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ABSTRACT  

 

The dissertation discusses the linear and nonlinear optical properties of noble metal 

nanoclusters (NCs), as probes with unique optical properties. These very small nanostructures 

(with diameters below 2 nm) have attracted strong interest among researchers in recent years 

due to their attractive optical properties: strong Vis-NIR photoluminescence, improved 

photostability, distinctive chirality and others properties, such as catalytic or magnetic. This 

thesis focuses on optical properties of nanoclusters.    

The dissertation is sectioned into two main parts: literature overview and experimental 

section. The introduction addresses the research motivation and main goals of this study, 

which are: synthesis of atomically precise gold nanoclusters, characterization of their linear 

optical properties: luminescent and chiroptical ones and then nonlinear optical properties 

(absorption, fluorescent and chirality), determined exclusively through fluorescence of 

nanoclusters. Each subsection present current state of knowledge and recall examples solely 

from recent reports.  

The second part of this thesis consists of three articles, supplemented with short description 

of research work which I performed in terms of these manuscripts. Here I present a short 

introduction, which highlights the aim of the study, address current research problems and 

propose modern solutions. Then, I demonstrate methodology applied to proposed solution 

and major results, which I obtained through the study. Then, I shortly discuss obtained results. 

The detailed description of my research work is presented in followed articles and 

supplementary materials.  

Studies presented in Chapter 3 demonstrate strategies to enhance one- and two-photon 

properties of nanoclusters via luminescent techniques: gold doping of silver nanoclusters, 

rigidification of an outer layer of nanoclusters and plasmonic enhancement in the vicinity of 

plasmonic nanoparticles. The aim of this dissertation is to develop functional nanomaterials 

with unique and strong optical properties that can potentially be used in the imaging and 

detection of biological materials, with the particular emphasis on applications in multiphoton 

microscopy. For this purpose atomically precise gold and silver nanoclusters have been 

proposed, presenting relevant stability and improved optical properties. Thesis provide the 

detailed description of synthesis methods, including the purification and separation of 

mixtures of nanoclusters. Due to the unique, fluorescent and chiral optical properties of 

nanoclusters, main part of the thesis research is devoted to a detailed analysis of one- and 

two-photon chiral optical response established on the basis of fluorescence techniques.  

Chapter 3.1 of the experimental study includes Article 1, which describe the plasmon-

enhanced luminescence of single fluorophores, atomically precise gold nanoclusters, Au18, 

detected in the close proximity of gold nanorods. This study presents how low quantities of 

nanoclusters can be detected, down to individual particles. In this work I synthesized 

nanoclusters and performed detailed characterization of nanoclusters and nanorods: size-

purity of nanoclusters and optical properties of both materials. I have verified optimal 
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conditions of detection of single nanoclusters through plasmonic nanoparticles, including 

choice of medium of detection, separation of gold nanorods, choice of concentration of 

nanoclusters and selection of particular excitation parameters. I have observed 25-times 

enhanced near-infrared emission of nanoclusters.  

Article 2 presented in the chapter 3.2 discuss how optical properties of nanoclusters are 

strongly dependent on the structure of atomically precise nanoclusters. Here systematic study 

on changes of optical properties of nanoclusters were verified on the level of single-atom 

doping: by doping of one gold atom to the structure of Ag25 NCs, obtaining Ag24Au1 NCs, or by 

doping of several atoms, obtaining Ag25-xAux NCs. I have analyzed the continuous changes in 

absorption and luminescence, quantum yield and luminescence lifetime, and finally the 

nonlinear optical properties of nanoclusters: two-photon absorption and two-photon 

brightness. I have observed that incorporation of heteroatom into Ag25 nanoclusters stabilizes 

the structure and results in strongly enhanced quantum yield (10-times), elongated 

luminescence lifetime (from 1.1 to 1.8 μs) and increased two-photon brightness (from 1.5 to 

20 GM) compared to undoped nanoclusters. Further doping of gold atoms deteriorate optical 

properties due to changed geometry and electron charge localization. Here, the nonlinear 

optical properties of nanoclusters are established on a wide range of wavelengths, including 

off-resonance region of excitation.   

Article 3 included in the chapter 3.3. consider luminescence as a tool to establish two-photon 

circular dichroism of nanoclusters. In this work, I have synthesized arginine stabilized AuNCs 

in two enantiomeric forms and analyzed their chiroptical properties in linear and nonlinear 

range. I have determined their two-photon properties in a wide range of wavelengths, 

obtaining high values of two-photon absorption (1743 GM) and two-photon brightness (1102 

GM). Due to remarkable fluorescent and chiral properties of these NCs I obtained strong, 245-

fold enhanced two-photon circular dichroism with respect to the one-photon dissymmetry 

factor. Due to over two-magnitude stronger two-photon chiroptical properties, comparable 

with literature findings of other works on nanoclusters, I raised a question about the general 

rule of boosting the chiroptical properties under nonlinear excitation. 

In conclusion, this thesis presents silver and gold nanoclusters as interesting probes due to 

their one- and two-photon properties. These properties can be significantly improved by 

applying a range of techniques, which influence the structure of nanoclusters. The major 

studies of this work show the utility of analyzed fluorescence as a mean to determine another 

properties of nanoclusters, such as absorption cross sections and chirality in the one- and two-

photon regime. Proposed techniques: two-photon excited luminescence and two-photon 

fluorescence-detected circular dichroism offer a wide range of possibilities to describe the 

nonlinear optical properties: two-photon absorption, two-photon brightness, two-photon 

circular dichroism, simultaneously opening new paths of applications of NCs in the biological 

materials investigations, e.g. in chiral multiphoton microscopy. 
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ABSTRACT IN POLISH (STRESZCZENIE PRACY)  

 

Przedmiotem rozprawy jest analiza liniowych i nieliniowych właściwości optycznych 

nanoklastrów, jako fluorescencyjnych markerów. Te małe nanostruktury (o średnicach poniżej 

2 nm) wzbudzają ostatnich latach ogromne zainteresowanie badaczy ze względu na ich 

atrakcyjne właściwości optyczne: silną fotoluminescencję w zakresie spektralnym Vis-NIR, 

wzmocnioną fotostabilność, wyjątkową chiralność, a także inne unikalne właściwości, jak np. 

katalityczne lub magnetyczne. Niniejsza rozprawa skupia się na właściwościach optycznych 

nanoklastrów. 

Rozprawa jest podzielona na dwie główne części: przegląd literaturowy i część 

eksperymentalną. We wstępie została ujęta motywacja badań i główne cele pracy, którymi są: 

synteza atomowo precyzyjnych nanoklastrów złota, charakterystyka ich liniowych właściwości 

optycznych: luminescencyjnych i chiralnych, a następnie nieliniowych właściwości optycznych 

(absorpcja, fluorescencja i chiralność), wyznaczonych z wykorzystaniem fluorescencji 

nanoklastrów. Każdy podrozdział przedstawia aktualny stan wiedzy i odwołuje się do 

najnowszych badań opublikowanych na przestrzeni ostatnich lat. 

Druga część tej rozprawy składa się z trzech artykułów, uzupełnionych krótkim opisem badań, 

które samodzielnie wykonałem w ramach tych prac. W każdym podrozdziale zawarłam krótkie 

wprowadzenie, które podkreśla cel badania, porusza bieżące problemy badawcze i proponuje 

nowoczesne rozwiązania. Następnie zarysowałam metodologię, zastosowaną do 

proponowanego rozwiązania i przedstawiłam główne wyniki, które uzyskałam w wyniku 

badań. Następnie przeprowadziłam krótką polemikę nad uzyskanymi wynikami. Szczegółowy 

opis mojej pracy badawczej przedstawiłam w załączonych artykułach i materiałach 

uzupełniających.  

Badania przedstawione w rozdziale 3 omawiają strategie wzmacniania jedno- i 

dwufotonowych właściwości nanoklastrów za pomocą technik luminescencyjnych: 

domieszkowania złotem nanoklastrów srebra, usztywnienia struktury nanoklastrów i 

wzmocnienia plazmonowego w pobliżu nanocząstek złota. Celem tej rozprawy jest 

opracowanie funkcjonalnych nanomateriałów o wyjątkowych, silnych właściwościach 

optycznych, które potencjalnie mogą być wykorzystane w obrazowaniu i wykrywaniu 

materiałów biologicznych, ze szczególnym uwzględnieniem zastosowań w mikroskopii 

wielofotonowej. W tym celu zaproponowano atomowo precyzyjne nanoklastry złota i srebra, 

prezentujące wysoką stabilność i wyjątkowe właściwości optyczne. Praca doktorska zawiera 

szczegółowy opis metod syntezy, w tym oczyszczania i rozdzielania mieszanin nanoklastrów. 

Ze względu na unikalne, fluorescencyjne i chiralne właściwości optyczne nanoklastrów, 

znacząca część badań pracy poświęcona jest szczegółowej analizie jedno- i dwufotonowej 

chiralnej odpowiedzi optycznej. 
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Artykuł 1 zawarty w rozdziale 3.1 przedstawia wzmocnioną plazmonowo luminescencję 

pojedynczych fluoroforów, atomowo precyzyjnych nanoklastrów złota Au18, rejestrowanych 

w pobliżu nanoprętów złota. W pracy przedstawiono, że nanoklastry złota są wykrywalne na 

poziomie pojedynczych cząsteczek. W ramach powyższych badań zsyntetyzowałem 

nanoklastry i przeprowadziłem szczegółową charakterystykę nanoklastrów i nanoprętów 

złota: analizę rozmiaru nanoklastrów i właściwości optycznych obu nanomateriałów. 

Określiłam optymalne warunki detekcji pojedynczych nanoklastrów za pomocą 

plazmonicznych nanocząstek, m. in. procedurę separacji nanoprętów złota, wybór ośrodka 

detekcji, stężenia nanoklastrów i poszczególnych parametrów wzbudzenia. Zaobserwowałam 

25-krotnie wzmocnioną emisję nanoklastrów złota w bliskiej podczerwieni.  

Artykuł 2 przedstawiony w rozdziale 3.2 opisuje ścisłą zależność właściwości optycznych 

nanoklastrów złota od struktury atomowo precyzyjnych nanoklastrów. Systematyczne 

badania zmian właściwości optycznych nanoklastrów zostało zweryfikowane poprzez 

wymianę pojedynczych atomów na skutek: domieszkowania pojedynczym atomem złota 

struktury nanoklastrów  Ag25, uzyskując Ag24Au1, lub domieszkowania wieloma atomami złota, 

uzyskując Ag25-xAux. Dokonałam analizy systematycznych zmian absorpcji i luminescencji, 

wydajności kwantowej i czasu życia luminescencji, a także nieliniowych właściwości 

optycznych nanoklastrów: absorpcji dwufotonowej i efektywnego przekroju czynnego na 

absorpcję dwufotonową. Zaobserwowałam, że wprowadzenie heteroatomu do nanoklastrów 

Ag25 stabilizuje strukturę i skutkuje silnie wzmocnioną wydajnością kwantową (10-krotnie), 

wydłużonym czasem życia luminescencji (od 1,1 do 1,8 μs) i zwiększonym efektywnym 

przekrojem czynnym na absorpcję dwufotonową (od 1,5 do 20 GM) w porównaniu z 

niedomieszkowanymi nanoklastrami. Dalsze domieszkowanie atomami złota zuboża 

właściwości optyczne ze względu na zmienioną geometrię i lokalizację ładunku 

elektronowego. Nieliniowe właściwości optyczne nanoklastrów zostały zbadane w szerokim 

zakresie długości fal, również poza rezonansowym obszarem wzbudzenia. 

Artykuł 3 zawarty w rozdziale 3.3. porusza zagadnienie luminescencji jako narzędzia do 

wyznaczenia dwufotonowego dichroizmu kołowego nanoklastrów. W tej pracy 

zsyntetyzowałam stabilizowane argininą nanoklastry złota w dwóch formach 

enancjomerycznych i przeanalizowałem ich właściwości chiralno-optyczne w zakresie 

liniowego i nieliniowego wzbudzenia. Wyznaczyłam dwu-fotonowe właściwości optyczne na  

szerokim zakresie długości fal wzbudzenia, uzyskując wysokie wartości absorpcji 

dwufotonowej (1743 GM) i efektywnego przekroju czynnego na absorpcję dwufotonową 

(1102 GM). Ze względu na niezwykłe właściwości fluorescencyjne i chiralne tych nanoklastrów 

uzyskałem silny, 245-krotnie wzmocniony dwufotonowy dichroizm kołowy w odniesieniu do 

jednofotonowego odpowiednika współczynnika dysymetrii. Ze względu na dwa rzędy 

wielkości silniejsze dwufotonowe właściwości chiralno-optyczne, porównywalne z wynikami 

dwufotonowego dichroizmu kołowego nanoklastrów, opublikowanymi w innych pracach, 

zasugerowałam możliwość obecności ogólnej zasady wzmacniania właściwości chiralno-

optycznych przy dwu-fotonowym wzbudzeniu.  
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Podsumowując, niniejsza rozprawa przedstawia nanoklastry srebra i złota jako interesujące 

znaczniki ze względu na ich jedno- i dwufotonowe właściwości. Właściwości te można 

dodatkowo wzmocnić, stosując szereg technik, które wpływają na strukturę nanoklastrów. 

