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1. List of abbreviations 

2D Two-dimensional 

AC Alternating current 

ACF Auto-correlation function 

AD Anno Domini 

AR Aspect Ratio 

ATR Attenuated Total Reflection 

AuNPs Gold nanoparticles 

C18-SH 1-Octadecanethiol 

c.c. Complex conjugate 

CTAB Hexadecyltrimethylammonium bromide 

Cu Copper 

CuBr2 Copper (II) Bromide 

CVD Chemical Vapor Deposition 

DDA Discrete Dipole Approximation 

DFCI Dark Field Confocal Imaging 

DFG Difference-Frequency Generation 

DLS Dynamic Light Scattering 

DSEH Differential Sediment Entrainment Hypothesis 

EDS Energy-Dispersive (Detector) 

esu Electrostatic units in the cgs system of units 

FDTD Finite Difference Time Domain 

FEM Finite Element Method 

FoM Figure of Merit 

FRET Förster Resonance Energy Transfer 

H Horizontally-polarized signal 

(in the case of HRS polarization analysis) 

HRS Hyper Rayleigh Scattering 

L-LSPR Longitudinal LSPR 

LSPR Localised Surface Plasmon Resonance 

MBE Molecular Beam Epitaxy 

MBI 2-mercaptobenzimidazole 

NPs Nanoparticles 
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OLED Organic Light Emitting Diode 

OR Optical Rectification 

PVP polyvinylpyrrolidone 

RIU Refractive Index Unit 

ROS Reactive Oxygen Species 

R6G Rhodamine 6G 

SEM Scanning Electron Microscopy 

SERS Surface Enhanced Raman Scattering 

SFG Sum-Frequency Generation 

SHG Second Harmonic Generation 

SIM Surface Integral Method 

SPR Surface Plasmon Resonance 

S-SHG Surface Second Harmonic Generation 

TEM Transmission Electron Microscopy 

T-LSPR Transverse LSPR 

UHV Ultra High Vacuum 

UV-Vis Ultraviolet-Visible spectroscopy (or: spectrum) 

V Vertically-polarized signal (in the case of HRS polarization analysis) 
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2. Abstract in English 

The thesis entitled “Application of nonlinear optics methods in sensing” was prepared under 

supervision of Prof. Katarzyna Matczyszyn from Institute of Advanced Materials, Wroclaw 

University of Science and Technology, Poland, and Prof. Pierre-François Brevet from Institut 

Lumière Matière, Université Claude Bernard Lyon 1, Villeurbanne/Lyon, France. It was a part 

of the “BioTechNan - the programme of interdisciplinary cross-institutional post gradual 

studies KNOW in the field of Biotechnology and Nanotechnology” programme, co-financed 

by the European Union from the European Social Fund. The original work language of this 

thesis is English. 

The thesis is divided into 7 chapters, the first one including a list of abbreviations used in the 

work. Further, an abstract in English and Polish language is presented. Chapter 4 includes 

theory crucial to understand the study. With a brief introduction to the fabrication methods of 

gold nanoparticles, focusing on the Turkevich method, the author follows with characterization 

methods, used in this study: UV-Visible spectroscopy, Transmission Electron Microscopy, 

Zeta potential measurements and Dynamic Light Scattering. Chapter 4.3 is dedicated to 

nanoplasmonics, including Maxwell-Garnett theory, Drude model and Localised Surface 

Plasmon Resonance description. Afterwards, the most crucial terms of nonlinear optics are 

introduced. A general problem includes a comparison of linear and nonlinear optical processes, 

with a theoretical explanation on the origin of each. The specificity of various nonlinear optical 

processes is mentioned, as well as the corresponding Jablonski diagrams. This leads to the 

meaning of a symmetry centre for nanoparticles, described in Chapter 4.4.1, followed by the 

method of Hyper Rayleigh Scattering (HRS) section number 4.4.2 with a description of the 

