies. 

Activation energies of AuNRs-containing samples were about 20 kJ/mol lower than for the 

control sample without gold. Moreover, values for samples with AuNRs were comparable and 

oscillated around (78.0 ± 5.6) kJ/mol, compared to (99.8 ± 12.5) kJ/mol for no Au sample, 

which confirms common mechanism of catalysis for all sizes of Au nanostructures. 

As already proposed by Hallett-Tapley et al., AuNPs catalyse thermal back-isomerization of 

Azo via electron transfer.352 To verify if the same is true for AuNRs in the hybrid materials, 

similarly to the approach presented in the subsection 5.3.1., positions of l-LSPR band were 

investigated in real time during AzoGly isomerization for hybrids with Au-2 and Au-3 

plasmonic cores (Figure 114a,b). In the experiment the UV-Vis-NIR absorption spectra 

measurements were performed using Maya2000 Pro High-Sensitivity Spectrometer (Ocean 

Insight) coupled via fibre optics to DH-mini UV-Vis-NIR Deuterium-Halogen Light Source. 

Spectra were collected every 1 second. For the irradiation G2V Pico Small Area LED Solar 

Simulator was used (UV irradiation at 361-372 nm, irradiation intensity: 1.2 mW/cm2) and the 

room temperature of the samples during experiment was maintained using Linkam MC60 

heating stage. For both hybrid materials coherent shifts were observed upon UV-triggered E-Z 

isomerization (about 4 nm blueshift for Au-2 and 2 nm blueshift for Au-3) as well as for Z-E 

thermal relaxation in the dark (redshift to the initial position for both types of plasmonic cores). 

Such l-LSPR position changes indicate participation of AuNRs in the electron transfer,436,437 

which can be, hence, identified as the underlying mechanism of the observed catalytic effect. 

Notably, intensity of the plasmon bands was maintained throughout the whole process, thus 

indicating stability of hybrid material’s plasmonic properties (Figure 114c,d). 
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Figure 114. Changes in the position of the l-LSPR band of AuNRs for hybrid samples (water 

dispersions) containing a) Au-2 and b) Au-3 cores, during UV-induced Azo E-Z isomerization 

and thermal Z-E isomerization in the dark. Intensity of the l-LSPR band during the ongoing 

reactions for materials containing c) Au-2 and d) Au-3 plasmonic cores. 

 To further investigate catalytic effect of AuNRs and the effect of the aspect ratio,  

the kZ-E at 298 K values were analysed. Both lower τ1/2 and higher kZ-E confirmed catalytic effect 

of Au. However, as depicted in Figure 113, for the increasing AR of AuNRs, the values of rate 

constant were decreasing. Hence, it can be hypothesised that despite the same catalysis 

mechanism (comparable Ea values), the overall catalytic boost derived from presence of Au 

nanostructures is size-dependent. Such conclusions are in a good agreement with the general 

intuition since, AuNRs with higher AR exhibited lower surface of single nanoparticle (see also 

Table 4 below), which may translate to less effective eT. However, the increasing AR translated 

also to a higher surface-volume ratio of AuNRs. To effectively compare different descriptors 
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related to AuNRs and their structure, such as total surface area, atomic gold concentration, total 

number of nanoparticles, kZ-E values were normalized by division (Table 4, rows with yellow 

background), as proposed by Piella et al. for degradation of organic dyes on AuNSs of different 

sizes.439 In general, the results of normalization presented a very coherent picture, and the 

decreasing tendencies for all normalized kZ-E values were observed with the increasing AR 

(size/volume ratio) of a single AuNR.  

However, also another normalization approach can be proposed to account for presence of the 

photochromic component (Table 4, row with blue background), namely the kZ-E normalization 

per AzoGly population and total surface area of Au combined. This normalization includes two 

important factors: the total surface area of gold and the population of Azo molecules per nm2 

of nanostructures. The extinction at the position of π→π* band can represent total AzoGly 

content and to extract this value, spectra of AuNRs-CNFs pre-composites were subtracted from 

the spectra of hybrid samples. The resulting intensities at the position of π→π* band were 

subsequently divided by the initial extinction of the sample at this wavelength. This approach 

accounted for varying material retrieval rates during the preparation protocol. To clarify, 

AzoGly content could not have been recalculated in other way due to the lack of data on 

photochrome’s molar extinction coefficient in water (AzoGly is not soluble in water). Rate 

constants normalized via this approach were again decreasing with the increasing AR.  

Table 4. Comparison of AuNRs structural properties and the values of normalized first-order 

rate constants. In the brackets modules of the relative difference between parameters 

(calculated with regard to the relevant parameter of Au-1-containing sample) are given. 

Sample Au-1 Au-2 Au-3 

Size [nm x nm] a 

(length x diameter) 
36.6 x 12.4 39.1 x 11.4 39.3 x 9.75 

AR 2.95 3.43 4.03 

Surface of 1 AuNR  

S1AuNR [nm2] a 1426 1400 [1.82%] 1204 [15.57%] 

Volume of 1 AuNR 

V1AuNR [nm3] a 3921 3603 [8.11%] 2692 [31.34%] 

S1AuNR / V1AuNR [nm-1] 0.364 0.389 [6.87%] 0.447 [22.80%] 

[Au0] [mM] b 0.5032 0.4537 [9.84%] 0.5180 [2.94%] 

Number of AuNRs in 

the sample 

NAuNRs [NP] b 

1.312·1012 1.287·1012 [1.91%] 1.967·1012
 [49.92%] 

Total Au surface in the 

sample  

Stot [nm2] b 

1.871·1015 1.803·1015 [3.63%] 2.368·1015 [26.56%] 
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Approximated intensity 

of the AzoGly 𝜋 →𝜋∗band corrected for 

Au-CNFs scattering 

Extcorr [-] c 

0.4239 0.4373 [3.16%] 0.4167 [1.70%] 

kZ-E [s-1] 1.38·10-3 1.18·10-3 [14.49%] 7.28·10-4 [47.25%] 

kZ-E / [Au0] [s-1·mM-1] 
d 

2.74·10-3 2.60·10-3 [5.11%] 1.41·10-3 [48.54%] 

kZ-E / NAuNRs [s-1·NP-1] 
d 

1.05·10-15 9.17·10-16
 [12.67%] 3.70·10-16

 [64.76%] 

kZ-E / Stot [s-1·nm-2] d 7.38·10-19 6.55·10-19 [11.25%] 3.07·10-19 [58.40%] 

kZ-E / (Extcorr / Stot) [s-

1·nm2] 
6.09·1012 4.86·1012 [20.20%] 4.14·1012 [32.02%] 

a Shape of a single AuNR was assumed to resemble cylinder capped with half-spheres on both 

ends (based on TEM images). 

b As described in the beginning of subchapter 4.3 

c This value was calculated upon subtraction of the pre-composite spectra of appropriate sample 

from the hybrid sample spectrum. Such corrected extinction at π→π* was divided by the initial 

extinction before subtraction to account for varying retrieval rates during material preparation. 

d Normalized rate constant values, as proposed by Piella et al.439 
 

 

Coherence of the presented analysis is not coincidental. To fortify the conclusions, 

samples containing Au-2 and Au-3 plasmonic cores were compared with Au-1 sample 

exhibiting the biggest catalytic enhancement. For Au-2 and Au-3 samples the modules of 

relative differences in sample descriptors and the kZ-E values between them and Au-1 sample 

were calculated (values in italics and brackets in Table 4). The resulting data was visualised as 

box charts (Figure 115). Based on this comparison it can be stated that sample properties varied 

on average only by 5% between Au-1 and Au-2, yet the average relative difference between all 

presented variants of kZ-E were about 13%. Similarly, the Au-3 sample was structurally different 

on average by 22% compared to Au-1, but relative difference of rate constants was even more 

striking and reached 50%. This corroborates that observed tendency of inverse proportion 

between AR of AuNRs and kZ-E is not circumstantial and is an effect of more than one sample 

property (hypothesis 6). Au-3 sample exhibits the highest surface-volume ratio, the highest 

total surface of Au, and the highest number of AuNRs in the sample, yet its kZ-E value is the 

lowest, regardless of the normalization approach. The reason for this may lie in the potential 

passivation of AuNRs’ surface with CNFs for bigger AuNPs, which influences the catalytic 

activity of nanocrystals and introduces additional interplay between key descriptors. It is also 
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very probable, that properties of individual nanoparticles are more decisive than the total 

surface or content of Au. 

 

Figure 115. Box charts visualizing relation between modules of relative differences (with 

respect to Au-1 sample) of a) sample descriptors and b) rate constants. Au-2 sample is on 

average more similar to Au-1 sample, yet for both Au-2 and Au-3 differences in rate constants 

are bigger than differences for descriptors. Hence, the results confirm a not coincidental 

relationship between AR of AuNRs and kZ-E. 

Finally, the overall stability of the photochromic component with respect to the material 

formulation was investigated. It needs to be emphasised, that by addressing the challenge of 

transferring AzoGly functionality to water by impregnation of CNFs, a scenario and 

environment were created in which AzoGly thermal Z-E isomerization was significantly 

accelerated. For free AzoGly dissolved in ethanol (Figure 116), Z-isomer half-life at 298 K 

equalled 24.6 hours. Yet, for Azo-impregnated CNFs without Au the Z-isomer half-life was 

drastically decreased to 16.13 min. Although such a significant destabilization of the Z-isomer 

upon change of the solvent is not unusual, it can be postulated that it may also originate from 

CNFs-AzoGly interactions. 