Znacząca część badań pracy doktorskiej wskazuje na użyteczność fluorescencji jako narzędzia 

do określania innych właściwości nanoklastrów, takich jak przekroje czynne na absorpcję i 

chiralność w zakresie wzbudzenia jedno- i dwufotonowego. Zaproponowane techniki: 

dwufotonowo wzbudzona luminescencja i dwufotonowy fluorescencyjny dichroizm kołowy 

oferują szeroki zakres możliwości opisu nieliniowych właściwości optycznych: dwufotonowej 

absorpcji, dwufotonowego efektywnego przekroju czynnego na absorpcję dwufotonową, 

dwufotonowego dichroizmu kołowego, jednocześnie otwierając zupełnie nowe możliwości 

zastosowań nanoklastrów w badaniach materiałów biologicznych, np. w chiralnej mikroskopii 

wielofotonowej. 
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CHAPTER 1 | 

1 PURPOSE AND HYPOTHESIS OF THE WORK  

The aim of this dissertation is to verify whether noble metal nanoclusters can be considered 

as an efficient fluorophores for multiphoton microscopy, demonstrating relevant optical 

properties, e.g. high quantum yield or/and long luminescence lifetime, or additional attractive 

properties, e.g. chirality. On the route to the answer I addressed the following hypothesis:  

Hypothesis 1: Photoluminescence (PL) of nanoclusters and their detection can be significantly 

improved by specifically adapted chemical and physical techniques: alloy NCs formation, NCs 

functionalization, as well as modulation of NCs PL by surface plasmon resonance of plasmonic 

nanoparticles. Individual gold nanoclusters can be detected at single-particle level. Adapted 

strategies of luminescence enhancements are applicable in one- and two-photon regime of 

excitation. 

Hypothesis 2: Luminescence can be used as a tool to determine two-photon circular dichroism 

of nanoclusters. Circular dichroism of nanoclusters is stronger under multiphoton excitation 

vs one-photon one.  

Hypothesis 3: Gold-atom doping influence one- and two-photon optical properties of silver 

nanoclusters. Number of gold-atom dopants affects strongly the multiphoton optical response 

on NCs.  

All formulated hypotheses were confirmed in three articles presented in this thesis. The first 

hypothesis is referring to different strategies of enhancing luminescent properties, which is 

presented in all three articles. The article 1 discusses plasmonic assisted luminescence 

enhancement of two-photon optical properties of single nanoclusters. Article 2 refers to gold-

doping strategy of enhancement of quantum yield and photoluminescence lifetime of silver 

nanoclusters. Enhancement of those luminescent parameters influence strongly nonlinear 

optical properties, e.g. two-photon brightness. Article 3 presents the functionalization 

strategy for strong improvement of luminescent properties of nanoclusters stabilized with two 

ligands. It also discuss the effect of fluorescence mediated enhancement of two-photon 

chiroptical properties. Simultaneously, these works confirm the second hypothesis. Third 

hypothesis regarding the influence of single atom doping of nanoclusters on one- and two-

photon properties of nanoclusters is discussed in details in article 2. 
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CHAPTER 2 | 
 

 

2 INTRODUCTION 

2.1 NOBLE METAL NANOCLUSTERS – SYNTHESIS AND 

CHARACTERIZATION 
 

2.1.1 Fundamental knowledge of noble metal nanoclusters  

 

Despite of significant progress done in terms of investigation of nanoscale materials, the exact 

boundary between nanomaterials and bulk matter is not yet fully understood.1 Therefore the 

aim of current study is characterization of nanomaterials, their structure in relation to 

properties. Noble metal nanoclusters are commonly defined as <2nm sized particles 

containing from several to hundreds of metal atoms. Noble metal nanoparticles with sizes 

larger than the wavelength of the light present plasmonic properties and can be quantitatively 

described by Mie theory. When nanoparticle decreases in size to the diameter of electron free 

path (~50 nm) optical phenomena are explained on the basis of modified Mie theory.2 The 

optical properties of nanoparticles are ruled by surface plasmon resonance effect, while 

optical properties of nanoclusters, with seizes <2nm, are dictated by the quantum size effect 

(Figure 1). In ultrasmall size regime, where every atom counts, the optical processes result 

from breaking the continuous density of states into discrete energy levels. In this 

circumstance, plasmonic properties disappear, and nanoparticles display molecular like 

behavior.3  It is seen in the shared common properties, very unique for specific groups of 

nanoclusters, built from known number of metallic atoms and stabilizing ligands, e.g.  optical 

properties: circular dichroism, absorption, luminescence, and other related with them.   

 
Figure 1. The nanoscale materials categorized on the size scale between atoms and bulk materials on two distinct types of 
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materials: quantum sized nanoclusters (1-3nm) and regular metallic-state nanoparticles (3-100nm). Adapted with permission  
from Ref. 1 

With down scaling the diameter of material to 2-3 nm, the local-field effect is no longer 

concerned. Here the other processes, such as particle size effect, surface ligand effect and 

valence state effect are considered. The effects are uniform and accurate specifically for 

‘magic-sized’ clusters with well-defined number of building atoms. The terms ‘magic-sized’ 

and ‘atomically precise’ nanoclusters appeared to differentiate nanoclusters with well-known 

exact composition from the inhomogeneous mixtures of different-sized nanoclusters. Since 

nanoclusters can be assigned more accurately by formulas rather than the size range it is 

rational to refer to nanoclusters as ‘compounds’, recalling the exact number of metallic atoms 

and stabilizing ligands: e.g. Aun(SR)m, Agn(SR)m etc, where SR denote to thiolate ligands.3  

In more detailed description of their composition metallic clusters are commonly referred to 

metal core surrounded by external “staple” motifs SR[Au(SR)]x (x=0,1,2,3,…).4 As an example, 

Au25(SR)18 nanoclusters, discussed within this thesis display an icosahedral Au13 kernel, 

protected by six dimeric staple motifs. Gold nanoclusters (AuNCs) are generally found as 

extremely stable nanostructures, however they tend to undergo oxidation reaction in 

presence of air or by chemical treatment, changing the charge state from -1 to 0 or +1, e.g. 

from [Au25(SR)18]-1 to [Au25(SR)18]0 and [Au25(SR)18]+1. Oxidation of nanoclusters notably 

influences their optical properties, as evidenced in Figure 2.5        

 

Figure 2. UV–vis spectra of [Au25(SC2H4Ph)18]q (q = −1, 0, +1). Reproduced with permission from ref 5. 

The discussion on the precise structure of nanoclusters is important in terms of understanding 

of nanoclusters properties. Quantization adjust the materials properties and leads to 

appearance of new properties, strongly related with the size of nanomaterials. Many changes 

in electronic structure arise from atom packing structure, very unique for certain ultra-small 

particles, which can be face centered cubic (fcc), similarly as reported for bigger 

nanostructures, but also very exotic, such as body-centered cubic (bcc) and hexagonal close-

packed (hcp), not present in bulk gold or plasmonic nanoparticles.3 Apart from single-

crystalline structure (fcc, bcc and hcp) bigger nanoclusters present multiple-twinned structure 

(icosahedron, dodecahedron), as shown in Figure 3a. Similarly as kernel structure, the surface 

is equally valuable for ligand-stabilized nanoclusters properties. Due to high surface-to-
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volume ratio of nanoclusters, ligands formation can strongly influence the stability, chemical 

reactivity and induce particular properties of nanoclusters. Surface of nanoclusters are mainly  

 

 

 

Figure 3. The collection of (a) basic kernel structures (pink represent Au atoms) and (b) staple motifs of Aun(SR)m nanoclusters 
(blue represent Au atoms, yellow S atoms, R- groups are omitted for clarity). Adapted with permission from ref.3. Copyright © 
2016, American Chemical Society 

protected by oligomeric staple motifs (see Figure 3b), e.g. dimeric staple motifs of Au25(SR)18
6 

and tetrameric staples in Au18(SR)14
7. 

Considering staple motifs in gold nanoclusters, gold atoms can be bonded with two SR groups 

in the linear fashion, e. g. S-Au-S with 180⁰ angle between them, while sulfur atom of the 

terminal SR group is bonded to staple Au and kernel Au atom, e.g. Au-S-Au with the 100⁰ angle 

between them. Smaller nanoclusters, due to more curved surface usually require the 

arrangement of longer staple motifs, while larger nanoclusters, with lower curvature of the 

surface can be better covered by shorter staple motifs. As an example, bigger Au130 or Au133 
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nanoclusters are protected by monomeric staple motifs, while smaller ones, Au25 have dimeric 

and Au20 ring-like staple motifs. 3  

Determination of the total structure of nanoclusters, with the exact atom positions is usually 

performed via single-crystal X-ray diffraction.3 In order to obtain crystalline structure there is 

a strong urge to provide chemically pure and homogeneous in size atomically precise clusters, 

prone to crystallization. Despite the challenging crystallization, understanding of optical 

properties without the crystal structure is severely difficult and complexed.  

Since nanoclusters are extremely sensitive to the particle size, at the level of single atoms, the 

atomic control over the synthesis is highly required. The motivations beyond the investigation 

of methods to obtain atomically precise nanoclusters lie in the aim to determine the total 

structure, the comprehension of interactions between metal core and ligand interface and 

final understanding of the relation between structure and its properties. Even though control 

of the colloidal nanoparticles with atomic accuracy is not trivial, the tremendous work is 

already done in this field, especially in terms of gold and silver nanoclusters and nanocluster’s 

alloys. 8 9  

 

2.1.2 Synthesis of nanoclusters 

 

WET CHEMICAL SYNTHESES  

The first method of synthesis was developed in 1994 by Burst and Schiffrin. 10 Burst-Shiffrin 

syntheses consist of two steps: (1) The metal precursor (gold) provided in gold salt is dissolved 

in water solution and then transferred to organic phase in presence of phase-transfer agents 

(usually tetraoctylammonium bromide). (2) Then thiolate capping agent and reducing agent 

(usually sodium borohydride) are added sequentially to organic phase, forming thiolate-

protected nanoclusters. Decades of further improvements of the method evolved to one-

phase and two-phase syntheses, based on water and toluene.9 Currently, in the best scenario 

atomically precise nanoclusters are formed in ‘one pot synthesis’ specifically formulated for 

‘one size compound’. Aqueous medium of synthesis of nanoclusters is so far more complicated 

for best size-control than syntheses conducted in organic phase. Often water-soluble clusters 

are not able to crystalize to determine their crystal structure.3 However, aqueous medium of 

nanoclusters is highly desired for biomedical applications. Already number of water-soluble 

nanoclusters found application in bioimaging, biosensing and biotherapy11 due to low 

toxicity,12 good biocompatibility13 and photostability.14 Functional ligands of water-soluble 

nanoclusters have a strong potential to be drug delivery carriers. 11, 13  

Growth of noble metallic particles is usually hindered at the early stage via bonding of 

stabilizers to metallic cores.15 The protecting ligands of nanoclusters play a key role to avoid 

aggregations and provide unique properties.  Therefore, variety of ligands have already been 

applied as ligands in water-soluble nanoclusters: thiolate ligands, DNA, polymers, peptides or 

proteins, depending on their further usability.16 Yet, among many types of nanoparticles the 

gold-thiolate nanoclusters, with the common formula Aux(SR)y are used as a model system, 
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owing to their significant robustness. Thiols can covalently bind to gold nanoclusters through 

strong gold-sulfur bonds. Common water-soluble thiolate ligands found in protocols of gold 

nanocluster synthesis are: glutathione, captopril, cysteine, mercaptobenzoic acid.  

The one pot synthesis of thiolate nanoclusters is typically based on the strict kinetic control 

over the mixture through several parameters, such as: selective choice of solvent, ligand and 

reducing agent, and their exact reactant ratio, temperature and mixing conditions. Even a 

subtle change in the syntheses procedure can lead to the formation of different size or most 

probably - a mixture of different sized nanoclusters. However, size-focusing method of 

synthesis can provide an effective control over the structure of nanoclusters with satisfying 

homogeneity and stability of obtained materials.3 

 

LIGAND EXCHANGE  

Another method to obtain nanoclusters with desired properties is phase transfer of 

nanoclusters from medium of one polarity to another. Synthesis of organic nanoclusters is still 

most widely discovered. Therefore, phase transfer of nanoclusters from hydrophobic medium 

to hydrophilic one is so far better explored in the literature. In this approach, phase transfer 

strategy hydrophilic ligands form molecular layer on existing nanoclusters, changing their 

surface properties. Chosen new ligands, soluble in the target solvent, have to display good 

affinity with metal core and ability to maintain the original core structure of nanoclusters. 

Some of ligands exchange strategies are dictated by the aim to induce specific properties, e.g. 

catalytic17 and luminescent.18 In other cases ligand exchange is utilized as a strategy of a phase 

transfer to more favored medium. 19  

 

GALVANIC REACTION  

One of interesting strategy to obtain nanoclusters is a redox reaction, in which noble metal 

ion is reduced by other less noble metal in solution as a result of electrochemical potential. 

The most well-known example of galvanic reaction is Ag(0) oxidation by Au(III) ions in the 

reaction of 3Ag(0) +Au(III) → Au(0) +Ag(I). Galvanic reaction was also proposed as a method 

for single atom doping of nanoclusters by Bootharaju et al.20 Galvanic strategy of single gold 

atom doping of atomically precise Ag25 clusters is described in the article 2 of this thesis.  

2.2  ONE-PHOTON OPTICAL PROPERTIES OF NANOCLUSTERS  
 

The uniformity and purity of nanoclusters, as well as the presence of well-established 

structure of nanoclusters results in predefined optical properties, such as discrete absorption 

bands in UV-Visible and near infrared range. Atomically-precise nanoclusters can be 

specifically designed to express additional properties – fluorescent, chiral, amphiphilic, 

magnetic, catalytic and many others.21, 22 The majority of studied noble metal nanoclusters, 

gold and silver ones have already quite well-defined structure and properties, vastly different 

from those of larger sized nanoparticles, built from thousands of atoms. Moreover, AuNCs and 
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AgNCs are most representative group of noble metal nanoclusters, which stands out with an 

excellent physico-chemical properties. Gold and silver are chemically less reactive than alkali 

metals, and AuNCs and AgNCs exhibit an extraordinary stability when metal atoms are bonded 

in form of icosahedral, decahedral or other highly symmetric core structure. They exhibit also 

great electrical conductivity, due to unpaired electron in conduction bands from s-orbital.  