Hyper-Rayleigh Scattering phenomenon itself and a depiction of a typical HRS measurement 

setup. A subsection 4.4.2.1 includes polarization-resolved measurements. The definition, 

origin and meaning of retardation parameters ζV and ζH, as well as depolarization ratio DV are 

discussed. A short review on HRS of metallic nanoparticles is included in 4.4.3. The reader is 

guided through HRS studies of silver and gold nanoparticles of various sizes and 

centrosymmetrical shapes. The last subchapter of the theoretical introduction, namely 4.5, 

focuses on the applications with gold nanoparticles: starting with the older publications and 

moving to the recent use published in the scientific literature. This subchapter includes a 

subsection 4.5.1, dedicated to sensing, explaining crucial attributes of a good sensor. 

Chapter 5, called Results and discussion is divided in four parts. 5.1 is dedicated to a PhD 

candidate statement about the substantive contribution to the presented publications, 
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meanwhile sections 5.2-5.4 include the synopsis of each publication and the publication itself. 

Section 5.2 considers gold nanotriangles as an example of non centrosymmetrically-shaped 

nanoparticles. Centrosymmetric nanoparticles, such as nanospheres, nanorods or nanocubes 

are well described in the literature. The behaviour of the latters is driven by volume-dependent 

phenomena although experimentally the consequences of the imperfect geometrical shapes are 

observed as well. In our current work, nanotriangles of mean edge length ranging from 26 to 

87 nm were synthesised and characterised. Noteworthy, the samples contained significant 

amount of nanospheres, i.e. from 26 to 58%, thus it is a novel approach to study a mixture of 

various shapes. The first hyperpolarizability is significantly lower compared to 

centrosymmetric nanoparticles, however the influence of stabilizing agent is unsure: in fact, 

the values for triangles and spheres from this synthesis are close. Furthermore, it is revealed 

that the HRS signal exhibits a surface-dependent behaviour also for big nanoparticles, which 

is contradictory to centrosymmetrical nanoparticles, for which the electric dipole 

approximation is not sufficient above 50 nm diameter. Indeed, it is further confirmed by 

polarization-resolved studies that the retardation parameters, whose growth is associated with 

size increase in the case of centrosymmetrical nanoparticles, remain low. The depolarization 

ratio demonstrates a value of around 0.45, far from 0.2 expected for a point-like one-fold 

structure, in line with a dominant three-fold symmetry.  

The HRS response of gold nanotriangles is rather driven by their non centrosymmetrical shape, 

than the size growth. They are an excellent fit for applications where a low retardation level is 

desired. 

Section 5.3 describes the influence of surrounding medium on the HRS response of gold 

nanospheres. The surrounding medium refractive index was modified by introduction of 

different amounts of glycerol into 40 and 100 nm nanospheres’ suspensions. The HRS signal 

exhibits an abrupt drop for low glycerol additions, followed by an increase. This cannot be 

explained in terms of Localized Surface Plasmon Resonance (LSPR) peak shift, thus it is 

addressed to surface-specific processes. The change is more significant for smaller 

nanoparticles, however shift of the irradiation wavelength from 820 to 790 nm does not impact 

the outcome essentially. All polarization-resolved parameters, i.e. the depolarization ratio and 

retardation parameters present a non monotonous behaviour with the increase of the refractive 

index. A the lowest glycerol contents, which is desired for sensing purposes, a drop in intensity 

is observed. Thus, the relative HRS signal change per Refractive Index Unit (RIU) is 

considered as a Figure of Merit of choice and equals about 4000. It is observed from UV-Vis 

spectra that the colorimetry is not suitable for detection of such low changes. 
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Detection of metal ions with use of Hyper Rayleigh Scattering from gold nanoparticles is 

considered in Chapter 5.4. 50 nm mean diameter nanospheres with copper (II) bromide 

concentration ranging from 0 to 25 mM were studied. First of all, Dynamic Light Scattering 