 

Figure 116. a) Thermal relaxation (Z-E isomerization) of free AzoGly in EtOH, accompanied 

by b) Arrhenius and c) Eyring plots. Figure reprinted from own source preprint 388. 



mgr inż. Nina Tarnowicz-Staniak                        Chapter 5 
 

 

173 

Hence, thermal relaxations of hybrid materials without AuNRs were measured for samples 

containing different amounts of bare cellulose nanofibres. Different CNFs contents were 

subjected to impregnation with AzoGly in the same conditions and, thus, three samples were 

obtained: 20%[CNFs] (5-fold decrease in CNFs content), 100%[CNFs] (presented above as 

the ‘no Au’ control sample), and 300%[CNFs] (3-fold increase in CNFs content). It was 

observed that isomerization rate constant at 25°C increases with the increasing CNFs amount 

(Figure 117). Treating the kZ-E of 100%[CNFs] as a reference value  

(kZ-E = (5.826 ± 0.027)·10-4 [s-1]) relative enhancement of two other samples was calculated. 

Sample with lower CNFs content (20%[CNFs]) exhibited a kinetic slowdown of about -28.5%, 

while sample with higher CNFs amount (300%[CNFs]) exhibited a kinetic boost of +107.7%. 

As it was determined in the sections above, AzoGly exhibited first-order kinetics of thermal 

isomerization in hybrid materials. Hence, kZ-E of the reaction in the dark is not dependent on 

photochrome’s concentration and different amounts of AzoGly impregnating the scaffold for 

the discussed samples cannot be explained by the observed changes. 

The proposed explanation relies on the consideration of environmental constraints imposed on 

the photochrome. Azobenzenes tend to exhibit decreased switchability at low degree of 

conformational freedom.440 In the proposed material design, AzoGly is anchored to the scaffold 

via a short, glycine-like side group and simultaneously, the scaffold forms an entangled, 

interpenetrated network. Both aspects contribute to the limited movement and lower steric 

freedom experienced by the photochrome. For the increasing CNFs content, the network created 

by fibres becomes denser and, thus, bigger environmental constraints are imposed on Azo 

molecules. Nevertheless, nature of the confinement is not too rigid, since a distinct and stable 

photoswitchability of AzoGly was maintained in the hybrid materials. Moreover, as presented 

by Chu et al., Azo intermolecular interactions with the environment, including background 

ligands, can accelerate the isomerization upon confinement even by two orders of magnitude.339 

Although the proposed formulation does not include any background ligands, it is possible that 

hydroxyl groups of CNFs interact with nitrogen atoms of N=N bond and participate in such a 

mechanism, causing the observed dramatic decrease of τ1/2. 
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Figure 117. Influence of bare CNFs on the AzoGly thermal back-isomerization in hybrid 

materials at 25°C. Figure reprinted from own source preprint 388. 

Role of CNFs scaffold is also further explored in Chapter 6, where additional proofs for inert 

character of the nanofibres are provided. 

 

5.4. Conclusions 

This chapter analyses mutual interactions between plasmonic and photochromic 

components in the hybrid AzoGly-AuNRs-CNFs materials, particularly the influence of 

AuNRs on the isomerization of AzoGly (objective 3). 

In the hybrid formulations AzoGly exhibits distinct and stable photochromic properties without 

degradation, both under repeated UV-Vis irradiation and in the dark. E-Z and Z-E photoinduced 

isomerizations as well as Z-E thermal relaxation in the dark occur faster in materials containing 

AuNRs. Coherent changes in the position of l-LSPR band of AuNPs (order of a few 

nanometers), namely blueshifts during E-Z and redshifts during Z-E isomerizations (under Vis 

irradiation and in the dark), indicate catalytic enhancement via electron transfer mechanism, as 

hypothesised based on literature reports for AuNSs (hypothesis 5). 

For all hybrid samples a complete set of thermodynamic parameters describing thermal  

back-isomerization of Azo was determined. For all Au-containing materials, thermal 

relaxations in the dark are characterized by lower activation energy (by 20 kJ/mol) compared 

with hybrid AzoGly-CNFs material without gold, which further confirms catalytic influence of 

AuNRs. Nevertheless, the kinetic parameters of AzoGly isomerization differ for materials 

containing plasmonic cores of different aspect ratios. As confirmed by the analysis of thermal 

relaxation rate constants with regard to structural descriptors of hybrid materials, the catalytic 
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enhancement increases with the decreasing AR of AuNRs, which confirms hypothesis 6. The 

analysis indicates the observed size effect is most probably a convolution of more than one 

structural parameter of the materials, including number of Azo molecules per surface of Au and 

passivation of AuNRs surface with CNFs. Moreover, the results indicate that AzoGly Z-isomer 

half-life is drastically shortened in hybrid materials due to solvent transfer and steric constraints 

imposed by CNFs scaffold, including possible intermolecular interactions between hydroxyl 

groups of cellulose and N=N moiety. 
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Chapter 6. Plasmon-Assisted Isomerization of 

Azobenzene and Its Control via Plasmon-Related Effects 
 

This chapter describes how plasmon-related effects can be utilized to indirectly control 

Z-E isomerization of Azo photochromes. In all experiments red-NIR irradiation is used  

(650-1100 nm) and hence, only the l-LSPR band of the AuNRs is addressed, which enables 

triggering of the thermoplasmonic effect. First, AuNRs-CNFs pre-composite is used to 

investigate catalytic influence of AuNRs on Z-E isomerization of free Azo molecules in ethanol 

upon red-NIR irradiation. As the experiments are carried out in the native solvent of AzoGly, a 

proper resolution of measurements is assured. This subsection also proposes a new role for Azo 

photochromes as molecular thermometers enabling e.g. assessment of the extent of the 

thermoplasmonic effect. Subsequently, plasmon-assisted isomerization of AzoGly is 

investigated in the hybrid Azo-AuNRs-CNFs formulation. Statistical modelling of the results 

reveals that under proper irradiation conditions, indirect control over Azo Z-E isomerization in 

an ON-OFF manner is possible. Thus, a new application for the Autoregressive Integrated 

Moving Average (ARIMA) statistical model is proposed. The results presented here challenge 

Objective 4 and verify hypothesis 7 of the dissertation. 
 

Objective 4: To investigate the possibility of plasmon-assisted Azo isomerization and reaction 

control via plasmon-related effects. 

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. 
 

Results presented within this chapter are available as a part of the preprint: 

388 N. Tarnowicz-Staniak, M. Staniak, M. Dudek, M. Grzelczak, K. Matczyszyn, Gold 

Nanorods Grant an ON-OFF Control over the Kinetics of the Z-E Isomerization of Azobenzene-

Based Photoswitch via Thermoplasmonic Effect, preprint ChemRxiv 2024, 

https://doi.org/10.26434/chemrxiv-2024-vnj32. 

 

 

https://doi.org/10.26434/chemrxiv-2024-vnj32
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6.1. Motivation 

The most common requirements for new azobenzene photoswitches include modulation 

of their isomerization beyond what is already known for this class of the photochromes. Two 

particularly popular demands are the shifts of π→π* and n→π* bands into the red or  

near-infrared (NIR) range426,427,441 and modulation of the Z-Azo lifetimes.442,443 Both aspects 

are especially valuable e.g. for photopharmacology444 and neuronal activity control.445 For 

many years, the most popular approach to the modulation of Azo photoswitching has been 

synthetic modification of the already-known structures.303,307,446–449 Typical synthetic 

modifications rely on tetra-ortho-fluorination,307,446 tetra-ortho-chlorination,447,450 or the 

overall tetra-ortho-substitution306 and result in both change in the Z-isomer thermal stability 

and shift of Azo excitation wavelengths entirely to the Vis range.303 Even though the synthetic 

procedures are still being developed and become more and more feasible,303,448,449,451 many 

approaches remain laborious or result in low or moderate yields. 

Fortunately, the synthetic path is not the only possible way of influencing the photoswitching 

properties of Azo photochromes. There are also alternative strategies relying on the indirect 

excitation of azobenzene molecules via intra- or intermolecular  

energy transfer300,304,417,418,452–461 or on the electron transfer.426,428,429,462,463 The energy transfer 

scenario can be executed using diverse sensitizing techniques, such as multiphoton 

phenomena,300,417,452,453 triplet photosensitization,304,418,458–461 or upconversion process.454–456 

Multiphoton sensitisation is a broad topic addressed by review articles.300 Typical examples of 

chemical species used in this approach include plasmonic nanoparticles457 and multiphoton 

absorbing antennae (grafted on the same surface as Azo452 or incorporated in its chemical 

structure417,453). The second approach, namely triplet photosensitisation, can be accomplished, 

for instance, by using porphyrins,460 iodine,304 or dual-dye upconversion systems employing 

triplet-triplet annihilation.461 Finally, upconversion-based energy transfer is commonly 

executed using lanthanide-doped upconverting nanoparticles.454–456 The other class of indirect 

excitation strategies relies on the electron transfer from or to the azobenzene photoswitch. 

Conjugation of Azo Z-E isomerisation with redox reactions of photoelectron transfer agents, 

such as ferrocene462 or iridium complexes,428 enables omitting high-energy irradiation, greatly 

amplifies the process and improves its sensitivity and efficiency.429,463 The alternative 

modification pathways are particularly appealing for multi-component, Azo-containing 

systems. First, they broaden and modify properties of the already existing molecules. Second, 

the photoswitching modifications are a result of the presence of other material components. 
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Hence, the intrinsic limitations of the compounds can be exceeded and all profitable features of 

such photoswitches, e.g. robustness, are maintained. 