 

2.2.1 Fluorescence of nanoclusters  

 

Bulk gold display very weak luminescence (PL QY = 10-10) due to the majority of nonradiative 

decay and the lack of energy gap.2, 16 Through the years of investigation of nanomaterials 

luminescence of a thin metallic films and nanoparticles reached photoluminescence quantum 

yield (QY) about 10-5. In 2000, Mohamed et al. observed first strong luminescence of plasmonic 

nanoparticles, with QY in the order of 10-4-10-3, over million times stronger than for bulky 

metal.23 At this time appeared also first reports on luminescence of gold nanoclusters that 

reached QY of 10-3. With size focusing to single nanometer scale, gold materials showed 

discreate energy levels and increased luminescence, therefore further reported nanoclusters 

reached even several percent of QY.  

Luminescence is an attractive property of nanoclusters which finds abundant usability, 

therefore inspire scientists to investigate its origin, mechanisms, strategies of enhancement 

and applications. Nowadays, number of nanoclusters can quite easily reach luminescent 

properties comparable to those of organic dyes and quantum dots. Moreover, apart from 

increased quantum yield, nanoclusters posses unique photostability, biocompatibility and 

tunability of emission.16 

Luminescence of nanoclusters usually involves the electronic transitions of an occupied d 

bands and states above the Fermi level or transitions between the lowest unoccupied orbital 

and the highest occupied orbital – HOMO - LUMO.6 In other words, emission of nanoclusters 

arise then from both, sp-sp intraband and sp-d interband  transitions (see Figure 4). The other 

description of luminescence of nanoclusters considers charge transfer due to the interaction 

between functional ligands and metal core, represent by ligand-to-metal charge transfer 

(LMCT) 24 or ligand-to-metal-metal charge transfer (LMMCT). 25 
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Figure 4. (A) Kohn–Sham orbital level diagram and (B) theoretical UV–vis absorption spectrum of [Au25(SH)18]− nanoclusters. 
Adapted with permission from ref 6. 

In 2004 Dickson et al. have found that characteristic features of nanoclusters, such as emission 

is systematically shifted from UV to visible region in the manner of increased number of gold 

atoms, from 5 to 31, meaning the properties of nanoclusters are size tunable, since energy of 

HOMO – LUMO transitions change with number of atoms in nanoclusters.26 However, further 

study of nanoclusters revealed higher complexity of the structure-properties relation, since 

many of the properties of nanoclusters are not simply scalable with size. The article 2 confirm 

the non-scalable, unique properties of certain nanoclusters with luminescent properties 

explained on the ground of single atom positions within the nanocluster’s structure.  

Chemical perspective on optical properties of nanoclusters shows strong influence of chemical 

and structural composition, or even geometry and symmetry of nanoclusters on their optical 

response. Dense packing of atoms in kernel of nanoclusters can provide rigid structure, which 

determine cluster stability and optical properties.3 The influence of ligands and the 

environment of nanoclusters luminescence was described in details by the group of Rongchao 

Jin.27 They showed that PL intensity can be increased with raised number of  electron-rich 

groups in ligands, which serve as a donor of electrons. Luminescence increases for such 

nanoclusters in following order: Au25(SC6H13)18 < Au25(SC12H25)18 < Au25(SC2H4Ph)18. Here, 

general structure of Au25 is preserved, as well as the ‘-1‘ charge state of nanoclusters. 

Interesting ligand influence on luminescence was observed through ligand exchange. The 

outer ligand shell can be partially or fully replaced with preserved kernel structure. As an 

example, group of Manzhou Zhu performed ligand exchange of Au25 nanoclusters stabilized 

by 2-(naphthalen-2-yl)ethanethiolate (NAPS) to several times more fluorescent 

[Au25(SCH2CH2Ph)18]1− .28  

 

ENHANCEMENT OF LUMINESCENCE PROPERTIES 

Through numerous studies of nanoclusters, an attractive luminescent properties have been 

widely developed. Emission of nanoclusters is found on a broad spectral range, from UV-

visible range to near infrared (NIR), while long lifetimes nanoclusters hold promise of 

spectacular applications. The most well-controlled method to form fluorescent nanoclusters 

is a careful design of nanoclusters stabilized with electron donor-rich capping agent. 

Protecting nanoclusters with thiolate ligands commonly results in fluorescent nanoclusters 

with  quantum yield (QY) equal several percents.29  Although QY is far stronger than reported 

for bulk materials, compared to organic molecules or quantum dots  QY of nanoclusters is 

relatively low.30 The as-synthesized nanoclusters usually require some additional procedures 

of luminescence enhancements, to supplement other unique properties of nanoclusters for 

imaging or sensing purposes. Throughout the study of luminescent nanoclusters there have 

been proposed multiple strategies to enhance luminescence (Figure 5). The most common 

ones are discussed in more detail below as follows: rigidification of structure with additional 

ligand, controlled aggregation, self-assembly of nanoclusters, metal atom-doping and 

plasmon-assisted enhancement.  
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Figure 5. Schematic representation of methods for controlled tuning the emission wavelength and enhancement of 
luminescent properties. Selected strategies include (a) engineering of the ligand, (b) control over the metallic kernel, (c) 
aggregation-induced-emission and (d) self-assembly of nanoclusters. Reproduced from Ref.30 with permission from the Royal 
Society of Chemistry. 

 

RIGIDIFICATION OF NANOCLUSTER’S STRUCTURE  

Rigidification is one of the most powerful strategies to enhance luminescence of nanoclusters. 

The idea beyond rigidification induced luminescence enhancement is to create dense 

structure, which facilitate mobility of electrons and electronic transitions. Formation of dense, 

rigidified structure is therefore designed on the level of synthesis of nanoclusters and further 

surface functionalization. Often poor luminescence of nanoclusters is strongly boosted after 

functionalization with additional ligands. Some examples shows several times improved 

quantum yields caused by rigidification of structure with additional ligand via supramolecular 

host-guest interactions31 or electrostatic interactions.32 Another way to enhance luminescent 

properties involve ligand modification and surface motif reconstruction, e.g. exchange of 

ligands. Group of Crudden exchanged flexible phosphine ligands of gold nanoclusters with 
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rigid ligands - NHCs, which restricted vibrational dissipation of energy and enhanced PL 

emission.33 Zhu and coworkers studied the relation between rigidity and peripheral thiol 

ligands in terms of luminescent enhancement. Applying highly rigid ligands (S-Adm, 1-

adamantanethiol) result in stronger QY (11.7% for Au2Cu6(S-Adm)6(PPh3)2 ) compared to less 

rigid TBM (tert-butyl-mercaptan) (8.0% for Au2Cu6(TBM)6(PPh3)2 ). 34 Similarly as in previous 

example rigidity of nanoclusters is a result of steric hindrance of ligands which restrict the 

intramolecular rotations and promote photoluminescence enhancement. Rigidification 

induced enhancement of luminescence properties is described in more detail in the article 3 

of this thesis. 

 

CONTROLLED AGGREGATON OF NANOCLUSTERS 

Aggregation-induced emission (AIE) is proposed as another strategy to enhance luminescent 

properties of nanoclusters. This approach considers restriction of intramolecular vibration and 

rotation of the ligands on the surface of nanoclusters to suppress the nonradiative excited 

state relaxation and facilitate the radiative energy transfer. AIE is commonly applied as cation- 

and solvent-induced aggregation.35 As an example non-luminescent Au(I)-thiolate 

nanoclusters can generate gradually increased luminescence with progressed degree of 

solvent-induced aggregation, reaching even 15% of quantum yield. 35 The use of weakly polar 

solvent, 95% ethanol destabilize the Au(I)-thiolate complexes in water, neutralize the charge 

of nanoclusters and promote intra- and inter-complex Au(I)-Au(I) interactions. On the other 

hand, cation-induced aggregation creates electrostatic and coordination interactions between 

certain cations (e. g. Cd2+) and carboxylic anions (e.g. glutathione). Except of neutralizing the 

negative charge of nanoclusters, the interactions facilitate formation of aurophilic bonds. 

Stronger inter- and intra-complex interactions restrains the vibrations and rotations of the 

complexes and reduce the nonradiative processes, enhancing the luminescent ones. Proposed 

mechanism of AIE luminescence enhancement was further analyzed with other materials, e.g. 

AuCu bimetallic NCs 36 or CuNCs37 

  

SELF ASSEMBLY OF NANOCLUSTERS 

Discussed above AIE approach often suffers with structural inhomogeneity, which lead to 

instability of AIE structures, therefore possibly meet with difficulties for potential applications. 

Self-assembly is better organized form of bigger structures compared to AIE materials. The 

idea was already proposed for plasmonic nanoparticles, however in terms of nanoclusters the 

assembly process commonly result in unstable formation and further recrystallization or 

formation of nanoparticles. Interactions between nanoclusters surface are commonly rather 

weak, therefore the key for strengthening the interactions between nanoclusters require 

proper choice of molecules for capping ligands to direct spontaneous organization of 

nanoclusters via covalent and noncovalent bonds. 38 Gold nanoclusters have been most widely 

investigated among different metallic nanoclusters as a fundamental blocks for spontaneous 

assembly into highly luminescent structures.39 X. Zhang found that pH-sensitive AIE can also 

lead to encapsulation of gold nanoclusters with Au(I)-thiolate complexes into high-ordered 
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networks.40 Here pH-controllable supramolecular assemblies have certain degree of 

crystallization due to Au(I) thiolate shell formation on the surface of AuNCs, which result in 

significantly strong emission. Another interesting example of self-organized nanoclusters with 

improved luminescence was proposed by Munsier.41 Here shortwave infrared (SWIR) 

luminescence of gold nanoclusters stabilized with mercaptohexanoic acid - AuMHA was 

improved by incorporation of dithiol ligand of hexa(ethylene glycol) (HDT). 

Photoluminescence quantum yield, improved from 0.9% to 6.1% is explained by changes in 

the surface charge of AuNCs after addition of HDT ligand. Provided surface modifications 

affects energy transfer processes of surface electronic states which may create new discrete 

energy levels. The strongest PL intensity was recorded when HDT concentration was saturated 

causing dendritic network of self-assembled nanoclusters. Interestingly, self-assembled 

nanoclusters exhibit NIR-shifted luminescence, strongly desired for bioimaging purposes.  

 

ALLOYING AND DOPING OF NANOCLUSTERS  

In metallurgy, the overall mechanical properties of a single metal, such as hardness, corrosion 

resistance, plasticity, conductivity and many others, can be significantly enhanced by mixing 

with other metals to form alloys. Taking the inspiration from materials in bigger scale, this 

approach was adapted to nanoclusters to improve their properties. Introducing a new metal 

atoms affects optical and electronic states, overall reactivity and catalytic activity of metal 

alloys.42 Since doping of nanoclusters is performed in a small scale at the level of introducing 

single atoms, the effect is sensitive to the number and the nature of metal dopants.20 Multi-

metallic clusters are generally classified in the literature into two categories: replaced single 

or multiple atoms on existing nanoclusters is called a ‘doped’ cluster, while an ‘alloy’ name is 

used for a cluster that contain two or more different metal atoms in which presence of a 

parent cluster is not mandatory. As an example – single exchange of gold atom to platinum 

result in Pd1Au24,43 which has a parent Au25 nanocluster, while an alloy cluster of [Ag28Cu12 

(2,4-DCBT)24]4- is created even though Ag40(2,4-DCBT)24] is unknown.44 

Doping of nanoclusters have already gained a lot of interest as a powerful method to enhance 

luminescence of nanoclusters. The literature is constantly growing in a possible variants of 

metallic atoms used for doping of noble-metal atom nanoclusters, e.g. Pd, Pt, Hg, Cd, Ag for 

doping of gold nanoclusters45-47 or Cu, Pt, Pd, Au44, 48 used for doping of silver nanoclusters. 

Strictly controlled doping or alloying can result in enhanced stability, luminescence and 

catalytic properties. Among them, luminescent properties are most generously described. As 

an example – quantum yield of nanoclusters can be effectively enhanced, even ~200 times, as 

reported for gold-silver alloys: Au25-xAgx.49 However, the alloys of Ag29 serves as an evidence 

of strong dependence of number of metal atoms doping on luminescence intensity. Here 

luminescent properties were raised with the increased amount of gold atoms.50 Even 26-fold 

enhanced quantum yield (from QY = 0.9% to 24%) was reported for 40% Au doped Ag29 NCs 

(Figure 6). The stability and improved luminescent properties are explained by the structural 

changes upon exchanged Ag central core position of Ag29 and four phosphine-binding sites 

with gold atoms. Although continuous gold doping of Ag29 result in gradually improved 

luminescent properties, the article 2 in this thesis prove that referred example do not present 
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a general rule for luminescence enhancement, since Au doping to Ag25 may enhance or 

decrease the luminescence depending on the number of gold atom dopants.  

 

Figure 6. Enhanced luminescent properties as a result of  Ag29 NCs gold doping. Most probable locations of Au atoms in Ag29-

xAux (x=1-5) are illustrated in the x-ray crystal structures. Copyright(2016) Wiley. Used with permission from 50. 

 

NANOPHOTONIC PHOTOLUMINESCENCE ENHANCEMENT  

Unique type of plasmonic PL enhancement is performed on the single-particle scale. 

Nanophotonic method of single-molecule luminescence enhancement is studied already from 

1990s, showing promising results obtained on various materials, such as thin films, 

nanoparticles, nanoapertures. The biggest advantage of this method is to monitor individual 

events, eliminating the ensemble averaging of properties. For this purpose, pico- or 

nanomolar concentration of fluorophores are required. It is relevant in terms of observations 

of biological processes, which usually occur at the micromolar concentrations.51 Single-

molecule spectroscopy which rely on fluorescence can provide fast, high-contrast and low-

background detection.52  

In the literature there have been proposed different matrices for luminescence enhancement, 

e.g. zero-mode waveguides (ZMW) or plasmonic nanoparticles. ZMW consist of 

subwavelength holes in a metal film, which allow to illuminate molecules through the aperture 

without the diffraction limits. ZMW already provided strong fluorescence enhancement of 

organic fluorescent dyes53, 54 and single nanoclusters.55 The usability of plasmon resonance 

phenomena to enhance luminescence of fluorophores is better known, and already verified 

under one- and two-photon excitation. Significant enhancement of luminescent properties 

were found for dyes,56, 57 fluorescent proteins58 and quantum dots,59 when excited in the 

vicinity of plasmonic nanoparticles. However, the method has never been used before for 

nanoclusters. Therefore, in this work I proposed plasmonic nanorod resonant enhancement 

of two-photon luminescence of gold nanoclusters Au18(SG)14, as described in details in the 

article 1 of this thesis. 