(DLS) and Zeta potential measurements were performed along with UV-Visible spectroscopy 

to understand the nature of phenomena. It was confirmed that in the case of small copper 

addition, namely below 1 mM concentration, rather weak ionic interactions between copper 

and citrate dominate, building corona-like structures, associated with a red-shift of the LSPR 

peak in the UV-Visible spectra. Above this limit, appearance of a new broad peak around 780 

nm is observed, caused by aggregation of nanoparticles. In the meantime, the hydrodynamic 

diameter exhibits a significant increase over 1 mM CuBr2, meanwhile the Zeta potential notes 

an abrupt change for low copper content, followed by a plateau. The HRS signal decreases by 

around 20% until 0.5 mM copper (II) bromide, where it starts to grow. Over 5 mM it reaches 

a plateau, affected by essential absorption at the incident wavelength 800 nm. The 

depolarization ratio grows until 5 mM copper ion concentration, and then reaches a value of 

0.44. The ζH retardation parameter is vanishingly small for low copper addition and is not 

further discussed in frames of sensing purposes. ζV exhibits a rapid growth, followed by a 

decrease and stabilization from around 1mM. Various possibilities of defining a Figure of Merit 

are discussed. The FoM of choice is based on the relative HRS signal change. 

A summary of the studies conducted within this thesis can be found in Chapter 6. It is pointed 

out, that gold nanotriangles are a promising tool for sensing thanks to its low signal retardation. 

Moreover, gold nanospheres are an appropriate tool for detection of both surrounding 

medium refractive index changes and metal ion presence. Several significant issues are named, 

which should be further studied, such as the influence of sharp tips for metal ion detection 

along with the selectivity, or meaning of the nanoparticle shape in both sensing cases. 

Chapter 7 includes literature references. 
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3. Abstract in Polish 

Niniejsza praca zatytułowana „Zastosowanie metod optyki nieliniowej w sensoryce” została 

przygotowana pod opieką prof. Katarzyny Matczyszyn z Instytutu Materiałów 

Zaawansowanych, Politechnika Wrocławska, Polska, oraz prof. Pierre’a-François Breveta z 

Institut Lumière Matière, Université Claude Bernard Lyon 1, Villeurbanne/Lyon, Francja. Była 

częścią programu „BioTechNan – Program Interdyscyplinarnych Środowiskowych Studiów 

Doktoranckich KNOW z obszaru Biotechnologii i Nanotechnologii”, współfinansowanego 

przez Unię Europejską w ramach Europejskiego Funduszu Społecznego. Oryginalnym 

językiem pracy jest język angielski. 

Praca została podzielona na 7 rozdziałów, z których pierwszy zawiera listę skrótów użytych w 

pracy. Następnie zaprezentowano streszczenie pracy w językach angielskim i polskim. 

Rozdział 4. zawiera teorię kluczową dla zrozumienia niniejszych badań. Zaczynawszy krótkim 

wstępem do metod otrzymywania nanocząstek złota, skupiając się na metodzie Turkevicha, autor 

przechodzi do metod charakteryzacji użytych w badaniach: spektroskopii UV-Vis, 

Transmisyjnej Mikroskopii Elektronowej (ang. Transmission Electron Micoscopy), pomiarom 

Zeta potencjału oraz Dynamicznemu Rozpraszaniu Światła (ang. Dynamic Light Scattering). 

Rozdział 4.3 jest krótkim wstępem do nanoplazmoniki, wraz z teorią Maxwella-Garnetta, 

modelem Drude’a i Zlokalizowanym Powierzchniowym Rezonansem Plazmonowym (ang. 