Plasmonic nanostructures are mostly recognized as potential multiphoton sensitizers for 

indirect modification of photochromes switching, however there are also works presenting 

plasmonic nanoparticles as external species enabling modulation of isomerization reaction via 

light-triggered plasmon-related phenomena. However, in most of the reports small, isotropic 

AuNPs exhibiting limited light-harvesting properties are used and hence, the knowledge about 

potential plasmon-assisted isomerization of photochromes remains limited. 

Most of literature examples presenting indirect modification of the photoswitching of 

photochromes via use of plasmonic nanoparticles focuses on diarylethenes (DE). For instance, 

Nishi et al. investigated DE-coated AuNSs and observed an enhancement of molecules’ 

photocycloreversion reaction upon CW (halogen lamp) irradiation with selected wavelengths 

from 450-700 nm range, corresponding to the position of LSPR band of nanostructures.464 The 

main enhancement mechanism postulated by authors was local field enhancement, since for 

larger nanoparticles faster photocycloreversion was observed. Moreover, upon the increasing 

distance between components the enhancement was determined to decay, which further 

corroborated the postulated mechanism. The structure of the chromophore was determined to 

have negligible effect on the process, which disfavoured charge transfer mechanism. Authors 

confirmed these conclusions also for DE-decorated 19 nm Ag nanospheres in another research 

paper, using Xe lamp as irradiation source (Figure 118a).465 Catalytic boost via local field 

enhancement mechanism was also proposed for DE photochromism in the polymer film 

deposited on AuNPs-integrated glass substrate by Tsuboi et al. in a plasmon-assisted  

two-photon process triggered upon CW laser irradiation at 808 nm (Figure 118b).466 

In case of DE however, e.g. the influence of thermoplasmonic effect cannot be determined, 

because these compounds are P-type photochromes. Nevertheless, there are examples of 

indirect photoswitching modulation via plasmonic nanoparticles investigated for another 

classes of photochromes. For instance, Padilla et al. investigated plasmon-based photocatalysis 

in the system with supramolecular hosts (Figure 118c).467 Authors used 14 nm spherical 

nanoparticles, decorated with β-cyclodextrin to prepare complexes driven by hydrophobic 

effects, able to interact with many potential reactants. Stilbene Z-E isomerization was selected 

to evaluate the proposed system. Stilbenes, similarly to azobenzenes are T-type photochromes 

and undergo photoinduced E-Z and Z-E isomerizations about the C=C bond, as well as  

Z-E thermal relaxation. To trigger plasmon-related phenomena 532 nm pulsed laser was used 

(6 ns, 10 Hz) and hence, potential multiphoton sensitization was ruled out. The observed 

catalytic enhancement was postulated to originate from two plasmon-related effects, namely 
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photothermal effect and charge carriers transfer. Conclusion on the first mechanism was based 

on qualitative similarity between Z-E isomerization in the dark and plasmon-assisted process. 

However, because the catalytic enhancement was dependent on the photochrome’s structure, 

participation of other mechanism was proposed. Based on the theoretical calculations of energy 

barriers for the respective radical cations and correlation between results of cyclic voltammetry 

measurements and the observed tendencies of the catalytic enhancement, charge transfer 

mechanism was proposed to accompany the photothermal effect of AuNSs. Anisotropic,  

rod-like Ag nanoparticles were used by Ho et al. to investigate plasmon-assisted isomerization 

of the modified chromene.468 Photochrome and nanoparticles were placed in a soft sol-gel 

matrix to decrease isomerization barrier and increase reaction efficiency. Presence of Ag 

nanostructures enabled recovery process of the photochrome, which was otherwise negligible. 

Finally, plasmon-induced isomerization of AzoSH-decorated 10 nm AuNSs was presented by 

Stiévenard et al. for nanoparticle self-assembled networks.469 Authors presented more efficient 

process in a 3D network, compared to 2D systems under 365, 470, and 590 nm CW 

illumination, due to an antenna effect. For the experiments with irradiation corresponding to 

the position of AuNSs LSPR band, authors ruled out direct triggering of Azo isomerization, 

photothermal effects (experiments were performed at low irradiation intensities), and  

two-photon absorption. The postulated mechanism was plasmon-induced resonance energy 

transfer, possible to occur under conditions of spectral overlapping between photochromic and 

plasmonic components. 

 

Figure 118. Literature examples of plasmonic-photochromic systems designed to investigate 

plasmon-assisted isomerization. a) DE-decorated Ag nanospheres showcasing  

plasmon-assisted isomerization via local field enhancement mechanism. Reprinted from 465.  

b) DE-doped polymer films deposited on AuNSs-integrated glass showcasing plasmon-assisted 

two-photon sensitization. Reprinted from 466. c) Cyclodextrin-decorated AuNSs interacting with 

stilbene molecules showcasing plasmon-assisted isomerization via photothermal effect and 

charge carrier transfer. Reprinted from 467. 
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Material formulation proposed in this dissertation assures stability of plasmonic 

properties even during isomerization of the Azo component. Hence, it is essential to investigate 

the plasmon-assisted isomerization in the hybrid material. Additionally, proposed formulation 

contains big, anisotropic nanostructures, exhibiting better light-harvesting properties compared 

to typical literature examples of systems containing small, 10-15 nm AuNSs. This lays 

foundation for the potential control over the Azo isomerization via plasmon-related effects 

(objective 4). Because the l-LSPR band of AuNRs is spectrally separated from the absorption 

bands of the photochrome, this chapter investigates the mechanism of Azo isomerization upon 

irradiation in the red-NIR spectral range and verifies the hypothesis regarding main influence 

of the thermoplasmonic effect on Azo isomerization under such conditions (hypothesis 7). 

 

Figure 119. Schematic depiction of the indirect Azo photoswitching modification pathways 

placing the results of the dissertation in the broad literature context.  
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6.2. Materials and methods 

6.2.1. Materials and techniques 

Materials 

Chemicals used for the experiments were commercially available and did not require 

purification. In all experiments deionized water with the resistivity of 18.2 MΩ·cm (Millipore 

Milli-Q grade) was used. If not indicated otherwise, chemicals were purchased from  

Sigma-Aldrich. For the synthesis of AuNRs the following reagents were used: 

• metallic precursor: gold(III) chloride trihydrate (HAuCl4·3H2O), 

• surface stabilizing agent: cetyltrimethylammonium bromide (CTAB), 

• reducing agents: sodium borohydride (NaBH4), L-ascorbic acid (AA), 

• other additives: silver nitrate (AgNO3). 

Support for nanoparticles: TEMPO-oxidized cellulose nanofibres (CNFs) supplied by 

CelluForce (Canada). 

Photochromic component: AzoGly molecule provided by Dr Marta Dudek  

(Faculty of Chemistry, Wrocław University of Science and Technology) – see Figure 77. 

 

Techniques 

Basic UV–Vis–NIR extinction spectra measurements were performed using Cary UV-Vis-NIR 

3500 spectrophotometer equipped with Multicell Peltier UV-Vis cuvette holder. Transmission 

electron microscopy (TEM) images were acquired using JEOL JEM-F200 microscope. For the 

irradiation experiments the G2V Pico Small Area LED Solar Simulator with custom irradiation 

programmes was used. Real-time monitoring of plasmon-assisted reactions was carried out 

using Maya2000 Pro High-Sensitivity Spectrometer (Ocean Insight) coupled via fibre optics to 

DH-mini UV-Vis-NIR Deuterium-Halogen Light Source with shutter and UV-Vis cuvette 

holder. 

6.2.2. Hybrid materials preparation 

AuNRs synthesis 

AuNRs were synthesised using a Ag-assisted seeded growth method according to the following 

protocol.79,83 

In the first step seeds were prepared by reducing gold precursor, HAuCl4 (0.025 mL, 0.05 M) 

in aqueous solution of CTAB (4.7 mL, 0.1 M) with ice-cold NaBH4 (0.3 mL, 0.01 M) added 

under vigorous stirring. The mixture was left for 30 min under mild stirring. Optical 
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characteristics and visual appearance of the seeds were matching the data presented  

in Figure 48 (subsection 3.2.2. of Chapter 3) and hence are not repeated here. 

In the second step Ag-assisted seeds overgrowth was performed in the solution containing 

HAuCl4 (1.75 mL, 0.05 M), CTAB (175 mL, 0.1 M), AgNO3 (1.75 mL, 0.005 M), and AA 

(1.31 mL, 0.1 M) upon the addition of Au seed solution (1.75 mL). The growth solution was 

left undisturbed for at least 2 h at 25°C. Final concentration of metallic gold was 0.0005 M.  

 

Figure 120. a) Normalized UV-Vis extinction spectra of the as-prepared AuNRs.  

b) Representative TEM image and c) histograms of the nanostructures. The average dimensions 

of the AuNRs were as follows: average length: 35.3 ± 4.2 nm, average diameter: 10.7 ± 2.1 nm,  

number of nanoparticles measured N = 277, aspect ratio AR = 3.30. Reprinted from own source 

preprint 388. 