 

Described above strategies for fluorescence enhancement clearly shows the interest to fulfil 

strong needs of highly emissive materials designed specifically for versatile fluorescent-

related applications. Fluorescent nanoclusters in majority are desired for imaging and sensing. 

For example, noble metal nanoclusters with enhanced luminescence  have been used as 

markers to monitor kinetics of nanofibers growth.39 Due to small sizes, bright-near infrared 

luminescence, good stability and biocompatibility they have been also used as agents for live-



24 
 

cell imaging.60 Part of fluorescent nanoclusters found application in theranostics and 

diagnostics, e.g. Hu and co-workers designed targeted drug delivery system of DHTP-AuNCs 

with A54 peptide and hyaluronic acid, which release the encapsulated drug under NIR 

radiation and delay the tumor growth by 125%.61 Another nanoclusters utilized luminescence 

for sterilization and disinfection. Fluorescent AuNCs stabilized with cysteine were successfully 

applied for bacterial detection and inhibition, since cysteine provide antibacterial effect while 

analysis of lowered luminescence controlled the death of bacteria E. coli.62 On the other hand, 

nanocluster can be even applied in luminescent solar concentrators (LSCs) due to strong 

quantum yield (QY = 53%), low reabsorption losses and high internal quantum efficiency (34-

36%). Reported results are already competitive to those reported for LSCs based on colloidal 

dots and organic luminophores, particularly when prevent involvement of toxic heavy metals 

and hazardous organic solvents.63 

For some of more complexed applications nanoclusters requires more complexed systems. In 

some cases, fluorescent properties are not satisfactory enough, requiring additional beneficial 

properties, e.g. catalytic or antibacterial ones, with improved chemical stability, photostability 

or chirality.  

2.2.2 Chirality of nanoclusters 

 

ORIGIN OF CHIRALITY  

Chirality is a universal phenomenon in nature, observed for materials, which structure and its 

mirror image cannot be superimposed. While the structure has an inversion center or 

symmetry plane it is considered achiral. Chirality of nanoclusters was first observed by Schaaff 

and Whetten64 in 2000 and since then nanoclusters have been extensively studied to 

determine mechanisms of their chirality and to differentiate optical activity of nanoclusters 

from better known chiroptical response of nanoparticles and nanocrystals. Highly advanced 

development of chemical syntheses of nanoclusters ensures occurrence of optical activity 

directly at the level of synthesis,65 ligand exchange66 or enantioseparation from racemic 

mixtures67. The most current knowledge of chirality of nanoclusters propose several possible 

origins of chirality, that are strictly related with structure of nanoclusters (Figure 7).68 

Therefore we distinguish chirality of nanoclusters induced by:  

I. Chiral ligands, e. g. surface adsorbates, which chirality causes new chiroptical effects 

in NCs, different from those obtained from ligands itself. Ligands can induce chirality 

independently from a chiral core of nanoclusters. 

II. Chiral interface, e. g. helical arrangement of organic-inorganic staple motifs of 

nanoclusters.  

III. Chiral kernel, which is typically associated with asymmetric metal core. 

IV. Chiral arrangement of ligands, e. g. ligands that forms ‘swirl pattern’. 

V. Hierarchical chirality, which appears when several of described first four mechanisms 

of chirality are correlated with each other in a combined source of chirality. 68 

In other sources, hierarchical chirality is also acknowledged when chiral organization 

in smaller scale, atomic- or nano-scale create chiral geometry in a bigger scale. As an 
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example, protein α-helices present hierarchical chirality from whole superstructure 

arrangement instead of individual chiral amino acids, which form this structure.69 

 

 

Figure 7. Different possibilities of origin of chirality of nanoclusters illustrated on Au-thiolate NCs, where metal kernel is 
marked in yellow, Au-SR staple in pink and ligand in blue.  Helical motifs represent the chiral part in each case. Reprinted 
with permission from  68 . Copyright 2021 American Chemical Society. 

 

The most investigated type of chirality of nanoclusters is related with ligand-induced chirality. 

Chiral thiol ligands, such as captopril65, penicillamine70, glutathione71, cysteine and their 

analogues72 induce strong chirality of atomically precise nanoclusters. However, it is worth to 

mention that achiral molecules, such as 2-phenylethanethiolate (2-PET)73 or p-

mercaptobenzoic acid74 can also induce chiroptical response.15   

 

Number of experimental works confirms the existence of proposed mechanisms of chirality 

and therefore stimulates the researchers to design nanoclusters of predefined, desired 

chirality. Then, potential of chiral nanostructures have been widely explored and utilized in 

the area of biosensing, enantiospecific separation, catalysis, chiral memory and chiroptical 

devices.15 As an example chiral nanoclusters have been already explored for enantioselective 

inhibition of amyloids aggregation.75 Besides of chiral recognition of amyloid beta peptides, 

Aβ42, nanoclusters can cross the blood-brain barrier without noticeable toxicity.   

 

COMMON CHIROPTICAL METHODS OF DETECTION OF NANOCLUSTERS 
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Remarkable progress of synthesis of chiral nanoclusters forced further developments of 

characterization methods of their optical activity. Nowadays chiral properties of nanoclusters 

are widely analyzed via spectroscopic techniques: circular dichroism (CD), vibrational circular 

dichroism (VCD) and circularly polarized luminescence (CPL). Provided techniques of 

chiroptical analysis are often supported by single-crystal diffraction, nuclear magnetic 

resonance (NMR) and theoretical calculations. Among them single-crystal diffraction is 

undoubtedly underestimated technique in terms of determination of chirality, since unlike 

other techniques it can characterize optical activity of racemic mixtures. 76 NMR is the most 

accurate technique for determination of origin of the chirality, however the requirement of 

formation of single-crystal material at best quality may be a substantial limitation.77  

Growing number of experimental studies of chirality of nanoclusters inspire to perform 

theoretical simulations. Although theoretical study of this matter is firmly challenging so far 

since require precise knowledge of the structure and geometry of nanoparticle, and the 

environment of nanoparticle.77  

Nowadays the majority of chiroptical investigations of nanoclusters are performed through 

CD, VCD and CPL techniques. In principle, these techniques reveal the occurrence of electronic 

transitions sensitive to chiral geometry of materials. Electronic circular dichroism appears as 

a differential absorption of left and right-handed circularly polarized light evidenced for 

intrinsically chiral chromophore or chromophore in chiral environment. Changes in the extent 

of the absorption differences through applied frequency (wavelength range) appear in 

positive or negative CD bands, recorded in degrees scale (ϴ [deg]).69 Known magnitude of CD 

can be easily transferred to absorptive dissymmetry factor (𝑔𝑎𝑏𝑠), often referred to as g-factor, 

which is the difference of molar extinction coefficients for left and right-handed circularly 

polarized light (molar circular dichroism) divided by molar extinction coefficient:78 

 

𝑔𝑎𝑏𝑠 =
∆𝜀

𝜀
=

𝜀𝐿−𝜀𝑅

𝜀
=

∆𝐴

𝐴
=

𝜃

32980∙𝐴
     (1) 

 

Commonly, CD bands are observed in the part of spectrum of nanoclusters absorption. 

Positive and negative sign of CD bands is associated with inter- or intra-band transitions strictly 

related with ligands/stabilizers, metallic core and perturbations of ligands on nanocluster’s 

core. 15 CD bands of nanoclusters recorded in the region of >400nm are usually associated 

with chiral geometry of metal core, therefore asymmetry of a kernel or staple motifs. CD 

signals in the shorter wavelengths range, commonly the strongest in the CD spectrum, are 

related with ligands chirality.71 Therefore, chiroptical activity on a broader range of UV/VIS is 

considered as of combined chirality origin.  

 

VCD and CPL techniques, similarly as CD, measure the difference of left and right-handed 

circularly polarized light. However, instead of electronic absorption, they consider the 

difference in vibrational transitions and luminescence intensity, respectively. Strong 

advantage of VCD spectroscopy is the ability to determine chirality in both, solid and solution 

states. CPL of nanoclusters is yet poorly described, since require presence of both, chirality 

and photoluminescence. On the other hand, the technique is particularly interesting for 
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understanding the relationship between chirality and excited states of nanoclusters 

perspective applications, such as diagnostics, imaging, medical treatment, electronics.  

 

 

 

CIRCULAR DICHROISM OF FLUORESCENT NANOSTRUCTURES 

Major part of this thesis in devoted to fluorescent based technique of determination of 

circular dichroism. FDCD method measure the difference of emission from sample excited 

with left- and right-handed circularly polarized light. Fluorescence detected circular dichroism 

(FDCD) is found as a perfect supplementation of CD study, providing highly sensitive and 

selective chiroptical information. Although technique will not supplement all CD studies since 

it requires the presence of fluorescent properties, it is considered as much more specific than 

CD, when sample contains multiple fluorescent and non-fluorescent moieties, easily 

distinguished by FDCD. 79 80 

Common one-photon FDCD can be easily measured, even simultaneously with electronic CD 

(ECD), while CPL is usually more difficult in terms of set-up construction (Figure 8). The basic 

FDCD set-up consist of component, which create circularly polarized light, placed before 

sample, and detector, placed orthogonally to the excitation. Generation of circular excitation 

is usually performed by photoelastic modulator (PEM), quarter wave-plate, pulse replica 

generator (PRG), Babinet-Soleil compensator or others. In principle chiral samples emit with 

different intensities upon left- and right-handed circularly polarized excitation, FL and FR 

respectively, therefore CD signal can be calculated from the differences between them as 

follows: 

∆𝐴 = 2 
𝐹𝐿−𝐹𝑅

𝐹𝐿+𝐹𝑅
      (2) 

Despite many advantages of FDCD technique, it is important to consider possible artifacts that 

can appear in FDCD signal. Firstly, the principle of FDCD measurements already assume that 

the amount of absorbed light is fully transformed to emission, without any nonradiative 

energy dissipation, which unnecessary reflects the processes occurred in the samples. In 

addition, artifacts can be generated from the instrument/optical components, when circularly 

polarized excitation is affected by any linearly polarized contribution. Currently developed 

FDCD instruments can eliminate photoselection artifacts,79 while home-built set-ups can 

minimize anisotropic part by placing the emission detector along the 54.7⁰, at so-called ‘magic 

angle’ direction or placing the linear polarizer right before the detector, with polarization set 

at the ‘magic angle’ (Figure 8).  

 

FDCD is often incorrectly mistaken with CPL (circular polarized luminescence). Although both 

techniques rely on fluorescence, they measure different properties. FDCD is a fluorescent 

analogue of common ECD, since similarly measures the difference of absorption of left- and 

right-handed circularly polarized light. In other words, classic CD is a direct absorption based 

method, while FDCD is indirect, fluorescence-based technique, which determine absorption 

parameter of CD through analysis of differences in the excitation spectrum upon irradiation 
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of circularly polarized light and measurement of luminescence.81 On the contrary, CPL 

determines the difference in intensity of left- and right-handed circularly polarized 

components of luminescence emitted from chiral molecules.82  

 

 

Figure 8. Comparison of FDCD and CPL set up. In FDCD circularly polarized light excites the sample, while the difference in 
fluorescence intensity is measured for left- and right-handed circular polarization of excitation. In CPL an unpolarized or 
linearly polarized light excite the sample, and the degree of circular polarization of emitted light is measured. Reprinted from 
83 with the permission of AIP Publishing. 

 

Although the first reports on FDCD are dated early, from 1974 in work of Turner, Tinoco and 

Mestre on chiral tryptophan,80 until now there are less than hundred studies referring to 

FDCD. It is worth to highlight that both, CPL and FDCD are valuable tools in various scientific 

disciplines for understanding the chirality and structural properties of molecules. Current 

study on FDCD, found in the literature present different motivations for applying proposed 

techniques: (I) to distinguish presence of multiple chromophores in a sample 84 (II) aiming to 

provide greater sensitivity than ECD85 and (III) when luminescent properties are used for 

investigation of excited states of chiral molecules. 86 

Applicability of FDCD was proven on supramolecular host-guest systems, ensuring nanomolar 

sensitivity, which is an order of magnitude higher sensitivity than in CD.81 Such spectacular 

sensitivity is promising for real biological samples with nanomolar concentrations regime. 

Electronic circular dichroism supplemented by FDCD can distinguish chiral analytes from each 
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other.81 FDCD enable to follow the process of chiral formation of nanostructures, such as of 

DNA formation in two different chromophore assemblies. 87 

Although FDCD is yet poorly described in terms of chiral nanostructures, the literature offers 

a few examples of FDCD tested already on optically active fluorescent nanoparticles, such as 

CdS and CdSe quantum dots.88 FDCD was theoretically applied to nanoantennas 

demonstrating two order of magnitude improved sensitivity.89 FDCD was also applied in 

nonlinear regime as an imaging tool for single plasmonic gold nanoparticles, reaching several 

times elevated CD signal compared to detection by SHG and one-photon luminescence.90  

However, narrowing discussed group of nanomaterials to nanoclusters - first and the only 

experimental report on multiphoton circular dichroism of nanoclusters appeared in a recent 

work of Waszkielewicz et al.91 In this work two-photon circular dichroism of Au25(Capt)18 

nanoclusters was analyzed through z-scan technique. The article 3 provide first two-photon 

investigations of circular dichroism of gold nanoclusters performed through fluorescent 

technique – FDCD.  
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2.3 NONLINEAR OPTICAL PROPERTIES OF NANOCLUSTERS  
 

The aim of this thesis is to discuss the linear and nonlinear optical properties of thiolate 

nanoclusters and verify their abilities for multiphoton microscopy. Here a comprehensive 

characterization of nonlinear optical (NLO) responses, e.g. two-photon absorption, two-

photon excited fluorescence and two-photon brightness will be considered. Deeper 

understanding of structure-properties relation can assure target-oriented design of 

nanoclusters which demonstrate desired optical properties, such as strong NLO response, for 

multiphoton purposes.  