Localised Surface Plasmon Resonance). Następnie wprowadzono najważniejsze pojęcia z 

zakresu optyki nieliniowej.  Ogólny wstęp zawiera porównanie procesów optycznie liniowych 

i nieliniowych, wraz z teoretycznym wyjaśnieniem każdego z nich. Charakterystyka różnych 

procesów nieliniowych optycznie jest przytoczona wraz z ich diagramami Jabłońskiego. To 

prowadzi do znaczenia środka symetrii nanocząstek, jak opisano w sekcji 4.4.1, po której 

następuje sekcja 4.4.2 z opisem Hiperrozpraszania Rayleigha (ang. Hyper Rayleigh Scattering) 

i przedstawieniem typowego układu do pomiarów HRS. Podsekcja 4.4.2.1. dotyczy pomiarów 

analizy polaryzacyjnej. Przedyskutowano pochodzenie i znaczenie parametrów retardacji ζV i 

ζH, jak również współczynnika depolaryzacji DV. Następnie można znaleźć krótki przegląd 

HRS metalicznych nanocząstek w 4.4.3. Czytelnik jest prowadzony przez badania HRS 

nanocząstek złota i srebra różnych rozmiarów i centrosymetrycznych kształtów. Ostatni 

podrozdział wstępu teoretycznego, to znaczy 4.5, skupia się na zastosowaniu nanocząstek 

złota: zaczynając od tych dawniejszych, po ówczesne doniesienia publikowane w literaturze 

naukowej. Ten podrozdział zawiera podsekcję 4.5.1, poświęconą detekcji, opisując istotne 

właściwości dobrego sensora. 



13 

 

Rozdział 5, nazwany Wyniki i dyskusja (ang. Results and discussion) jest podzielony na cztery 

części. Rozdział 5.1. zawiera deklarację doktoranta o wkładzie do prezentowanych publikacji, 

podczas gdy rozdziały 5.2-5.4 zawierają podsumowanie danej publikacji i samą publikację. 

Sekcja 5.2 dotyczy nanotrójkątów złota jako przykład niecentrosymetrycznych nanocząstek. 

Centrosymetryczne nanocząstki, takie jak nanokulki, nanopręty czy nanokostki, są dobrze 

opisane w literaturze. Ich zachowanie jest spowodowane przez procesy zależne od objętości. 

W tej pracy zsyntezowano i scharakteryzowano nanotrójkąty o średniej długości krawędzi w 

zakresie od 26 do 87 nm. Warto zauważyć, że próbki zawierały znaczne ilości nanokulek, to 

znaczy od 26 do 58%, więc jest to nowe podejście badania mieszaniny różnych kształtów. 

Pierwsza hiperpolaryzowalność jest zdecydowanie mniejsza w porównaniu do nanocząstek 

centrosymetrycznych, niemniej jednak niepewny pozostaje wpływ stabilizatora: w 

rzeczywistości wartości dla trójkątów i kulek z tej konkretnej syntezy są bliskie sobie. Ponadto, 

okazało się, że sygnał HRS jest procesem zależnym od powierzchni również w przypadku 

dużych nanocząstek, w przeciwieństwie do przypadku nanocząstek centrosymetrycznych, dla 

których przybliżenie dipolowe nie jest adekwatne powyżej 50 nm średnicy. Analiza 

polaryzacyjna sygnału dowiodła, że parametry retardacji, których zwiększanie się jest związane 

ze wzrostem rozmiaru w przypadku nanocząstek centrosymetrycznych, pozostają małe. 

Parametr depolaryzacji ma wartość około 0.45, co jest dalekie od 0.2, wartości oczekiwanej dla 

punktowej struktury o symetrii jednokrotnej. 

Odpowiedź HRS nanotrójkątów złota jest raczej zdominowana przez ich 

niecentrosymetryczny kształt, niż wzrost rozmiaru. Są one świetnym wyborem dla zastosowań, 

gdzie pożądany jest niski poziom retardacji sygnału. 

Sekcja 5.3 opisuje wpływ ośrodka na odpowiedź HRS nanokulek złota. Współczynnik 

załamania światła był modyfikowany przez wprowadzenie różnych ilości gliceryny do zawiesin 

40- i 100-nanometrowych nanokulek. Sygnał HRS wykazuje nagły spadek dla małych 

dodatków gliceryny,  a następnie wzrost. Nie może to zostać uzasadnione poprzez przesunięcie 

spektralne LSPR, a raczej trzeba się pochylić nad procesami na powierzchni nanocząstek. 