AzoGly-AuNRs-CNFs composite preparation 

Pre-composite preparation. Dispersion of AuNRs was first concentrated to obtain ~19.6 wt% 

of Au with respect to the dry mass of CNFs in the pre-composite. Dispersion was washed twice 

with water (7000g, 15 min) and redispersed in 1 mM CTAB. Subsequently, AuNRs were 

titrated with aqueous CNFs solution (0.5 wt%) at room temperature and under vigorous stirring 

(AuNRs/CNFs = 2:1, v/v). Pre-composite was left until the next day to promote material 

sedimentation. On the next day the collected pellet was centrifuged twice (540 g, 5 min) and 

redispersed in water. 

Pre-composite impregnation with AzoGly. Pre-composite was centrifuged (780 g, 5 min) and 

redispersed in ethanol. The as-obtained clear dispersion was subsequently added dropwise to 

the solution of AzoGly in ethanol under vigorous stirring. The concentration of the 

photochromic component was adjusted to ~3.1 mM. Mixture was stirred for 5 min and then left 

undisturbed for at least 17.5 hours at room temperature. On the next day impregnated composite 

was centrifuged in a few step procedure. First, separation from ethanol via centrifugation was 

performed (540-1400g, 10-15 min). Subsequently, supernatant was subjected to three follow-

up separations (7000g, 10-20 min each). All of the combined pellets were transferred to water 
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and washed once (4850g, 20 min). The resulting composite was subjected to visual inspection, 

UV–Vis–NIR characterization, and further in-depth investigation. 

Control AzoGly-CNFs composite without Au. To prepare composite without AuNRs, 1 mM 

CTAB solution was titrated with the aqueous CNFs solution (0.5 wt%) under vigorous stirring 

and at room temperature (CTAB/CNFs = 2:1, v/v). The as-prepared pre-composite sample was 

left until the next day to promote sedimentation of the fibres. Pre-composite was centrifuged 

twice (540 g, 5 min) and redispersed in water to remove the excess CTAB. Subsequently,  

pre-composite pretreatment with EtOH was performed (centrifugation, 780 g, 5 min followed 

by material redispersion in EtOH). Next, the pretreated material was added dropwise to the 

solution of AzoGly in ethanol (~3.1 mM) under vigorous stirring. Mixture was stirred for 5 min 

and then left at room temperature, undisturbed for at least 17.5 hours. On the next day mixture 

was purified via centrifugation in a few step procedure. First, separation from ethanol via 

centrifugation was performed (540-1400g, 10-15 min). Subsequently, supernatant was 

subjected to three follow-up separations (7000g, 10-20 min each). All of the combined pellets 

were transferred to water and washed once (4850g, 20 min). 

6.2.3. Plasmon assisted isomerization of AzoGly 

Plasmon-assisted isomerization of AzoGly in the presence of AuNRs and under proper 

irradiation conditions was investigated by monitoring the UV-Vis-NIR extinction spectra in 

real time using Maya2000 Pro High-Sensitivity Spectrometer (Ocean Insight) coupled via fibre 

optics to DH-mini UV-Vis-NIR Deuterium-Halogen Light Source with shutter and UV-Vis 

cuvette holder. To assure irradiation of the samples without additional heating by the light 

beam, LED light source was utilized, namely G2V Pico Small Area LED Solar Simulator with 

custom irradiation programmes. Both spectral range and irradiation intensities applied during 

particular experiments are specified in the sections below. Moreover, to assure constant, room 

temperature (25°C) of the samples, heating stage controlled by Linkam MC60 controller was 

used. 
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Figure 121. a) Irradiation conditions applied during investigation of plasmon-assisted 

isomerization of AzoGly. b) Schematic depiction of the custom setup used for the real-time data 

acquisition during experiments. Reprinted from own source preprint 388. 

Experimental scenarios 

Continuous irradiation: free AzoGly isomerization in EtOH in the presence of AuNRs-

CNFs pre-composite. First, AzoGly (0.1 mM in EtOH) was irradiated to ensure total 

conversion of E-AzoGly to Z-AzoGly (UV, 370 nm, 2.2 mW/cm2 for about 5 min). Second, to 

the AzoGly PSSZ EtOH-dispersion the AuNRs-CNFs pre-composite was added, keeping 2:1 

volume ratio. Finally, Z-E isomerization of the photochrome was monitored either in the dark 

or upon red-NIR irradiation (650-1100 nm, 64.9 mW/cm2) for 1 hour, in real time, collecting 

UV-Vis-NIR extinction spectra every 1 second. Control experiments were performed in which 

instead of pre-composite bare CNFs or pure EtOH were added. 

OFF-ON interval experiments: AzoGly isomerization in hybrid materials. First,  

water-based dispersions of AzoGly-AuNRs-CNFs hybrid materials were irradiated to ensure 

total conversion of E-AzoGly to Z-AzoGly (UV, 370 nm, 2.2 mW/cm2 for about 5 min). 

Second, Z-E isomerization of the photochromic component was monitored under interval dark 

and red-NIR (650-1100 nm, various irradiation intensities) conditions for 1 hour, in real time, 

collecting UV-Vis-NIR extinction spectra every 1 second. For each sample at least fourteen 

consecutive intervals (namely seven pairs of the OFF-ON intervals) were collected. Such 

interval experiment is further referred to as an OFF-ON experiment. Control measurements for 

the hybrid sample without gold AzoGly-CNFs was also performed. 

 

 



mgr inż. Nina Tarnowicz-Staniak                        Chapter 6 
 

 

185 

Statistical Analysis of the OFF-ON Interval Experiments 

Statistical modelling was performed in collaboration with Mateusz Staniak from Mathematical 

Institute, University of Wrocław. 

The OFF-ON experiments can be perceived as interrupted time series experimental design. 

Hence, the collected extinction spectra were appropriately transformed. First, intensities of the 

AzoGly π→π* band were extracted as a function of time, leading to the formation of datasets 

represented as a sequence (t, Extt) for each sample, where t – time [s], Extt – extinction value 

at that time [-]. Second, for each dataset the Extt values were linearized according to the 

formula: 𝑌𝑡  =  𝑙𝑛 (𝐸𝑥𝑡∞ − 𝐸𝑥𝑡𝑡𝐸𝑥𝑡∞ − 𝐸𝑥𝑡0), where Ext∞ and Ext0 represent extinction before and after UV 

irradiation, respectively. Finally, an Autoregressive Integrated Moving Average  

(ARIMA)-based approach470 was applied. 

Because the interrupted time series design is applied to the experiments where observations are 

collected before and after an intervention, each transformed dataset was split into appropriate 

sub-series. In case of the proposed OFF-ON experiments, there were two types of intervention, 

namely switching irradiation source on and turning it off. Additionally, for each sample the 

irradiation source was switched on and off multiple times, so the intervention occurred multiple 

times as well. Hence, each pair of the consecutive sub-sets, namely dark and light or light and 

dark segments, was considered separately for each sample.  

ARIMA model parameters were estimated using the auto.arima function of forecast package471 

available in the R statistical environment.472 Parameter describing the Ramp effect was selected 

as crucial, since it corresponds to change in slope of the data as a result of the intervention. 

Hence, for each sample (with and without Au and measured under different irradiation 

conditions), the ARIMA model was fitted for each pair of the consecutive time segments, 

namely dark and light or light and dark intervals. Subsequently, the significance of Ramp effect 

was tested for each model. This enabled detection of the statistically significant change in slope 

of the linearized data occurring as a result of the intervention. Moreover,  

the Benjamini-Hochberg correction473 was applied in order to account for multiple 

comparisons. 

 

6.3. Results and discussion 

In order to present plasmon-assisted Z-E isomerization of AzoGly a proof of concept 

experiments were designed to investigate the process for two forms of the photochrome, namely 

(1) free molecules in their native solvent and (2) Azo in the hybrid AzoGly-AuNRs-CNFs 



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

 

186 

material. In case of the first scenario, AuNRs-CNFs pre-composite was added to the EtOH 

solution of the photochrome, taking advantage of the great stability of CNFs-immobilized 

nanostructures in this solvent. In case of the second experimental scenario, the beneficial 

spectral separation of Azo and AuNRs in hybrid materials was utilized, to avoid direct 

triggering of the isomerization of the photochrome. Moreover, both pre-composite and hybrid 

composite contained AuNRs characterized by high anisotropy (AR = 3.30) and, thus, exhibiting 

also better light-harvesting properties compared to AuNSs, which are typically used in such 

investigations as described in the section 6.1. of this chapter. All these aspects guaranteed that 

any changes observed either in the kinetics or in the course of the Azo Z-E isomerization stem 

directly from plasmon-related effects triggered upon proper irradiation. 

To properly adjust spectral range of irradiation both position of l-LSPR band of AuNRs and 

effect of different wavelengths of irradiation on the AzoGly Z-E isomerization were taken into 

account. Hence, pristine AzoGly solution in EtOH in the PSSZ was monitored under different 

modes of irradiation selected using colour glass filters from the Hamamatsu L9588 

Lightningcure LC8 halogen lamp used as a light source. The influence of the following modes, 

exhibiting irradiation intensities in a 200-300 mW/cm2 range, was investigated, namely  

500-800 nm (>500 nm), 550-800 nm (>550 nm), and 600-800 nm (>600 nm). The results were 

compared with Z-E thermal relaxation of Azo monitored in the dark. Only in case of the 

irradiation in the 600-800 nm spectral range, the relaxation profile of AzoGly resembled purely 

thermal Z-E isomerization of the photochrome (Figure 122). The observed small increasing 

tendency (as depicted in Figure 122) originated from sample temperature change, as measured 

inside of the cuvette using PT1000 temperature sensor. Measurement indicated a 5°C 

temperature rise, which was attributed to the heating caused by the irradiation beam. Hence, in 

further experiments, to verify the assumptions of the possible plasmon-assisted process,  

a custom setup was used for real-time UV-Vis-NIR spectra acquisition, sample irradiation, and 

temperature control of the process. To assure that the changes in Azo isomerization are not  

a result of the sample heating by irradiation beam a LED light source and a heating stage were 

used. Moreover, in all plasmon-assisted experiments irradiation starting above 600 nm was 

applied. 
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Figure 122. a) Evolution of the π→π* band intensity of free AzoGly in EtOH upon Z-E thermal 

relaxation accompanied by different modes of irradiation. b) Even for irradiation starting from 

550 nm a significant deviation from thermal relaxation in the dark occurs within 30 seconds. 