 

2.3.1 General introduction 

 

Materials upon interaction of light provide a response represented by susceptibility χ of the 

medium to the applied electric field E, giving rise to an induced polarization P: 

𝑃𝑖 = 𝜀0𝜒𝐸     (3) 

where 𝜀0 is electric permittivity of free space; 

Linear optical properties arise from linear dependence of the material polarization P of 

medium on the electric field E. In the regime, where polarization of the material is no longer 

linearly dependent on the electric field, the material response in the electric dipole 

approximation of light-matter interaction can be described by nonlinear relation of induced 

polarization, as presented:  

𝑃𝑖 = 𝜒𝑖𝑗
(1)

𝐸𝑗 + 𝜒𝑖𝑗𝑘
(2)

𝐸𝑗𝐸𝑘 + 𝜒𝑖𝑗𝑘𝑙
(3)

𝐸𝑗𝐸𝑘𝐸𝑙 + ⋯    (4) 

Where 𝜒(𝑛)is n-th order susceptibility and E is electric field.  

The first term of the Taylor series 𝜒𝑖𝑗
(1)

 corresponds to the linear phenomena, while the second 

and third ones to nonlinear optical (NLO) processes of the second and third order.92 Second-

order nonlinear phenomena require a non-centrosymmetric medium93 and consist of second 

harmonic generation (SHG), difference frequency generation, sum frequency mixing, optical 

rectification and Pockels effect. Third-order nonlinear processes are allowed in all media and 

represents third harmonic generation (THG), four-wave-mixing, Kerr effect, coherent and anti-

Stokes Raman spectroscopy and two-photon absorption (TPA).94 In this work, the third-order 

NLO properties of nanoclusters are described, with particular emphasis on two-photon 

absorption.  

Nonlinear response of natural materials is rather weak and occur at sufficiently strong applied 

electric fields. However, since significant amount of energy can be confined in ultra-small 

volume of nanoparticle or even parts of nanoparticles, so called hot spots, the required source 
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power can be scaled down with higher order nonlinear processes, where field strength is 

raised to the second, third and subsequent powers.95  

The first nonlinear optical effect, two-photon absorption, was theoretically predicted by Maria 

Göppert Mayer in 1931, however it remained unexplored experimentally until the discovery 

of lasers in 1960. Since then number of techniques and set-ups have been developed to 

facilitate non-linear optical measurements and differentiate the components from NLO 

phenomena. The thesis discusses absorption and luminescent nonlinear optical properties of 

nanoclusters, therefore the paragraphs below are devoted to two-photon excited 

luminescence (TPEL) technique and measurements of two-photon absorption and two-photon 

brightness.  

 

2.3.2 Two-photon excited luminescence  

 

Two-photon excited fluorescence (TPEL) is a radiative nonlinear process that occur as a result 

of simultaneous absorption of two-photons by a molecule.93 If single light source if used, 

absorbed photons provide the same energy, which sum corresponds to the energy gap 

between ground and excited state of a molecule. Since TPEL requires high photon flux to 

create conditions of simultaneous absorption of two photons, the only suitable source of 

excitation is provided by pulsed lasers. The excitation probability is proportional to the square 

of the laser intensity, therefore two-photon excitation occurs mostly in the focal plane and is 

strongly limited to the femtoliter size focal volume (Figure 9). Localized excitation assures 

improvement of the axial depth discrimination and greater contrast and resolution, compared 

to one-photon microscopy. Reduced area of photoexcitation decreases potential 

photobleaching (see bottom images of Figure 9). Two-photon excitation usually occur at near-

infrared region, at so-called first (λexc = 700 – 950 nm) and second biological window (λexc = 

1000 – 1700 nm), the region of reduced scattering, absorption and endogenous fluorescence 

(autofluorescence) of tissues. 96  Therefore, one of the major advantages of TPEL is ability to 

perform imaging of thick biological materials, assuring deeper penetration without the 

photodamage of sensitive samples. 97  

The majority of nanoclusters possess wide excitation spectrum, which enable nanoclusters to 

excite with two-photon on a broad range of wavelengths.98 Bright TPEL of nanoclusters appear 

primarily in visible wavelengths, however recently emerging NIR-emitting nanoclusters are 

found promising for multiphoton study on a broader scale. 99, 100 
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Figure 9. Comparison of (a) one-photon excitation and (b) two photon excitation profiles on cuvettes with fluorophore, excited 
with laser beam at 488 and 960 nm, respectively. Two-photon excitation, conversely to one-photon one is focused in a spot in 
the focal plane. Bottom figures represent photobleaching effect on fluorescein-stained formvar film from one- and two-photon 
excitation. The Jabłoński diagrams present the differences in photon absorption in both systems.  Partially reproduced from 
101 and 102 with permission from Macmillan Publishers Ltd: Nature Biotechnology © 2002. 

Silver and gold nanoclusters are commonly demonstrated as remarkable absorbers, however 

rather poor emitters.103 Paragraph 2.2.1. presents the discussion on strategies for 

luminescence enhancements of nanoclusters. Methods described there are also applicable on 

the ground of multiphoton excitation. Strong TPEL is crucial for confocal imaging or sensing 

under multiphoton microscopy, therefore a lot of efforts are put to explore nanoclusters as 

promising emitters with enhanced two-photon luminescence.  

The literature already offers some examples of efficiently enhanced two-photon excited 

luminescence. Group of R. Antoine have recently reported 30-fold enhanced TPEL as a result 

of introduction of bulky counterions attached to gold clusters.104 Large impact on TPEL 

enhancement of Au15(SG)13 and Au18(SG)14 was found there with appropriate choice of 

solvents and bulky counterions, tetrabutylammonium (TBA) and tetraoctylammonium (TOA). 

Another strategy of improved two-photon excited luminescence by functionalization of 

nanoclusters was present in our group, which presents 7-fold enhanced TPEL of silver-gold 

nanoclusters after additional polymer stabilization of the structure (included in the published 

work, chapter 5).105  

Besides of strong enhancement of TPEL of nanoclusters, they often remains stable even at 

prolonged illumination under two-photon excitation.106 Strong two-photon luminescence and 

stability provide an opportunity for multiphoton deep tissue imaging. L. Polavarapu et al. 

showed that water soluble and biocompatible nanoclusters with proved low toxicity can 

appear as an imaging agent of SH-SY5Y neuroblastoma cells. Here ultrasmall size of 

nanoclusters overcome limitations of bigger, metal nanoparticles and easily mark biological 

samples for two-photon live cell imaging.106 Going a step further, the utility of water-soluble 

nanoclusters was already demonstrated in multiphoton studies in vitro and in vivo.107 Group 
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of F. Wang first verified potential of ATT-Au/AgNCs in 4T1 cells in vitro under prolonged two-

photon illumination. Nanoclusters provided strong red luminescence and maintained 

excellent photostability, therefore ATT-Au/AgNCs have been introduced to the living mice 

body and imaged under two-photon confocal microscope. First promising reports on two-

photon studies of gold nanoclusters give hope of future common utility of nanoclusters in 

multiphoton bioimaging.  

 

2.3.3 Two-photon absorption  

 

In principle, two-photon absorption (TPA) is a simultaneous absorption of two photons in 

order to excite a molecule from ground state to the higher energy electronic state. Two-

photon absorption cross-section (σ2) determines quantitatively the probability of the two-

photon process of simultaneous absorption of photons. The unit of σ2 is Göppert Mayer (GM) 

(1 GM=10−50 cm4 s per photon), named in honor to the contribution of Maria Göppert Mayer 

to the description of this process. 

There are several approaches for investigation of TPA properties of materials, either direct or 

indirect ones.108 Direct methods of TPA are related with monitoring the decrease of light 

transmittance after passing through a sample, and simultaneous recording of the incident 

intensity changes. An example of direct method of determination of TPA cross-section is z-

scan technique.109 Indirect methods involve comparison of measurement with another 

materials of well-established two-photon absorption cross-sections. An example of indirect 

method is two-photon excited luminescence (TPEL). TPA cross section, can be determined on 

the basis of known TPA cross-section and QY of a reference fluorophore and the comparison 

of TPEL and quantum yield of both samples, investigated and known one, at given 

concentration: 

𝜎2,𝑠 =
𝐹2,𝑠(𝜆𝑒𝑥𝑐)𝐶𝑟𝜑𝑟(𝜆𝑒𝑥𝑐)

𝐹2,𝑟(𝜆𝑒𝑥𝑐)𝐶𝑠𝜑𝑠(𝜆𝑒𝑥𝑐)
𝜎2,𝑟      (5) 

where 𝐹2(𝜆𝑒𝑥𝑐) is integrated TPEL intensity at particular excitation wavelength, C is 

concentration, 𝜑(𝜆𝑒𝑥𝑐)  is quantum yield, while ‘s’ and ‘r’ indices denote to sample and 

reference, respectively. The fluorophore chosen as a reference has to meet the requirement 

of overlapping emission spectrum with characterized sample. Although TPA measurements 

based on TPEL are fast and simple, for some cases the requirements of detectable 

luminescence and the presence of reference sample in similar spectral range might be 

challenging. Therefore, direct methods are required, especially for standard fluorophores, 

used as a reference in indirect methods. In direct, z-scan technique TPA is determined through 

transmittance changes regarding the distance to focal plane. One of the main advantages of 

direct measurements is the applicability for both, fluorescent and nonfluorescent materials. 

However, direct methods can contain cumulative absorption and scattering effects. Time 

consuming measurements, strong requirements on accuracy and quality of a beam profile, 

and limitations of the technique, such as strong absorbance of the solvent in the desired 

detection range, makes TPEL technique more convenient. 108 TPEL method is independent of  
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Table 1. The summary of NLO properties of AuNCs, AgNCs and Ag@Au alloy nanoclusters. 

Sample σ2, [GM] σ2, eff [GM] λ[nm] Technique source 

Au38(PET)24 

Au25(Capt)18 

Au25(PET)18 

Au25(SG)18 

Au18(CyHT)18 

Au18(SG)18 

Au18(Capt)18 

39 300 GM 

668 GM 

624 GM 

164 GM 

507 GM 

13 GM 

92 GM 

 
1028nm 

(off resonance) 

fsTAS (femtosecond 

pump/probe 

transient absorption 

spectroscopy) 

G. Yousefalizadeh110 

Au25(H13C6S)18 

 

2 700 GM 

(in hexane) 

  

 
1290nm (off- 

resonance) 
TPEL G. Ramakrishna 99 

Au25 (H13C6S)18 

Au309(H13C6S)18 

427 000 GM (in hexane) 

1 476 000 GM (in hexane) 
 

800nm (in- 

resonance) 
TPEL G. Ramakrishna 99 

Ag29(DHLA)12 

12 930 GM/ 

873 GM/ 

N/A 

 

0.48 GM 

0.065 GM 

0.031 GM 

 

790 nm/ 

860 nm/ 

950 nm 

( in resonance) 

TPEL I. Russier-Antoine111 

Ag31(SG)19 

Ag15(SG)11 

668GM 

60 000 GM 
 

(2.62 eV) 

(off resonance) 

(1.85 eV) 

(in resonance) 

TD-DFT calculation P. N. Day112 

Ag11(SG)7, 

Ag15(SG)11 

Ag31(SG)19 

6.6 GM 

63.5 GM 

950 GM 

0.00033 

GM 

0.00169 

GM 

0.066 GM 

800nm (in 

resonance) 
TPEL . Russier-Antoine113 

Ag25(DMBT)18 1300 GM  
1028nm 

(off resonance) 

fsTAS (femtosecond 
pump/probe 

transient absorption 
spectroscopy) 

G. Yousefalizadeh110 

Au15@Ag 

Au18@Ag 

Au25@Ag 

1900 GM 

3900 GM 

888 000 GM 

 
800 nm 

(in resonance) 
TPEL T. Goodson114 

50:50 Ag:Au alloy 2260 GM  
1028nm 

(off resonance) 

fsTAS (femtosecond 

pump/probe 

transient absorption 

spectroscopy) 

G. Yousefalizadeh 110 

 

pulse duration and do not require complex optics. For relatively brightly luminescent samples, 

with QY above tens of percent, TPEL allows for measurements of low, micro- and nanomolar 

concentrations of a sample, reducing any possible aggregation and related effects of self-

quenching, and reduce background noise related with scattering. Due to advantages and 

drawbacks of all techniques, the type of measurements should be specifically chosen for 

analyzed samples.  