Zmiana jest bardziej widoczna dla mniejszych nanocząstek, aczkolwiek zmiana długości fali 

wzbudzenia z 820 na 790 nm nie powoduje istotnych zmian w wyniku. Wszystkie parametry 

polaryzacyjne, tj. współczynnik depolaryzacji i współczynniki retardacji oscylują, za wyjątkiem 

najmniejszych zawartości gliceryny, co jest obszarem pożądanym w przypadku zastosowań do 

detekcji. Jako kryterium jakości (ang. Figure of Merit) zaproponowano względną zmianę sygnału 

HRS w przeliczeniu na jednostkę załamania światła (ang. Refractive Index Unit, RIU), wynosi 

ona w tym przypadku około 4000. Z widm spektroskopii UV-Vis można zauważyć, że 
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kolorymetria nie jest metodą odpowiednią do badania tak niskich stężeń. 

Detekcja jonów metali przy użyciu HRS nanocząstek złota jest rozważana w rozdziale 5.4. W 

badaniach wykorzystano nanokulki o średniej średnicy 50 nm ze stężeniem bromku miedzi (II) 

w zakresie od 0 do 25 mM. Po pierwsze, Dynamiczne Rozpraszanie Światła (ang. Dynamic Light 

Scattering) oraz Zeta potencjał zostały zmierzone wraz ze spektroskopią UV-Vis, żeby 

zrozumieć naturę zachodzących zjawisk. Stwierdzono, że w przypadku małych zawartości 

miedzi, czyli stężeniu poniżej 1 mM, dominują raczej słabe oddziaływania jonowe między 

miedzą i cytrynianem i powstają struktury koronowe, związane z przesunięciem ku czerwieni 

pasma LSPR w widmach UV-Vis. Powyżej tej granicy obserwuje się pojawienie się nowego 

szerokiego pasma z maksimum dla około 780 nm, spowodowane agregacją nanocząstek. 

Tymczasem średnica hydrodynamiczna wykazuje znaczny wzrost powyżej 1mM CuBr2, a 

potencjał Zeta zmienia się nagle dla małej zawartości miedzi, a następnie jego wartość 

stabilizuje się. Sygnał HRS maleje o około 20% do 0.5 mM bromku miedzi (II), po czym 

zaczyna rosnąć. Powyżej 5 mM osiąga plateau, powiązane ze znaczną absorpcją długości fali 

800 nm. Współczynnik depolaryzacji rośnie do stężenia jonów miedzi 5 mM, i osiąga wartość 

około 0.44. Parametr retardacji sygnału ζH jest zanikająco mały dla małych zawartości miedzi, 

w związku z tym został on wykluczony do zastosowań w detekcji jonów metali. ζV wykazuje 

nagły wzrost, a następnie maleje i stabilizuje się powyżej 1 mM. Różne możliwe definicje 

kryterium jakości zostały opisane. Zdecydowano się na kryterium oparte na względnej zmianie 

sygnału HRS. 

W rozdziale 6. można znaleźć podsumowanie badań przeprowadzonych w trakcie studiów 

doktoranckich. Podkreślono, że nanotrójkąty złota są obiecującym narzędziem dla sensingu 

dzięki niewielkiej retardacji sygnału HRS. Co więcej, nanokulki złota są dobrym materiałem 

do detekcji zarówno zmian współczynnika załamania światła, jak i obecności jonów metali. 

Wspomniano o kilku istotnych kwestiach, które wymagają jeszcze lepszego zgłębienia, takich 

jak wpływ ostrych zakończeń do detekcji jonów metali oraz selektywność tej metody, czy też 

znaczenie kształtu nanocząstek w obu dyskutowanych przypadkach detekcji. 