Upon proper temperature control of the sample only the spectral range above 600 nm does not 

affect the monitored reaction. Reprinted from own source preprint 388. 

Another factor introduced to increase the efficiency of the plasmon-assisted process was the 

increased loading of AuNRs on CNFs (~19.6 wt%) compared to hybrid materials described in 

the previous chapters of the dissertation. Such increased loading translates into more 

pronounced plasmon-derived phenomena, particularly the thermoplasmonic effect, since 

collective effects might be manifested. 

6.3.1. Plasmon-assisted Z-E isomerization of free AzoGly in ethanol 

solution 

First, the discussion is focused on the plasmon-assisted Z-E isomerization of free 

AzoGly molecules. This aspect can be treated as an introduction to proper understanding of the 

process in the hybrid formulation. This subsection concerns experimental scenario in which to 

the EtOH solution of the photochrome the AuNRs-CNFs pre-composite is added. 

By investigating reaction in the native solvent of the photochrome (EtOH), temporal resolution 

of the process was increased compared to AzoGly-AuNRs-CNFs hybrid material, because as 

presented in Chapter 5, thermal half-life of AzoGly at room temperature equals 24.6 hours. 

Moreover, in this experimental scenario AuNRs were added to the PSSZ of AzoGly, and, hence, 

nanostructures were separated from the stage of UV exposure. This approach excludes 

participation of intraband excitations in the investigated process. Figure 123 depicts chosen 

irradiation conditions (650-1100 nm, 64.9 mW/cm2) and how well they corresponded with the 

position of the l-LSPR band of AuNRs in the pre-composite material. 
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Figure 123. Schematic depiction of the chosen irradiation conditions (650-1100 nm). Spectral 

range was chosen to match the position of l-LSPR band of AuNRs and to not trigger AzoGly 

isomerization. Reprinted from own source preprint 388. 

The Z-E isomerization of AzoGly was not affected by irradiation conditions and the relaxation 

profiles were almost identical to AzoGly relaxation in the dark (Figure 124a). Moreover, upon 

the addition of bare cellulose nanofibres under dark and light conditions, only negligible change 

to the relaxation profiles was observed (Figure 124b). To determine quantitatively whether 

irradiation or addition of CNFs affected Z-E isomerization of AzoGly, relative differences 

between each pair of experiments were calculated, as follows: 

• addition of bare CNFs (dark vs. light conditions): 8.56%, 

• pristine AzoGly solution (dark vs. light conditions): 3.68%, 

• light conditions (pristine AzoGly solution vs. bare CNFs): 2.61%, 

• dark conditions (pristine AzoGly solution vs. bare CNFs): 2.27%. 

The calculated values were in a good agreement with typically observed errors for the 

repetitions of Azo photochromes kinetic measurements, as reported by Gille et al.,474 thus 

indicating that in fact all of these relaxations are comparable. Hence, the influence of bare CNFs 

scaffold on AzoGly Z-E isomerization was determined to be negligible, both in the dark and 

under illumination and the inert nature of the scaffold was proved one more time. 
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Figure 124. Comparison of the AzoGly thermal relaxation profiles measured at room 

temperature (25°C) to determine influence of a) the chosen irradiation conditions (no effect) 

and b) CNFs scaffold (negligible effect). Reprinted from own source preprint 388. 

 The addition of AuNRs-CNFs pre-composite to the pristine solution of AzoGly at 25°C 

resulted in the drastic change of the relaxation profile both in the dark and under illumination 

(Figure 125a). The rate constant value of the Z-E isomerization in the dark was determined to 

be one order of magnitude higher, compared to pristine AzoGly  

(kZ-E,Au
dark =  (7.09 ± 0.04)·10-4 s-1). Upon the applied red-NIR irradiation, the observed catalytic 

boost in the presence of AuNRs was even more pronounced and the increase of two orders of 

magnitude compared to pristine AzoGly was observed (kZ-E,Au
light =  (3.15 ± 0.03)·10-3 s-1). To 

provide a visual measure of the catalytic influence of AuNRs, thermal half-lives can be 

compared. Upon addition of AuNRs in the dark τ1/2 of AzoGly was reduced from 24.6 hours to 

16.3 minutes. Upon the irradiation in the presence of AuNRs further shortening of τ1/2  

to 3.7 min was observed. 

The observation of catalytic effect of AuNRs in such plasmon-assisted process may 

constitute a sole purpose of the research. However, this dissertation proposes utilization of the 

obtained data to get more insight into the investigated system. The obtained rate constants of 

the process in the presence of AuNRs (kZ-E,Au
dark and kZ-E,Au

light) can be translated, based on the 

Arrhenius equation, to temperatures in which equivalent Azo Z-E isomerization would occur at 

the same rate, assuming dark conditions and no Au present. 

For this recalculation the parameters of Arrhenius equation, 𝑙𝑛𝑘 = 𝑎 ∙ 1𝑇 + 𝑏, determined for 

pristine AzoGly were used, namely a = -9224.0 [K], and b = 19.2 [-], based on Figure 116a. 

This approach recalculates kZ-E,Au
dark and kZ-E,Au

light into ‘virtual temperatures’ of the process, 

76°C for kZ-E,Au
dark and 97°C for kZ-E,Au

light (Figure 125b). It does not mean that these reactions 
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progress at such temperatures, especially if the boiling point of EtOH is considered (about 78°C 

and no boiling of the samples was observed). Instead, these values represent temperatures at 

which pristine Azo thermal relaxation in the dark would need to occur in order to be described 

by the same rate constant values. Hence, catalytic effect of AuNRs, both in the dark and in the 

plasmon-assisted process, can be quantitatively measured as the proposed  

‘virtual temperatures’. 

In the dark, as already discussed in Chapter 5, AuNRs catalyse Azo Z-E isomerization via 

electron transfer. As it will be discussed further in the text, under the proposed irradiation 

conditions the most dominant plasmon-derived phenomenon is thermoplasmonic effect, 

especially for materials with such high AuNRs loading (~19.6 wt%). Hence, the catalytic boost 

in the plasmon-assisted process can be recalculated into the quantitative measure of the 

collective heating of AuNRs.158 After accounting for contribution of the eT mechanism in the 

absence of irradiation (97°C - 76°C), it can be assumed that the thermoplasmonic effect causes 

temperature rise of 21°C. 

 

Figure 125. a) Comparison of the free AzoGly thermal relaxation profiles in EtOH upon the 

addition of bare CNFs (dashed lines, no effect) and AuNRs-CNFs (solid lines, clear catalytic 

enhancement). AuNRs catalyse Azo isomerization in the dark via electron transfer and upon 

irradiation the catalytic boost stems mainly from thermoplasmonic effect. b) The extent of the 

thermoplasmonic effect can be estimated due to the proposed recalculation of the rate constant 

values of Azo isomerization in the presence of AuNRs into ‘virtual temperatures’ of the process. 

Reprinted from own source preprint 388. 

One of the arguments presented within this chapter for more dominant contribution of the 

thermoplasmonic effect under red-NIR irradiation, compared to other plasmon-related 
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phenomena, is the dependency between the observed Z-E isomerization rate constants 

(measured for hybrid AzoGly-AuNRs-CNFs materials) and power density of the incident 

irradiation (650-1100 nm). As presented in Figure 126, the exponential fit of the data can be 

proposed, which is in a good agreement with the Arrhenius law. Such experimental verification 

clearly implies towards more significant contribution of the thermoplasmonic effect during the 

plasmon-assisted process.160 

 

Figure 126. Exponential fitting of the rate constants of Azo Z-E isomerization (determined for 

hybrid AzoGly-AuNRs-CNFs materials) vs. red-NIR (650-1100 nm) light irradiance according 

to Arrhenius law implies predominant contribution of the thermoplasmonic effect in the 

plasmon-assisted process. Reprinted from own source preprint 388. 

6.3.2. Plasmon-assisted Z-E isomerization of AzoGly in the hybrid 

material 

This subsection concerns plasmon-assisted isomerization of the photochromic 

component in the hybrid AzoGly-AuNRs-CNFs formulation dispersed in water. Heavy loading 

of CNFs with AuNRs (~19.6 wt%) resulted in a lower resolution of the observed π→π* band 

changes (Figure 127), due to the highly scattering nature of the scaffold. Moreover, the 

increased loading contributed to faster composite sedimentation and randomized the 

macroscopic behaviour of the hybrid material. Additionally, the aqueous environment 

decreased temporal resolution of isomerization as described in previous chapters. These aspects 

made consecutive spectroscopic experiments less comparable and required new experimental 

design. 
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Figure 127. Hybrid AzoGly-AuNRs-CNFs material in PSSE and PSSZ. The intensity of the 

π→π* band is decreased due to the highly scattering nature of the AuNRs-CNFs at high Au 

loading. Reprinted from own source preprint 388. 