Recent studies have revealed an intriguing two-photon properties of gold and silver 

nanoclusters, presenting their potential for diverse applications in photonics and 

biomedicine.98 Promising applications arise from strong two-photon absorption cross 

sections, with reported values in the range of hundreds to thousands of GMs. 
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The TPA of gold nanoclusters are getting the highest values among metallic nanoclusters, 

reaching even several hundred thousand GM units.106, 115-117 Although nonlinear properties of 

atomically precise gold nanoclusters, especially Au25, have been most extensively studied, 

recently explored silver nanoclusters present values of thousands to hundred thousand GM.111-

113 The exact values of TPA in GM units are detailed in Table 1. Current work in the area of 

nonlinearity of nanoparticles is first focused on the strict control over atomical precision of 

nanocluster’s composition, functionalization or doping.110, 111 Hence, one of the articles 

presented in this thesis considers gold doping influence on the magnitude of TPA of silver 

nanoclusters. Furthermore, rigidification of nanoclusters, introduction of additional ligands or 

compositional and structural modifications strongly influence optical properties.37 Currently 

many efforts are directed on the enhancement of absorption and luminescent properties of 

nanoclusters, one- and two-photon one. There is observed a tendency of numerously 

enhanced two-photon properties even upon considerably slightly enhanced one-photon 

luminescent properties.105 Unambiguously, TPA of nanoclusters reach enormous values at the 

resonance conditions, when excitation is well correlated at twice the one-photon absorption 

band.110 Reported in the literature giant two-photon absorption cross-sections are strictly 

related with presence of the ‘double resonance effect’, when electronic transitions 

energetically fit the real or virtual state of two-photon absorption. Scheme 1 illustrates how 

conditions of excitation play a crucial role for determination of two-photon absorption 

properties. Choice of specific two-photon excitation, which energy matches the particular 

energy levels of atomically precise nanoclusters results in large two-photon absorption, like 

observed for Au25(SR)18 at λexc = 800 nm, or Au38(SR)24 at λexc = 800nm or 1028nm (Figure 10). 

 

Figure 10. Scheme of the double resonance mechanism responsible for giant 2PA with 800 nm laser light for Au25SR18, strong 
2PA for Au38SR24 under both, 800 nm and 1028 nm laser light and rather small 2PA for Au18SR14 with any of the excitations 
(800 nm and 1028 nm). Reproduced from Ref. 110 with permission from the Royal Society of Chemistry. 

 

Off-resonance conditions of excitation of nanoclusters can still results in high TPA cross-

sections. Discussed values of TPA of nanoclusters surpass those of conventional organic 

fluorophores, indicating superiority of nanoclusters among fluorescent probes and markers. 
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Such findings promise advancements in nonlinear optical imaging techniques and 

phototherapy, where high two-photon absorption cross-sections are crucial for achieving 

deep tissue penetration and high resolution. 98 Nowadays, even water soluble nanoclusters 

achieve significant multiphoton properties, therefore with ultrasmall sizes, tunability of 

optical properties and specificity due to variety of ligands, nanoclusters are successfully used 

for multiphoton applications. As an example remarkable two-photon properties of AgAu 

nanoclusters found application is DNA imaging in a liquid crystalline matrix under multiphoton 

microscope.118 TPA of nanoclusters stabilized with glutathione reached enormous values of 

189 740 GM, which assured well staining of SH-SY5Y neuroblastoma cells.106 Penicillamine 

stabilized nanoclusters effectively marked human cancer HeLa cells using confocal microscopy 

with two-photon excitation.119 
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CHAPTER 3 | 
 

3 PUBLISHED WORK 

3.1 ARTICLE 1: PLASMONIC ENHANCEMENT OF TWO-PHOTON 

EXCITED LUMINESCENCE OF GOLD NANOCLUSTERS  

3.1.1 Short description of research work and results 

 

INTRODUCTION  

The first publication presents one of powerful methods to enhance detection of gold 

nanoclusters’ luminescence using interaction with plasmonic nanoparticles. Remarkable 

optical properties of plasmonic nanoparticles are assigned to collective oscillation of valence 

band electrons, known as surface plasmon resonance (SPR). Plasmonic nanoparticles, e.g. gold 

nanorods (AuNRs) are already identified as a universal material for versatile applications, 

which unique properties were used for imaging,120 biosensing,121 diagnostics,122 fabrication of 

superstructures123, and many others extraordinary applications. Here we discuss the utility of 

plasmonic properties of nanorods for detection of single-particle fluorescent nanoclusters. 

Gold nanorods are well-known from narrow size distribution and well-established structure, 

presenting uniform optical properties, essential for systematic investigation of single-

molecule and single-nanoparticle interaction. Due to chemically inert properties and 

biocompatibility of gold nanorods, they are particularly interesting for complexed systems 

with other materials. Additionally, tunable surface plasmon resonance of nanorods assures 

simple adjustability for desired conditions of study.124 Owing to the shape of anisotropic gold 

nanorods, their sharp tips induce strong local electric field, which may be significantly 

intensified due to plasmon resonance. 56 In the following approach,  luminescence of weakly 

emitting nanoclusters is strongly enhanced once the floating particles are found in close 

proximity of the plasmonic nanorod’s tips. 

Gold nanoclusters (AuNCs), besides plenty of advantages display relatively low luminescence. 

The early study on nanoclusters reported nanoclusters as emitters with QY not exceeding 1%, 

bringing strong limitation in application of AuNCs for fluorescence microscopy.98 Further one-

pot synthesis development result in improved luminescence of atomically precise AuNCs, 

however PL QY of those clusters is still limited up to ~5%.125  In the following work, I have 

synthesized glutathione stabilized gold nanoclusters, Au18(SG)14, brightly luminescent in 

concentrated solution, however challenging for single-molecule imaging with standard 

detection techniques. Therefore, in this study I aimed to enhance single particle luminescence 
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signal of nanoclusters in the vicinity of plasmonic gold nanorods upon two-photon excitation. 

The idea of plasmon assisted enhanced luminescence was already investigated for quantum 

dots,126 fluorescent dyes56, 127 and fluorescent proteins128, 129. Here, for the first time described 

method was adapted to enhance luminescence of nanoclusters on a single-particle level. 

Although recent findings provide various single-molecule studies of detection of fluorophores 

under one-photon excitation, the multiphoton study is still poorly investigated in this field. 59 

We took the advantage of higher order processes of multiphoton microscopy to monitor 

stronger interactions than possibly obtained in one-photon study, considering the quadratic 

dependence of intensity of two-photon induced emission on the excitation input. 

Single-particle measurements hold a promise of deeper understanding of the nature of the 

plasmon–emitter interactions that is usually hidden beyond the bulk studies in a whole media, 

which contain also nanoparticle inhomogeneities and local environment changes. 

METHODOLOGY 

Single molecule luminescence enhancement can be performed through several methods, e.g. 

using zero-mode waveguide (ZMW) nanoapertures and nanogaps, plasmonic nanoparticles, 

metallic films or conjugating with quantum dots or dyes. Plasmon resonance strategy to 

enhance luminescence of single molecules was already studied on various plasmonic materials 

and various fluorescent chromophores, as explained in paragraph 2.2.1. Nanoclusters have 

never been applied in this approach as single molecules, therefore specific conditions for 

plasmonic investigation of a new material required careful optimization. Additionally, rarely 

explored two-photon study of plasmon luminescence enhancement needed examination of 

certain measurement conditions for efficient imaging of both – nanorods and nanoclusters.  

First, gold nanorods require separation of individual nanoparticles and immobilization to glass 

sample surface. Gold nanorods, stabilized with surfactant, typically CTAB or CTAC prevent 

from aggregation and facilitate suspension. However, for a solid immobilization to the surface 

the CTAB agent require removal of its double layer. For this purpose, nanorods were 

numerously centrifuged and dissolved in water. Samples required careful optimization of the 

procedure of sample preparation through selection of accurate volume and concentration, 

time and speed of rotation, to remove double layer and simultaneously keep nanoparticles 

not only in non-aggregated form, yet still well separated from each other. Gold nanorods were 

further deposited on the glass surface by simple drop casting, removal of excess of sample 

and drying. Separation of single gold nanorods was estimated with the use of Atomic Force 

Microscope (AFM) and optical microscope in dark-field imaging. Narrow size distribution and 

proper separation of single plasmonic nanoparticles were determined with AFM before and 

CTAB double layer removal (Figure 11a). 

Second issue of sample preparation involve appropriate concentration of nanoclusters and 

choice of medium for investigation of single nanorod-nanocluster luminescence events. Gold 

nanoclusters discussed in this work are water soluble, however pure water assure high 

mobility of nanoclusters, difficult for monitoring of single interaction events. To slow down 

the mobility of nanoclusters the different water:glycerine solvent conditions were tested.  
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Finally, I have determined luminescence enhancements of gold nanoclusters with two-photon 

fluorescence microscope. The home-made set-up consists of tuneable, mode-locked 

Ti:Sapphire laser, Nikon microscope body, Spectrograph Andor and APD detectors. Sample, 

placed on XYZ piezo-electric scanning stage is excited through high numerical aperture Nikon 

Plan Apo oil immersion objective. Two-photon excited emission from single nanorods is 

collected in epifluorescence mode on APD detectors, just after separation of signal from the 

incident laser beam on a dichroic mirror and shortpass filter (see Figure 11b). The major issue 

of two-photon measurements is addressed to appropriate conditions of measurements, often 

affected by Stoke shift of samples, but also technical parameters, such as determination of 

excitation power, strong enough for detection and yet not harmful for both of nanostructures, 

nanoclusters and nanorods. I have used multiphoton microscope to scan surface of glass 

sample with immobilized single plasmonic nanoparticles and then I collect luminescence time-

traces of gold nanorods signal.  

 

Figure 11. Illustration of general approach of gold nanorod assisted luminescence enhancement of single gold nanoclusters. 
A) The TEM and AFM image represent size of gold nanorods and dispersion of drop-casted nanoparticles on glass surface, 
before and after CTAB layer removal. B) Two-photon excited luminescence set-up (DM- dichroic mirror, M- mirror). C) gold 
nanoclusters solution, TEM image and identity proof provided by PAGE gel electrophoresis.  

 

RESULTS AND DISCUSSION  
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The aim of this study was to monitor photoluminescence enhancement of single nanoclusters 

diffused in the close proximity of plasmonic nanoparticles. For this purpose, first general 

physico-chemical and optical properties of both materials, nanoclusters and gold 

nanoparticles were investigated.   

 

Figure 12. A) TPEL intensity map with bright luminescence from separated single AuNRs. B) Concentration dependent time-
traces of luminescence of AuNCs on single plasmonic AuNRs. Over ~25 fold enhanced luminescence was recorded under two-
photon excitation.  

In this study I have synthesized and purified Au18(SG)14 nanoclusters, which identity I have 

verified with PAGE gel electrophoresis (Figure 11c). Size determination with transmission 

electron microscopy (TEM) supplemented the spectroscopic analysis of their properties. Once 

I determined the major one-photon properties of nanoclusters further I have performed TPEL 

analysis of AuNCs through plasmonic nanoparticles. First, I have confirmed well-separation of 

single gold nanorods recording individual spots at TPEL intensity map (Figure 12a). Then I have 

monitored changes in luminescence intensity of drop-casted gold nanoclusters on single 

nanoparticles. Due to steady luminescence of gold nanorods under continuous low power 

irradiation, local bursts of luminescence were visibly monitored, referring to single 

nanoclusters floating nearby plasmonic nanoparticles. I have analyzed the two-photon excited 

luminescence enhancement of AuNCs at concentrations: C = 10 - 30 µM, and in different 

water:glycerine content. The strongest and most frequent enhancement events I have 

obtained for 30 µM AuNCs diluted in 1:1 solution of water and glycerine (Figure 12b), 

obtaining even ~25-fold enhancement of luminescence from strongly diluted solution of gold 

nanoclusters in the vicinity of plasmonic nanoparticles. I have performed the experiment on 
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bare gold plasmonic nanoparticles and stabilized with CTAB layer. The more frequent and 

intense luminescence was recorded with shortest possible distance between nanoclusters and 

nanorods, therefore removal of any layers from bare gold nanoparticle facilitate single AuNCs 

detection. In this work, I have verified stability of nanoparticles under prolonged fs laser 

illumination, choosing 70 μW laser power, which did not affect nanoparticles structure, while 

assuring the reproducibility of obtained results. 

In this work strong fluorescence enhancement was assured after meeting the requirements 

of overlapped surface plasmon resonance and emission of detected molecules. One of the 

other major impacts on two-photon luminescence enhancements is related with structural 

factors for both of materials: fluorophore (nanoclusters) and medium of detection (plasmonic 

nanoparticle). It is assumed that strongest enhancement of luminescence should appear at 

the sharp ends of plasmonic nanoparticle, at the strongest local electromagnetic field.52 

Moreover, the nanoclusters structure impact on luminescence events have to be considered, 

since Au18(SG)14 is not geometrically full symmetric and can create different level of emission 

enhancement depending on current orientation of AuNs.  

Gold nanoclusters appeared here as a stable, homogeneous fluorophore, which fluorescent 

properties in NIR proved to have a strong potential in multiphoton microscopy. This 

preliminary study of interactions between single nanocluster and single plasmonic 

nanoparticle brings new possibilities for single nanoclusters sensing and imaging. This study 

opens nanoclusters on new category of strongly sensitive applications on the basis of single-

molecule detection, even under two-photon excitation. In terms of this thesis, the applied 

strategy of plasmon mediated enhanced two-photon luminescence is a part of bigger picture 

on understanding the nonlinear optical properties of atomically precise clusters.    
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3.2 ARTICLE 2: GOLD-DOPING EFFECT ON TWO-PHOTON 

ABSORPTION AND LUMINESCENCE OF ATOMICALLY PRECISE 

SILVER LIGATED NANOCLUSTERS 
 

3.2.1 Short description of research work and results 

 

INTRODUCTION  

Gold and silver nanoclusters bring strong interest since they offer the possibility to accurately 

tailor the properties of atomically-precise nanoclusters on the route of synthesis, 

functionalization, doping or other structural modifications. The relation between structure of 

nanoclusters and physicochemical properties of gold, silver and gold-silver atomically-precise 

nanoclusters is currently strongly investigated, in both, one- and two-photon regime of 

excitation. To discuss systematic changes of nanoclusters’ atomic composition and related 

with them optical properties, we worked on nanoclusters built from 25 metal atoms. This type 

of nanoclusters serve as a model to study structure – properties relations and mechanisms 

due to good chemical stability, well-defined crystallographic structure and well-developed 

protocol of synthesis.20 In addition, among atomically-precise silver nanoclusters Ag25 is one 

of the great significance, because it has a gold analogue - Au25, in terms of super-atom 

electronic configuration and atomic arrangement. The article 2 presents the detailed insight 

to the gold atoms doping impact on linear and nonlinear optical properties of atomically-

precise ligated silver nanoclusters Ag25. Systematic Au doping effect on Ag25 is then compared 

to well-known properties of the parent Ag25 cluster. 