To assure that AzoGly Z-E isomerization monitored in the dark and under illumination can be 

compared, an OFF-ON experiment had been designed in which hybrid material was subjected 

to alternating irradiation conditions. Hence, during the whole relaxation process, monitored in 

a single experiment, hybrid material was subjected to the consecutive intervals of dark and light 

(red-NIR, 650-1100 nm, 145.8 mW/cm2) conditions. Thus, several aspects were assured. First, 

possibility of the occurrence of systematic and random errors was minimized, because random 

deviations resulting from e.g. material sedimentation were affecting dark and light segments in 

the same way. Second, such experimental design enabled visualisation of hybrid system’s 

susceptibility to light. Apart from the alternating irradiation, the same conditions of the 

experiment were kept throughout the whole relaxation process. Duration of dark and light 

segments was adjusted, so both intervals lasted either 5.0 or 2.5 minutes each. Behaviour of 

hybrid materials with and without Au was investigated, as presented in Table 5. Numbering 

proposed in the table will be used further in the text to refer to appropriate sample. 

Table 5. Samples and irradiation conditions for the OFF-ON experiments. Hybrid materials 

with and without Au were investigated and two variants of intervals duration were applied  

(2.5 or 5.0 min). Reprinted from own source preprint 388. 

Sample 
Number 

Au present? 
Spectral range  

[nm] 
Power density  

[mW/cm2] 
Interval 

duration [min] 
1 YES 

650-1100 145.8 

5.0 

2 YES 2.5 

3 NO 5.0 

4 NO 2.5 
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During the OFF-ON experiment the whole spectrum of hybrid sample was measured 

every 1 second. Subsequently, the recorded data were processed according to the methodology 

presented in the subsection 6.2.3. of this chapter. Essentially, data describing evolution of the 

π→π* band intensity in time were linearized to conform with the assumptions of the 

subsequently applied statistical model.475 

In the OFF-ON experiments hybrid samples were subjected to two types of intervention, namely 

switching irradiation on and off. In the analysis, the evolution of the data before and after each 

intervening event was compared. It can be hypothesised, that for AuNRs-containing materials 

upon irradiation the plasmon-assisted Azo Z-E isomerization takes place. Based on the 

conclusions of the previous subsection on the predominant contribution of the thermoplasmonic 

effect upon irradiation, it can be assumed that the collective heating of AuNRs triggered by  

red-NIR illumination leads to the temperature increase in the vicinity of nanoparticles. Hence, 

the Z-E isomerization of AzoGly should occur faster, which should be manifested for the 

linearized data as the slope increase. Upon proper adjustment of experimental conditions and 

material formulation such slope changes should be easy to assess via naked eye observation. 

To account for a complex composition of the proposed formulation and to provide quantitative 

measures of the observed effects, appropriate statistical tools were applied. Because of 

autocorrelation typical in time-varying data (since every subsequent extinction value was a 

direct evolution of the previous extinction values), the assumptions of classical linear models 

were violated and the datasets needed to be analysed with a different model. Hence, in the 

analysis the Autoregressive Integrated Moving Average (ARIMA) model470 was used.  

There are four components to this approach, namely autoregressive model (AR), moving 

average model (MA), seasonal model, and differencing (integration). Because the seasonal part 

did not apply to the analysed data, a non-seasonal ARIMA model was used, which is described 

by a set of parameters (p, d, q) denoting degree of seasonality and defined, respectively, as the 

order of the autoregressive part of the model (p), the degree of non-seasonal differencing (d), 

and the order of the moving average part of the model (q). 

Single variable Yt is represented in the model as a function of the variable’s previous value  

(e.g. Yt-1), the occurring random error (ϵt), as well as the random error’s previous values  

(e.g. ϵt-1). Moreover, optional covariates, differencing, and seasonal effect can also be included. 

The optional covariates enable modelling of the data with additional independent variables to 

describe the effect of the intervention on the dataset. In case of the analysed datasets only one 

of the covariates was expected to appear, as only the change in the slope of the data was 

expected to be observed. Such slope change is described by a so-called Ramp effect. ARIMA 

approach enables estimation of this effect while taking into account the autocorrelation.  
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Thus, the linearized datasets were modelled as a function of previous values (AR model), error 

term’s previous values (MA model), differencing, and the Ramp variable (Figure 128). 

 

Figure 128. Schematic depiction of the applied statistical modelling approach (ARIMA) for the 

analysis of the AzoGly Z-E isomerization in the water-dispersed hybrid AzoGly-AuNRs-CNFs 

material. Depiction includes representation of ARIMA (1,1,1). Influence of irradiation on the 

sample is manifested as the slope change of the dataset in the ON region, triggered upon 

intervention (at a time T0). Hence, the Ramp effect estimation was chosen to evaluate influence 

of the intervention. Although ARIMA is a linear model, the predicted values (represented by 

solid lines) will not lie on the same line, because they are forecast based on the varying set of 

previous values (datapoints are represented by circles). Reprinted from own  

source preprint 388. 

In case of each OFF-ON experiment the intervention occurred several times, hence, in 

modelling the appropriate intervals were paired up in a particular order, depending on the type 

of intervention. For ‘switching irradiation on’ as an intervention, dark and the subsequent light 

intervals were paired and each pair was modelled separately for the respective sample. For 

‘switching irradiation off’ as an intervention, light and the subsequent dark intervals were paired 

and analysed. For each experiment at least four consecutive dark-light or light-dark pairs were 

modelled, particularly for the times corresponding to the biggest change in the extinction of the 

π→π* band. In all cases statistical modelling resulted in quantitative measures of Ramp effect 

for each modelled pair. Moreover, additional testing was performed to determine which pairs 

were characterized by statistically significant differences in slope (statistically significant Ramp 

effect), which was assessed based on the calculated p-values. Significant test results indicated 

that difference between the consecutive intervals cannot be ascribed to random data variation, 
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but is a direct result of a slope change (and hence also change of the isomerization rate) due to 

the intervention.  

First, the results of modelling for the intervention defined as ‘switching irradiation on’ 

are presented and discussed. Selected parameters of ARIMA modelling and the estimated Ramp 

effect values for all samples are summarized in the appendix (section 6.5.) in Table 8 and Table 

9, respectively. Negative values of Ramp effect estimates presented in Table 9 indicated that 

slope increased after the intervention, which means that rate of the AzoGly Z-E isomerization 

is faster during irradiation, compared to dark conditions. For the experiments with 5.0 min 

intervals duration, the comparison of samples 1 (Au) and 3 (no Au) indicated that intervention 

induced slope change solely for sample 1. Changes in the data trend can be assessed even with 

a naked eye by looking at the Figure 129a, where the linear trend of the dataset is disrupted 

exactly at times of the intervention. Visual assessment of the data also revealed slope increase 

in the light intervals. In contrary, for sample 3 (control sample without Au), dataset presented 

smooth linear trend without any slope disruptions upon sample irradiation (Figure 129a). 

Similar conclusions can be drawn from comparison of samples 2 (Au) and 4 (no Au) for the 

experiments with 2.5 min intervals duration (Figure 130a,b). 

However, the qualitative visual assessment and sole values of Ramp effect estimates cannot be 

used to formulate conclusive statistical statements. Hence, p-values for tests of significance of 

the Ramp effect were calculated, as presented in Table 6. The calculated effects with p-values 

< 0.05 can be treated at 5% significance level as different from 0 and are marked with green 

colour. Based on the testing results it can be stated, that statistically significant Ramp effects 

were observed upon irradiation only for samples containing AuNRs (values indicated with 

green colour in Table 6), as presented in both Figure 129b and Figure 130c. For the fourth 

modelled pair for sample 1 (marked with yellow colour), the calculated p-value was higher than 

0.05, nevertheless it was still significantly lower compared to sample 3. For the control samples 

without AuNRs, Ramp estimates were not statistically significant (values indicated with red 

colour in Table 6). 

Since the observed changes are triggered by direct irradiation of AuNRs and not AzoGly, it can 

be concluded, that plasmonic component of the hybrid material enables indirect control over 

the kinetics of the AzoGly Z-E isomerization under red-NIR irradiation. Moreover, the induced 

kinetic changes, observed for the hybrid materials under interval irradiation, can be triggered 

in an ON-OFF manner. 
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Table 6. Adjusted p-values for Ramp effect tests of significance for each modelled OFF-ON 

pair. Intervention defined as ‘switching irradiation on’. Values relatively close to the p=0.05 

level are indicated with yellow colour. Reprinted from own source preprint 388. 

Sample Content Pair 1 Pair 2 Pair 3 Pair 4 Pair 5 

1 Au 0.00028 0.00000 0.00000 0.12451 0.01207 

2 Au 0.00000 
0.00073* 

(0.00073) 
0.00073* 

(0.00052) 
0.00073* 

(0.00067) - 

3 no Au 
0.82276* 

(0.63962) 

0.82276* 

(0.76667) 
0.82276* 

(0.58053) 
0.82276* 

(0.55923) 0.23613 

4 no Au 0.38182 0.38182 0.07253 0.99606 0.06671 

* Values are not equal before Benjamini-Hochberg correction, as indicated in the brackets.  

 

Figure 129. a) Statistical modelling results for samples (top) without AuNRs (3) and 

(bottom) with AuNRs (1). The considered intervention – ‘switching irradiation on’ (5.0 min 

intervals, OFF-ON pairs modelled). b) Adjusted p-values for Ramp effect tests of significance 

indicate indirect control over Azo isomerization only in the presence of AuNRs. The overall 

structure of the figure indicates how intervals were paired and visually corelates the results 

between panels a) and b). Reprinted from own source preprint 388. 

For the third modelled pair for sample 4 (no Au), a slight disruption of the dataset occurred 

(Figure 130b), which could be ascribed to the sedimentation of the hybrid material, even 

despite the fact that data were initially corrected at the isosbestic point of the hybrid samples. 
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These observations emphasise the significance of the proposed OFF-ON experimental design 

for the impartial comparison of the investigated processes based not on the determined rate 

constant values, but statistical parameters of properly chosen models. 

 

Figure 130. Statistical modelling results for samples a) with AuNRs (2) and b) without AuNRs 

(4). The considered intervention – ‘switching irradiation on’ (2.5 min intervals, OFF-ON pairs 

modelled). c) Adjusted p-values for Ramp effect tests of significance indicate indirect control 

over Azo isomerization only in the presence of AuNRs. Reprinted from own source preprint 388. 

Upon considering second type of intervention, namely ‘switching irradiation off’, 

statistical modelling of the datasets revealed more arguments for the predominant role of the 

thermoplasmonic effect in the plasmon-assisted Azo Z-E isomerization. Selected parameters of 

ARIMA model, for the light-dark pairing, and the estimated Ramp effect values for all samples 

are summarized in the appendix (section 6.5.) in Table 10 and Table 11, respectively. Here, 

the positive values of Ramp effect estimates presented in Table 11 indicated slope decrease 

after the intervention, which means that rate of the AzoGly Z-E isomerization is slower in the 

dark, compared to light conditions. Results presented in Table 7 and in Figure 131 and  

Figure 132 clearly show slope changes only for hybrid samples containing AuNRs, similar to 

the results for the first type of the intervention. Comparison of Figure 131c and Figure 132c, 

however, revealed quantitative differences between experiments performed for  

AuNRs-containing samples, however differing in the intervals duration. As indicated  

in Figure 132c, the calculated p-values were slightly larger than the assumed p=0.05 level. 

Hence, it can be concluded, that the influence of intervention defined as switching irradiation 

off is more subtle, when the irradiation intervals are shortened. 

It is important to note that, by definition, the estimation of Ramp effect enables detection of the 

immediate changes induced by the analysed intervention. Hence, it can be assumed that the 

slightly higher values of the p-level for sample 2 (p=0.06823 for pairs 1-3), do not dismiss the 
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occurrence of the slope change as a result of switching irradiation off, but rather emphasise that 

the observed changes are not as instantaneous as for other type of intervention. This information 

can be used to conclude on the mechanism of the plasmon-assisted process triggered in the 

hybrid material upon irradiation. In case of the pure contribution from hot charge carriers 

generated upon irradiation, due to their short lifetime (few tens of fs), the observed changes in 

the evolution of the π→π* band should be instantaneous both for switching irradiation on and 

off. Moreover, there should be no dependency on the intervals length. However, in case of the 

contribution from thermoplasmonic effect, heat dissipation needs to be considered, particularly 

for the water-dispersed hybrid material exhibiting such complexity as the proposed formulation. 

Hence, in the real life system influence of the thermoplasmonic effect exhibits much longer 

timeframe. Accordingly, for the shortened intervals the observed slope change becomes less 

pronounced. These conclusions correlate well with the exponential dependency between Z-E 

isomerization rate constants determined in the hybrid material plotted vs. intensity of the 

irradiation, as presented in Figure 126 and constitute basis for the conclusion on the dominant 

contribution of the thermoplasmonic effect in the performed plasmon-assisted Azo 

isomerization. 

Table 7. Adjusted p-values for Ramp effect tests of significance for each modelled ON-OFF 

pair. Intervention defined as ‘switching irradiation off’. Values relatively close to the p=0.05 

level are indicated with yellow colour. Reprinted from own source preprint 388. 

Sample Content Pair 1 Pair 2 Pair 3 Pair 4 Pair 5 

1 Au 0.00000 0.00000 0.13287 0.03655 0.00005 

2 Au 
0.06823* 

(0.04048) 
0.06823* 

(0.05117) 
0.06823* 

(0.0209) 0.09004 - 

3 no Au 
0.98750* 

(0.98750) 
0.98750* 

(0.75944) 
0.98750* 

(0.93775) 
0.98750* 

(0.95901) 
0.98750* 

(0.97923) 

4 no Au 0.86521 0.80271 0.00000 0.34725 0.80271 

* Values are not equal before Benjamini-Hochberg correction, as indicated in the brackets. 
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Figure 131. Statistical modelling results for samples a) with AuNRs (1) and b) without AuNRs 

(3). The considered intervention – ‘switching irradiation off’ (5.0 min intervals, ON-OFF pairs 

modelled). c) Adjusted p-values for Ramp effect tests of significance indicate kinetic changes in 

the Azo isomerization as a result of turning irradiation off only in the presence of AuNRs. 

Reprinted from own source preprint 388. 

 
Figure 132. Statistical modelling results for samples a) with AuNRs (2) and b) without AuNRs 

(4). The considered intervention – ‘switching irradiation off’ (2.5 min intervals, ON-OFF pairs 

modelled). c) Adjusted p-values for Ramp effect tests of significance indicate kinetic changes in 

the Azo isomerization (although less pronounced than for longer intervals) as a result of turning 

irradiation off only in the presence of AuNRs. Reprinted from own source preprint 388. 
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6.4. Conclusions 

This chapter summarizes the investigation of plasmon-assisted Z-E isomerization of 

AzoGly in two forms, namely free photochrome molecules in solution and CNFs-bound 

components of the hybrid AzoGly-AuNRs-CNFs formulation. Moreover, the possibility of 

indirect reaction control via plasmon-related effects is presented and thus, the objective 4 of 

the dissertation was challenged. Z-E isomerization of free AzoGly molecules in EtOH and in 

the presence of AuNRs-CNFs pre-composite exhibited dramatic kinetic increase by one order 

of magnitude in the dark and by two orders of magnitude as a result of triggering of the  

plasmon-assisted process upon red-NIR irradiation (650-1100 nm, spectral range not absorbed 

by the photochrome). This corroborates part of the hypothesis 7 of the dissertation. The kinetic 

changes were used to assess the temperature of the sample at the nanoscale in order to quantify 

the extent of the thermoplasmonic effect. Hence, the dissertation proposes use of Azo type 

photochromes as molecular thermometers. Further investigation of the plasmon-assisted 

process in the water-dispersed hybrid AzoGly-AuNRs-CNFs material was performed by 

carrying out an OFF-ON experiment with varying, interval irradiation conditions. Results 

revealed that the presence of AuNRs enables indirect photocontrol over the Z-E isomerization 

of Azo in the ON-OFF manner. The applied statistical modelling (ARIMA-based approach) 

quantitatively visualized that both types of interventions, namely switching irradiation off and 

on, lead to statistically significant kinetic changes only for samples containing Au. Statistical 

modelling also contributed to the final conclusion of the predominant contribution of the 

thermoplasmonic effect in the plasmon assisted process, which confirmed hypothesis 7. 

 

Figure 133. Under red-NIR irradiation plasmon-assisted AzoGly Z-E isomerization occurs. 

The conversion of the energy absorbed by AuNRs into heat ensues via thermoplasmonic effect. 

Hence, the instantaneous ON-OFF indirect control over the kinetics of Azo isomerization is 
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enabled, as revealed by statistical modelling using ARIMA-based approach. Reprinted from 

own source preprint 388. 

6.5. Appendix 

Table 8. ARIMA (p, d, q) parameters for the analysed intervention – ‘switching irradiation on’. 

Reprinted from own source preprint 388. 

Sample OFF-ON pair p (AR order) 
d (degree of 

differencing) 
q (MA order) 

1 

1 1 1 1 

2 1 1 2 

3 2 0 1 

4 3 1 2 

5 0 1 2 

6 1 1 4 

2 

1 2 1 2 

2 1 1 1 

3 2 1 2 

4 1 1 1 

5 1 0 1 

3 

1 1 2 0 

2 4 2 0 

3 0 1 1 

4 0 1 1 

5 0 1 2 

6 5 1 0 

4 

1 1 2 0 

2 0 1 1 

3 1 1 1 

4 0 1 1 

5 1 1 1 

 

Table 9. Ramp effect estimates for each OFF-ON pair for the considered intervention – 

‘switching irradiation on’. Reprinted from own source preprint 388. 

Sample Content Pair 1 Pair 2 Pair 3 Pair 4 Pair 5 

1 Au -0.00019 -0.00074 -0.00056 -0.00025  0.00119 

2 Au -0.00207 -0.00160 -0.00146 -0.00275 - 

3 no Au -0.00502 -0.00301 -0.00015  0.00045 -0.00178 

4 no Au  0.01356 -0.00015 -0.00066  0.00000 -0.00403 
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Table 10. ARIMA (p, d, q) parameters for the analysed intervention – ‘switching irradiation 

off’. Reprinted from own source preprint 388. 