Current study present advanced control over replacement at the single atom scale, which can 

offer: enhanced photoluminescence quantum yield (PL QY), longer PL lifetime or improved 

photo- and chemical stability.130 In spite of a growing progress in understanding the role of 

structure in nanocluster’s optical properties,98, 99 the impact of hetero-atom doping is still 

poorly described, especially in nonlinear optical regime. Meanwhile NLO properties of 

nanoclusters are beneficial for multiphoton applications e.g. imaging, detection, theranostics. 

Multiphoton studies in a broad wavelengths range are scarcely reported in the literature on 

nanoclusters. Therefore, quantitative description of two-photon absorption cross-section (σ2) 

and two-photon brightness (σ2, eff) of NCs in a broad near-infrared range of wavelengths (1180-

1600 nm) is definitely a valuable contribution to the current knowledge. Comparison of one- 

and two-photon experimental studies with time-dependent density functional theory (TD-

DFT) simulations allows for a deep understanding of single metal doping mechanisms and 

structure-properties relations.  

 

METHODOLOGY 

Here I determined nonlinear optical properties: σ2 and σ2,eff on the route of two-photon 

excited luminescence (TPEL) measurements, performed with the home-made set-up, which is 
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in fact a modified set-up presented in chapter 3.1.1. TPEL was collected from nanoclusters 

solutions in epi-fluorescence mode, through dichroic mirror and shortpass filter. The cuvettes 

with sample solutions (placed on the top of the objective) were excited with femtosecond 

Ti:Sapphire laser with an optical parametric oscillator (OPO) tunable in NIR range (λ=1000-

1600 nm). Long-pass filter introduced before samples excluded any possible higher energetic 

excitation. TPEL spectra were collected at spectrofluorometer from the broad range of 

excitation: 1180-1600nm, each every 50nm.  

Chapter 2.3.3 present the details regarding the two-photon absorption measurements.  I have 

calculated TPA of nanoclusters through indirect, comparative technique, with respect to the 

reference sample, fluorescent dye - Styryl 9M, according to the formula (5). Here, I have 

chosen reference specifically to match emission of nanoclusters at the similar spectral range. 

Styryl 9M and gold-doped nanoclusters were illuminated at the same excitation conditions, 

set specifically for those samples, avoiding photobleaching and aiming to achieve strong signal 

for number of repetitive measurements. To determine TPA I have measured quantum yield 

and concentration of each nanoclusters sample and reference. Precision of determination of 

those parameters can strongly affect the final values, therefore QY of nanoclusters was 

established through two methods: using integrating sphere and via comparative method with 

reference dye, calculated according to the formula:  

Ф𝑓
𝑖 = Ф𝑓

𝑠
𝑓𝑅(𝜆𝑒𝑥)

𝑓𝑆(𝜆𝑒𝑥)

∫ 𝐹𝑠(𝜆𝑒𝑚)
 

𝜆𝑒𝑚

∫ 𝐹𝑅(𝜆𝑒𝑚)
 

𝜆𝑒𝑚

𝑛𝑆
  2

𝑛𝑅
   2 

𝑓𝑥(𝜆𝑒𝑥) = 1 − 10−𝐴𝑥(𝜆𝑒𝑥)    (6) 

where Ф𝑓
𝑠  is known QY of reference sample, ∫ 𝐹(𝜆𝑒𝑚)

 

𝜆𝑒𝑚
 is fluorescence integral, 𝑛 is refractive 

index of sample (s) and reference (r). 𝑓𝑥(𝜆𝑒𝑥) refers to corresponding absorption factor at 

excitation wavelength. 

Then, I found two-photon brightness from calculated two-photon absorption cross-section 

multiplied by QY, following the equation:  

𝜎2,𝑒𝑓𝑓 = 𝜎2,𝑠𝜑𝑠(𝜆𝑟𝑒𝑔) =
𝐹2,𝑠(𝜆𝑟𝑒𝑔)𝐶𝑟𝜑𝑟(𝜆𝑟𝑒𝑔)

𝐹2,𝑟(𝜆𝑟𝑒𝑔)𝐶𝑠 
𝜎2,𝑟    (7) 

where 𝐹2(𝜆𝑟𝑒𝑔)  is integrated two-photon fluorescence intensity at particular excitation 

wavelength, 𝐶 is concentration, and 𝜑 is quantum yield of sample (s) and reference (r). 𝜎2,𝑟 is 

two-photon absorption cross-section of reference.  

I have calculated the error bars of 𝜎2  and  𝜎2,𝑒𝑓𝑓  from the partial derivatives of each 

parameters. 

 

RESULTS AND DISCUSSION  

Presented work covers the complementary experimental and theoretical studies on ligated 

nanoclusters: Ag24Au1(DMBT)18, Ag25-xAux(DMBT)18 and Ag25(DMBT)18, in which DMBT refer to 
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2,4-dimethylbenzenethiol ligand. Listed silver and gold-silver alloys preserves structural 

integrity upon metal atoms doping, i. e. keeping the same number of building metal atoms 

and ligands. Therefore I have precisely monitored optical properties: absorption, 

luminescence, PL QY and PL lifetime properties at the single atom-doping level. In 

collaboration with the group of prof. Rodolphe Antoine the electrospray ionization mass 

spectrometry (ESI MS) was applied for all synthesized nanoclusters to confirm homogeneity 

and purity of atomically precise nanoclusters: Ag24Au1 and Ag25, while Ag25-xAux were found as 

nanoclusters from the range of x = 5-10 of gold atoms. I have  further confirmed the identity 

of nanoclusters through the comparison of UV-Vis, excitation and emission measurements 

with those reported previously in the literature.131-133 Gold atom doping causes structural 

changes, therefore monitored shifting of absorption bands (OPA) is substantial in terms of 

lowest energy bands, which are assigned to core electronic states. Less significant shifting at 

higher energy bands, related with ligand states, suggests less profound changes from the 

rearrangements of ligands (Figure 13a). Time-dependent density functional theory (TD-DFT) 

simulations of absorption bands, performed by group of prof. Vlasta Bonačić-Koutecký, are in 

agreement with my experimental studies, showing the same shifting of OPA bands (Figure 

13b-d).  

 

Figure 13. a) Comparison of absorption bands shifting of Ag25(DMBT)18 (red), Ag24Au1(DMBT)18 (green) and Ag25-xAux(DMBT)18 
(orange). Comparison of experimental absorption (OPA, exp) and simulated one-photon absorption (OPA, theory) spectra of 
b) Ag25 c) Ag24Au1 and d) Ag25-xAux nanoclusters. Optimized structures of nanoclusters is presented in the inset of respective 
spectra.  
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Alloying of nanoclusters induces enhancements of one- and two-photon luminescent 

properties. I have found that Ag24Au1(DMBT)18 is an efficient fluorophore, determining 10-

times improved QY (from φ = 3.08% to 29.91%) and enhanced PL lifetime (from τ = 1.1 μs to 

1.8 μs) with respect to undoped Ag25 nanoclusters. Here I have measured a series of two-

photon excited fluorescence spectra to quantitatively determine two-photon absorption 

(TPA) cross-sections of nanoclusters in a non-resonant range of excitation wavelengths (λexc = 

1180 - 1600 nm). I have determined strong two-photon absorption cross-sections of 

nanoclusters, at the level of σ2 = 50 - 863 GM. Then, owing to the high QY of Ag24Au1 I have 

found significantly enhanced two-photon brightness (from σ2,eff = 1.5 GM to 20 GM) for single-

doped Ag24Au1 NCs with respect to undoped Ag25 NCs. This work emphasizes the importance 

of atomically-precise gold atom doping, since multiply doped nanoclusters do not follow the 

changes in optical properties observed for Ag24Au1(DMBT)18 (Figure 14). I have found 6 times 

smaller QY (from φ = 3.08% to 0.49%) and shorter PL lifetime (from τ = 1.1 μs to 0.5 μs) for 

multiply doped Ag25-xAux NCs, compared to undoped Ag25 NCs. Despite diminished optical 

properties I have found 3 times enhanced two-photon brightness (from σ2,eff = 1.5 GM to 4.25 

GM) 

  

  

Figure 14. Schematic representation of gold doping effect of Ag25 nanoclusters on absorption and luminescent properties for 
single gold atom doped nanoclusters Ag24Au1  and  multiply doped Ag25-xAgx.  

Theoretical simulations of TPA, performed by prof. Vlasta Bonačić-Koutecký are in agreement 

with my experimental TPA data in terms of the band positions. The off-resonance TPA (i.e. at 

λ > 1000nm), both – experimental and simulated ones, remains small compared to the 

simulated TPA values obtained under resonance excitation (i.e. at λ < 1000nm)  (Figure 15). 

This indicate the importance of detailed characterization of multiphoton optical properties on 

a broad excitation range, especially when best conditions for effective one- and two-photon 

excitation can substantially differ. Characterization of TPA solely at single wavelength is 

currently a common practice in published work, however our investigation in wide excitation 
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range prove how selection of particular conditions of measurements can provide vastly 

different values, stressing the urge to perform characterizations on possibly widest spectral 

range.  

 

Figure 15.Off-resonance TPA spectra (solid lines) and simulated TPA spectra (columns) (lower wavelength axis) of (a) Ag25, (b) 
Ag24Au1 and (c) Ag25-xAux nanoclusters presented with respective normalized one-photon excitation (OPE) (blue area, upper 
wavelength axis). 

The opposite effect of single and multiply doped nanoclusters on their optical properties is 

explained by the structural modifications in the core of nanoclusters upon doping of gold 

atoms. The most probable structure of Ag24Au1 assume incorporation of a gold atom at the 

icosahedral center of the nanocluster. Further doping locates gold atoms in icosahedron sites 

or staple motifs. Replacement of the center Ag atom to Au induces strong electron charge in 

the icosahedral center of nanoclusters, formation of strong Ag-Au bonds and rigidification of 

the structure. However, addition of more gold atoms deteriorates optical properties due to 

spread electron distribution in staple motifs. 

The article 2 provides comprehensive description of the relation between the composition 

and structure of gold-doped silver nanoclusters and their linear and nonlinear optical 

properties. Extensive investigation of improved nonlinear optical properties in near-infrared 

region hold promise of meaningful applications in second biological window, since presented 

results are competitive for common organic dyes or proteins used as fluorescent markers. It 

brings new perspectives in the topic of precise control of nanoparticles properties and design 

of materials for applications, in particular for imaging and luminescent sensing. Regarding the 
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scope of the thesis discussed alloying of nanoclusters appeared as another, effective strategy 

to enhance luminescent properties of nanoclusters. This study supplements the previous work 

on the discussion of nonlinear optical properties of nanoclusters, considering here the impact 

of structural composition of clusters on their two-photon absorption.  
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3.3 ARTICLE 3: STRONG  FLUORESCENCE-DETECTED TWO-

PHOTON CIRCULAR DICHROISM OF CHIRAL GOLD 

NANOCLUSTERS    

3.3.1 Short descriptions of research work and results  

 

INTRODUCTION  

Recent interest in chiral nanoclusters is observed by raised number of published protocols of 
syntheses,134 investigations of the origin of chirality 135 and appearance of the first applications 
of chiral nanoclusters in enantioselective catalysis72, detection,136 imaging,137 or 
antimicrobial138 applications. Attractive robust chirality of nanoclusters is commonly analyzed 
in one-photon, UV-Vis region. However, NLO chiroptical studies, particularly in NIR range of 
wavelengths can find great interest in terms of in vivo imaging and sensing applications, most 
favorably performed in low-energetic region. Therefore, the aim of the study is to present 
deep insight into nonlinear chiroptical properties of gold nanoclusters. First, and the only 
reports on multiphoton chiroptical effects of nanoclusters were published in our group, 
providing extremely promising two orders of magnitude greater two-photon circular 
dichroism of Au25Capt18, than one-photon one.91 Encouraged by this preliminary study we 
investigated the one- and two-photon chiroptical potential of gold nanoclusters stabilized 
with two ligands: 6-aza-2-thiotymine and L – and D- arginine (L/D-Arg/ATT AuNCs), however 
applying here new, fluorescent based technique of circular dichroism detection.  
 
Our work emphasizes the significance of chiroptical characterization of Arg/ATT AuNCs in their 
both enantiomeric forms, which are scarcely studied in the literature, even in one-photon 
region. Presented results are pioneering in terms of used technique for determination of two-
photon chiroptical effects. Meanwhile, presented results are comparable to the only work on 
nonlinear chiroptical properties of nanoclusters, performed with the other technique.91 
Strong similarities between those two results have raised an urgent question about how 
general the enhancement of two-photon chiroptical effects is in nanoscale structures. The 
article 3 brings new perspectives in the topics of chirality-based research techniques and the 
utility of chiral materials for future applications, especially for chirality-based imaging and 
sensing.  
 
METODOLOGY  

The novelty of these studies is addressed in the innovative technique of quantitative 
determination of two-photon circular dichroism, monitored via fluorescent methods of 
detection. Proposed approach for determination of nonlinear chiroptical effects have never 
been used for nanoclusters, and only rarely explored for other chiral materials. The nonlinear 
circular dichroism is mainly explored theoretically, while experimental studies are limited 
solely to several organic compounds.139-142 The reason for scarcely studied technique can be 
related with limitations from the samples, which needs to fulfil the requirements of certain 
chirality and fluorescence to be suitable for fluorescence detected circular dichroism (FDCD). 
However, new materials, such as nanoclusters, can quite easily meet the demands of FDCD 
measurements, since they can be specifically design as fluorescent and chiral. It is claimed in 
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the literature sources that FDCD offer better sensitivity and selectivity than common 
absorption-based techniques of circular dichroism, due to abilities to perform measurements 
at lower concentrations.143, 144 However, even low-concentration samples require reasonable 
luminescence properties. Here in this work strong quantum yield of studied samples assured 
measurements in micro- and nanomolar scale.  
 
Chapter 2.2.2. discusses in details the FDCD measurements basis and possible artifacts 
generated upon FDCD measurements. In this work the FDCD technique was adapted into two-
photon range of excitation. Two-photon FDCD (TP-FDCD) measurements were performed on 
home-built set up, which I construct as presented in scheme 16. Two photon excitation was 
generated by pulsed Ti:Sapphire laser. Long-pass filters are placed before sample to eliminate 
contribution of lower wavelength excitation. Short-pass filters placed at the emission path 
cut-off the incident beam from detection. Circularly polarized excitation was generated via 
Babinet-Soleil compensator, which eliminated any potential residual linear polarization. To 
ensure the best quality of polarization entering the compensator, a Glan-Thompson polarizer 
was used. Ellipticity of incident beam was verified before measurements by polarizer, placed 
directly in the sample optical path position. The luminescence was collected at so-called magic 
angle of 54.7⁰, which is set between the propagation vector of the laser and the polarizer axis 
145, 146 as shown in Figure 16a.  
 
It is assumed that the fluorescence of axially symmetric systems provides equivalent response 
in every direction of luminescence polarization. The ellipticity of an incident beam can be 
already estimated from TPEL spectra of non-chiral samples, recorded from left- (LP) and right- 
(RP) handed circularly polarized two-photon excitation. As shown in Figure 16d, fully 
overlapped spectra of LP and RP TPEL from achiral fluorescein indicate the exact same 
intensity of recorded circularly excited luminescence. Since the ellipticity of the circularly 
polarized incident beam was verified before the measurements with polarimeter and achiral 
sample present, it can be assured that any residual linear polarization of the incident laser 
beam was eliminated on Babinet-Soleil compensator. 
Due to opposite chirality of L- and D-Arg/ATT-AuNCs, nanoclusters emit stronger upon two-

photon excitation of certain, left- or right-handed circularly polarized laser beam (Figure 16 b, 

c). The two-photon circular dichroism (TP-CD, ϴ𝑇𝑃𝐶𝐷 ) can be calculated from the difference 

in left- and right-handed two-photon absorption cross-section, as follows:  

ϴ𝑇𝑃𝐶𝐷 = 2
σ2,𝐿−σ2,𝑅

σ2,𝐿 + σ2,𝑅
,                                                  (8) 

where 𝜎2,𝐿  and  𝜎2,𝑅  corresponds to two-photon absorption cross-sections determined 

at particular left- and right handed circularly polarized excitation, respectively.  𝜎2,𝐿  

and  𝜎2,𝑅  are determined with respective formulas: 

𝜎2,L =
𝐹2,L,𝑠(𝜆𝑒𝑥𝑐)𝐶𝑟𝜑𝑟

𝐹2,L.𝑟(𝜆𝑒𝑥𝑐)𝐶𝑠𝜑𝑠 
𝜎2,𝑟,     (9) 

𝜎2,R =
𝐹2,R,𝑠(𝜆𝑒𝑥𝑐)𝐶𝑟𝜑𝑟

𝐹2,R.𝑟(𝜆𝑒𝑥𝑐)𝐶𝑠𝜑𝑠 
𝜎2,𝑟,     (10) 

where (F2,L) and (F2,R) is left- and right handed circularly polarized two-photon excited 

luminescence, respectively; (φ) is a quantum yield and (C) denotes concentration of sample 

(s) and reference (r). 
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Figure 16. a) scheme of FDCD optical path (P- polarizer, L-lens, SP- shortpass filter used for measurements of two-photon 
excited luminescence of b) L-Arg/ATT-AuNCs c) D-Arg/ATT-AuNCs and d) fluorescein, as non-chiral reference sample. 

 
RESULTS AND DISCUSSION  

ATT-AuNCs were synthesized with additional capping ligand - arginine for two reasons: (I) to 
rigidify structure of nanoclusters and improve luminescent properties, and (II) to induce chiral 
properties of nanoclusters.  
Luminescent properties of ATT-AuNCs were tremendously enhanced as a result of 
supramolecular interaction of 6-aza-2-thiotymine (ATT) with L- and D-arginine (L-Arg and D-
Arg, respectively) ligands. Strong hydrogen bonds in host-guest interaction from ATT and Arg 
molecules lead to rigidification of nanoclusters’ structure by blocking the rotation and 
vibration movements of ligands. Rigid structure promotes radiative processes over non-
radiative relaxations, what was observed in 45- and 43- times stronger PL for L-Arg/ATT-AuNCs 
and D-Arg/ATT-AuNCs, respectively compared to uncoated ATT-AuNCs (Figure 17a). Similarly, 
quantum yields were multiply enhanced, from 1.4 ± 0.3% to 63.2 ± 2.0% and 58.4 ± 2.0% for 
L-Arg/ATT-AuNCs and D-Arg/ATT-AuNCs, respectively, while PL lifetimes 6-times elongated, 
from 7 ns to 42 ns, for both nanoclusters (Figure 17b).  
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Chiral properties of nanoclusters were induced by arginine ligand, however CD spectra of L- 
and D-Arg is not transferred directly on the chiral activity of L- and D-Arg/ATT-AuNCs (Figure 
18). Despite the chirality of the ligands itself, nanoclusters present unique chiroptical effects 
due to arrangement of ligands within the structure of nanoclusters. It is in agreement with 
proposed structure of ATT-AuNCs and Arg/ ATT-AuNCs. 147  

 
Figure 18. Circular dichroism of achiral nanoclusters ATT-AuNCs and chiral nanoclusters of L- and D-Arg-ATTAuNCs, 

compared with CD of chiral  ligands: L- arginine and D-arginine. 

Owing to the strong circular dichroism and luminescence of nanoclusters, the two-photon 
chiroptical properties were measured on custom-built TP-FDCD setup. Two-photon anisotropy 
factor (ϴTPCD) follows the mirror-image of one-photon anisotropy factor (gabs) (Figure 19), 
confirming that one- and two-photon processes involve the same ground and excited states. 
Recorded nonlinear chiroptical response is two orders of magnitude stronger than one-
photon one at the corresponding wavelength. Multiphoton studies were provided here in a 
broad range of near infrared excitation wavelengths (λexc=700-930 nm), being a milestone 
progress to common literature investigations achieved solely at a particular wavelength.  
 

 

Figure 17. a) absorption and emission spectrum of low-luminescent ATT-AuNCs and strongly luminescent L- and D-
Arg/ATT-AuNCs. b) Fluorescence lifetime with biexponential decay fitting of L-Arg/ATT-AuNCs (blue), D-Arg/ATT-AuNCs 
(red) and of ATT-AuNCs (blue) (orange). 
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Figure 19. Two-photon circular dichroism (blue and red dots and lines, left and bottom axes) correlated with one-photon 
dissymmetry factor (blue and red areas, right and upper axes).  Schemes of one-photon circular dichroism and two-photon 

fluorescence detected circular dichroism effects are presented in the corners.  

Nanoclusters present strong two-photon absorption and luminescent properties, reaching 

remarkable values of 𝜎2 and 𝜎2,𝑒𝑓𝑓 (two-photon brightness): 𝜎2 = 1743 GM and 1453 GM for 

L- and D-Arg/ATT-AuNCs, respectively, with corresponding σ2,eff = 1102 GM and 848 GM, 

respectively. Strong values, especially σ2,eff, were found several times higher than for other 

nanoclusters in the literature,148, 149 and significantly larger than for commonly used 

fluorophores, e.g. dyes150 and fluorescent proteins.151 Strong two-photon absorption and two-

photon brightness, in combination with high quantum yield and long luminescence lifetime 

gives an opportunity for nanoclusters to serve as efficient fluorophores for imaging or sensing 

in near infrared region (NIR). Furthermore, strong chiroptical properties of nanoclusters in 

both, one- and two-photon region open new possibilities for multifunctional applications.  
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4 SUMMARY AND PERSPECTIVES  

 

This PhD dissertation describes the potential of unique, fluorescent and chiroptical properties of noble 

metal nanoclusters for multiphoton microscopy. Luminescence is a powerful tool, which in the frame of 

this thesis was utilized for determination of other optical properties, such as two-photon absorption or 

circular dichroism. Herein, referring to the formulated hypotheses, I will summarize the collected research 

results. After that, I will discuss future challenges and perspectives of my findings.  

First hypothesis states that photoluminescence of nanoclusters can be significantly improved by 

specifically adapted chemical and physical treatments, e.g. structure modification, functionalization. Here 

in this work I have verified three strategies of luminescence enhancements: single metal atom doping, 

rigidification of structure of nanoclusters through functionalization with additional ligands and the 

usability of plasmonic nanoparticles for enhancement of luminescence.  Structural composition 

modifications induced by gold doping resulted in enhancement of luminescent properties: quantum yield 

from φ = 3.08 ± 2.0%  to 29.91 ± 2.0%  and PL lifetime from τ = 1.1 μs to 1.8 μs for Ag24Au1(DMBT)18 

nanoclusters, compared to undoped Ag25(DMBT)18. Due to luminescence enhancement of 

Ag24Au1(DMBT)18, two-photon brightness raised from σ2,eff = 1.5 GM to 20 GM. Another strategy of 

luminescence enhancement by functionalization of arginine ligands on the outer layer of AuATT NCs 

resulted in improved QY from φ =1.4 ± 0.3% to φ = 63.2 ± 2.0% and φ = 58.4 ± 2.0% for L-Arg/ATT-AuNCs 

and D-Arg/ATT-AuNCs, respectively. Host-gest interactions between arginine and 6-aza-2-thiotymine 

resulted also in 6-times elongated PL lifetimes, from 7 ns to 42 ns, for both arginine-ligated nanoclusters. 

Here again, the adapted strategy of luminescence enhancement found applicability in two-photon regime 

of excitation, revealing strong two-photon brightness σ2,eff = 1102 GM and 848 GM for L- and D-Arg/ATT-

AuNCs. Finally, the last strategy of improvement of luminescent properties was dedicated to plasmonic 

enhancement in close proximity of nanoclusters to gold nanorods. This study was performed solely under 

multiphoton excitation. Here individual gold nanoclusters are detected at the single-particle level with 25-

times enhanced two-photon signal through plasmonic nanoparticle as nanoantenna. Nanoclusters 

obtained through wet-chemical syntheses demonstrated good chemical stability and photostability upon 

strong laser irradiation, therefore supplementing robust optical one-photon properties they could serve 

as an excellent material for multiphoton investigations.   

Second hypothesis states that gold-atom doping influence two-photon optical properties of silver 

nanoclusters. Number of gold-atom dopant affects strongly multiphoton optical response. The Article 2 

provides the detailed analysis of changes in one- and two-photon properties after single Au atom doping 

of silver nanoclusters Ag25 and after multiple Au doping of the same structure of Ag25 nanoclusters. The 

opposite result of improved and suppressed optical properties upon single and multiple atom doping 

indicates the importance of investigation of atomically precise nanoclusters’ structure. The doping effect 

was discussed in one- and two-photon regime and confirmed experimentally and theoretically. It was 

proved that single gold atom introduced to icosahedral structure of Ag25 nanoclusters predominantly 

occupies the center of the kernel.  
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Third hypothesis states that luminescence can be used as a tool to determine two-photon circular 

dichroism of nanoclusters. The Article 3 provide the detailed discussion on the luminescent properties of 

nanoclusters, e. g. quantum yield, luminescence lifetime or two-photon brightness. These luminescent 

properties were further utilized to determine chiroptical properties. Excellent chiroptical response of L/D-

Arg/AuATT NCs resulted in over two orders of magnitude stronger two-photon circular dichroism vs one-

photon one. 

The findings presented within this thesis solve numerous problems of new probes for multiphoton study, 

such as low luminescence or challenging detection of low concentrated solutions. However, below I have 

listed an additional challenges, which would be beneficial to address in the future: 

- Future work on two-photon study of single gold nanoclusters in the vicinity of plasmonic 

nanoparticles should consider the improvement of excitation conditions to benefit the potential 

stronger luminescence enhancement (e. g. referring to up to 1000-fold strong plasmon enhanced 

luminescence of a crystal violet dye52).The general rule of strongest plasmonic assisted 

enhancement assume occurrence of excitation in plasmon resonance wavelengths. In the case of 

the study presented in Article 1 – the excitation conditions were limited by the optics of used set-

up.  

- Further study of plasmonic enhanced single gold nanoclusters should be performed in a simple 

one-photon experiment, possibly in better distance-controlled interaction between nanoclusters 

and nanoparticles. Conjugation of nanoclusters to precisely known diameter joint, e.g. DNA strand 

could help to control better the nanocluster-nanoparticle system and predict possible interactions.  

- Since alloying of nanoclusters results in enhanced and reduced luminescent properties depending 

on the number of gold-doped nanoclusters, future study could determine the boundaries of 

number of exchanged Ag atoms, in which Au@Ag alloys present enhanced properties.  

- Despite remarkable repetition of synthesis and optical properties of L-/D-Arg/AuTT NCs, the 

proposed protocol of synthesis could be improved to obtain atomically-precise structures. Future 

research could optimize synthesis to different size-selective procedures or propose advanced 

separation techniques.  

- Fluorescence detected circular dichroism have been proposed in this work in two-photon region 

of excitation, however the potential of nanoclusters in one-photon study of FDCD also have never 

been determined. Supplementation of my findings in one-photon region would open the 

discussion how two-photon excitation impact the magnitude of circular dichroism.  

- Finally, potential of all synthesized and characterized nanoclusters in this thesis could be verified 

in vitro or in vivo in a biological sample under multiphoton microscope. Taking the advantage of 

strong absorption, enhanced luminescence or unique chiroptical activity nanoclusters could serve 

as a prominent probe for imaging and detection either in one- or two-photon studies. 
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