Sample ON-OFF pair p (AR order) 
d (degree of 

differencing) 
q (MA order) 

1 

1 0 1 2 

2 0 1 1 

3 0 1 2 

4 2 1 2 

5 0 1 2 

6 0 1 2 

2 

1 0 1 1 

2 0 1 1 

3 1 1 1 

4 0 1 1 

3 

1 2 2 2 

2 0 1 1 

3 0 1 1 

4 1 1 1 

5 2 1 4 

6 4 1 0 

4 

1 0 1 1 

2 0 1 1 

3 1 1 2 

4 2 1 1 

5 1 1 0 

 

Table 11. Ramp effect estimates for each ON-OFF pair for the considered intervention – 

‘switching irradiation off’. Reprinted from own source preprint 388. 

Sample Content Pair 1 Pair 2 Pair 3 Pair 4 Pair 5 

1 Au  0.00045  0.00108  0.00014 -0.00080 -0.00117 

2 Au -0.00125  0.00090 -0.00183 -0.00215 - 

3 no Au  0.00001  0.00005  0.00005 -0.00003 0.00007 

4 no Au -0.00002 -0.00008 -0.00117 -0.00115 -0.26463 
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Chapter 7. Conclusions and Perspectives 

 

 The main outcomes of this dissertation are, first, the development of novel, advanced, 

functional materials based on cellulose nanofibres and plasmonic nanoparticles, in particular 

on gold nanorods, and, second, presentation of their application in the photocontrol of the 

chemical processes. The proposed formulations in which CNFs serve as an inert and robust 

scaffold, enabled stabilization of the optical properties of AuNRs under various conditions, 

including intense irradiations, environment of organic solvents, and extreme pH conditions. 

Such stabilization was further utilized to optically address AuNRs and gain control over 

reactions, such as cofactor regeneration or isomerization of photochromic molecules.  

The proposed material design also enabled preparation of a new type of  

plasmonic-photochromic materials in which both components maintained their functionality.  

The established protocols are facile and easy to replicate, because all material formulations rely 

mainly on electrostatic interactions between components. 

Chapter 3 establishes general protocol for the preparation of AuNRs-CNFs materials. 

Influence of components concentration is presented in a form of quasi-phase diagram of  

the system. Immobilization of AuNRs on macroscopic cellulose nanofibers grants great 

stability of nanocrystals’ plasmonic properties under intense illumination, elevated 

temperatures, and at wide pH range, hence, confirming hypothesis 1 of the dissertation. 

Moreover, crucial role of CTAB (a stabilizing agent inherently present after synthesis of AuNRs 

on their surface) in the creation of the hybrid formulation was confirmed. 

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 NADH cofactor molecules in 

the presence of AuPdNRs-CNFs hybrid material and visible light irradiation. Immobilization 

of plasmonic nanostructures on the CNFs scaffold enabled efficient excess CTAB removal, 

which excluded hindering effect of the surfactant. Thus, hypothesis 2 of the dissertation was 

confirmed. The plasmon resonance-driven character of the process, performed at the 

determined optimal conditions, lead to up to 40% of NADH regeneration within 2 hours without 

use of reaction mediators. Results also confirmed surface-dependent nature of the reaction, 

important role of Pd as a co-catalyst, and limitations derived from NADH back-oxidation  

at low pH.  
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Outcomes of this chapter can be further implemented to develop macroscopic, processable 

materials, e.g. by employing 3D printing. Moreover, the new material formulations can be 

prepared starting from different AuNRs-CNFs phase forms, including gels or viscous solutions. 

 Results presented in Chapter 3 became a starting point for the investigation presented in 

Chapter 4, which addresses current challenges in the field of plasmonic-photochromic hybrid 

systems. This chapter establishes general protocol for the preparation of multifunctional, hybrid 

plasmonic-photochromic materials based on AuNRs-CNFs and a model azobenzene-type 

photochrome. Protocol relies on CNFs scaffold impregnation with the chosen non-thiolated 

Azo ligand, mainly via electrostatic attraction and hydrogen bonds formation. Contribution  

of the π→π* band to the overall optical properties of the hybrid material increased with the 

increasing photochrome concentration during impregnation step, namely about 26 times band 

intensity increase was a result of 3.8 times increase in the photochrome concentration.  

The resulting formulation was entirely water-functional and operated without aggregation,  

in contrary to the most popular Azo-AuNPs hybrids. Thus, results presented in chapter 4 

corroborate hypothesis 3 of the dissertation. 

The proposed protocol includes a pretreatment step in which AuNRs-CNFs pre-composite is 

transferred to EtOH without any negative impact on the optical properties of the nanocrystals. 

The comparative analysis of the IR spectra confirmed role of CTAB in maintaining material’s 

structural integrity. Both, plasmonic and photochromic features of the system were maintained 

and the photochromic component exhibited stable and distinct photoswitching upon UV-Vis 

irradiation over many cycles in contrary to control materials prepared with traditional thiolated 

Azo ligands, which confirms hypothesis 4. Incorporation of big, anisotropic nanostructures  

in the hybrid formulation constitutes an important step forward, since the beneficial spectral 

separation of the optical properties of Azo and AuNRs is introduced.  

Future endeavours may be focused on protocol adaptation to other photochromic ligands, 

including structures with two functional groups, that are able to anchor to the surface of more 

than one fibre. Moreover, systems containing multiple photochromic components might be 

explored to further broaden multifunctionality of the proposed formulation. 

 The knowledge gained from chapter 4 was implemented in chapter 5 to examine mutual 

interactions between plasmonic and photochromic components in the hybrid  

AzoGly-AuNRs-CNFs formulation. The influence of nanostructures exhibiting different aspect 

ratios on the thermally- and UV-Vis-induced AzoGly isomerization was investigated. Kinetic 

enhancement of the reactions was observed in materials containing AuNRs, namely 117.0% 

increase in the rate constant of the E-Z photoisomerization and 38.8% for the  
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Z-E photoisomerization for samples containing nanostructures with the smallest AR. This 

chapter postulates catalytic enhancement of the ongoing reactions via electron transfer 

mechanism, based on the coherent and reversible changes in the position of l-LSPR band of 

AuNPs (about 2-4 nm). Upon the E-Z isomerization a blueshift of the band was observed, while 

for the Z-E isomerization a redshift occurred, as hypothesised based on literature reports for 

AuNSs (hypothesis 5). 

Moreover, the 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. A distinct change of the Z-isomer half-life 

occurred solely due to the photochrome’s transfer to the aqueous environment, since τ1/2 was 

reduced from 24.6 hours for free photochrome in EtOH to 16.13 min for control sample without 

Au in water. Nevertheless, for hybrid AuNRs-containing materials the kinetic boost was 

manifested by further τ1/2 decrease to 8.37 min. The analysis of thermal relaxation rate 

constants, considering structural descriptors of the samples, indicated that catalytic 

enhancement increases with the decreasing AR of AuNRs, hence, confirming hypothesis 6 of 

the dissertation. It is proposed, that the postulated size effect is a convolution of more than one 

structural descriptor. 

Outcomes of this chapter can be further broadened by investigating hybrid formulations 

containing photochromic component characterized by higher thermal stability of the Z-isomer, 

to increase the temporal resolution of the measurements. Moreover, the stability and the 

photoswitching of hybrid materials can be investigated in other solvents. 

The outcomes of chapters 3-5 found their fulfilment in chapter 6, focused on the 

plasmon-assisted Z-E isomerization of the photochrome. This chapter summarizes investigation 

of plasmon-assisted process for free molecules in EtOH solution and CNFs-bound components 

of the hybrid formulation in water. It was determined that free AzoGly molecules in EtOH 

experience dramatic increase of their Z-E isomerization kinetics in the presence of AuNRs and 

under appropriately selected red-NIR irradiation (650-1100 nm). Based on the correlation 

between isomerization rate constants in hybrid materials and irradiation intensity, the 

predominant influence of thermoplasmonic effect was proposed. Moreover, the dissertation 

introduces application of Azo type photochromes as molecular thermometers and presents how 

such strategy can be executed. In case of the investigated system, the extent of the 

thermoplasmonic effect was estimated to equal 21°C based on the changes in the AzoGly 

isomerization kinetics. 
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Chapter 6 proposes also specific experimental design in which hybrid AzoGly-AuNRs-CNFs 

material is subjected to the interval dark and light irradiation conditions. Novel, at least from 

chemical point of view, statistical analysis tools are also proposed to unravel relevant 

information from the obtained data. The ARIMA-based approach enabled calculation of  

the Ramp effect estimates, describing the slope change occurring in the linearized datasets upon 

irradiation. ARIMA modelling enabled conclusion on the statistical significance of  

the observed effects, which indicated that in the presence of AuNRs 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 and, hence, hypothesis 7 of the dissertation was confirmed. 

Results presented here can be applied particularly in the investigation of the temperature 

changes occurring at the nanoscale. First, the already existing Azo structures can be tested as 

molecular thermometers in different environments and scenarios and compared with the already 

existing nanothermometers, such as upconverting nanoparticles. Moreover, further 

implementation of the statistical modelling, including ARIMA-based approach, can be 

investigated in the analysis of the chemical phenomena. 

 The dissertation accomplishes all of the objectives set in Chapter 1. Not only reliable 

protocols enabling preparation of advanced hybrid materials are presented, but also the 

functionality of these hybrid formulations in the photocontrol over the course of two chemical 

processes is showcased. The first chemical process is simultaneous sodium formate 

dehydrogenation and cofactor regeneration, as discussed in chapter 3. The other chemical 

process is isomerization of Azo photochrome investigated in different modes, namely  

UV-induced E-Z isomerization, Vis-induced Z-E isomerization, thermal Z-E relaxation  

(all three discussed in chapter 5), and plasmon-assisted Z-E isomerization (chapter 6). 

 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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