Rozdział 7. zawiera bibliografię. 
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4. Introduction 

4.1. Fabrication of nanomaterials 

Even though the focus of this work is not the preparation of gold nanoparticles of new sizes 

or shapes, the description of the fabrication process and the final composition is crucial to 

understand the occurring phenomena. 

Nanomaterials can be obtained by two approaches: top-down or bottom-up1. The top-down 

methods are based on decomposition of larger objects, meanwhile the bottom-up methods 

base on composing (as opposed to decomposing). 

One of the most commonly used top-down method is nanolithography, which uses charged 

ions, electron beams or light to transfer a geometric pattern onto a substrate,2 see Figure 1. It 

was proven to be possible to fabricate materials of dimensions lower than 10 nm,3 however 

due to long fabrication time, the requirement of high surface finished materials, high costs and 

imperfections, bottom-up methods are preferred for many applications. 

 

 

Fig. 1. The principle of nanolithography. Reprinted from 2. 

 

Bottom-up methods include Molecular Beam Epitaxy (MBE).4 In simple words, this method 

can be understood as shooting molecules at a substrate. The substrate must be first heated to 

very high temperatures, usually hundreds of Celsius degrees.5-6 The atoms or molecules are 

placed in effusion cells. Fired onto the substrate, the molecules condense and build very slowly 

and systematically very thin layers. Apart from high temperatures (which excludes many 

compounds, not temperature-resistant), this method requires Ultra High Vacuum (UHV), 

which makes it suitable for layers of semiconductors.7 
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An alternative to MBE is Chemical Vapor Deposition (CVD),8 where a vapor is undergone a 

chemical reaction in the vicinity of heated substrate surface, and deposited as a solid material. 

It allows to fabricate a big variety of materials, due to its flexibility in substrate material and 

temperature, reacting gas composition or applied pressure. However, this method is mostly 

used for thin film fabrication, but also solar cells,9 ceramics10 or carbon nanotubes11 can be 

obtained. 

The described fabrication methods of nanomaterials are well suitable for preparation of thin 

layers, nevertheless they are not favourable for plasmonic nanoparticles, where chemical 

synthesis is usually applied, being another bottom-up fabrication method, which will be 

described in detail in Chapter 4.1.1. 

 

4.1.1. Chemically synthesized colloidal gold nanoparticles 

The most widely applied method of gold nanoparticles’ fabrication is chemical synthesis, 

allowing to obtain nanoparticles of various shapes and sizes, in various surroundings. The 

current thesis is not focusing on the fabrication process, however understanding the basic 

principles is crucial. 

Synthesis of colloidal gold nanoparticles has been described for the first time by J. Turkevich 

in 1951, thus this method is nowadays called the Turkevich method.12 Namely, chloroauric acid 

(HAuCl4) was treated in boiling water with sodium citrate, which acted both as a reducing and 

stabilizing agent. Nanoparticles of mean size 10-20 nm were synthesized, thus this method was 

refined by G. Frens, who studied different concentrations of the citrate, which resulted in 

colloidal gold nanoparticles of different sizes13 (literature sometimes refers to Turkevich-Frens 

method): from 16 to 147 nm mean diameter. 

Gold nanorods, an example of anisotropic gold nanoparticles, have been widely described too. 

They exhibit two plasmon modes: a longitudinal and a transverse one, connected with 

oscillation along their longer and shorter axes, respectively.14 One of the most commonly 

applied protocols is the seed-mediated growth method.15-17 Chloroauric acid is added to ice-

cooled borane, which reduces gold from Au3+ to Au0 state. Cetyltrimethylammonium bromide 

(CTAB) plays the stabilizing role. The product of this reaction was further used as the so-called 

seed. In the next step, chloroauric acid is added to ascorbic acid, which reduces gold from Au3+ 

to Au1+ in presence of CTAB micelles. Afterwards, a solution of silver nitrate is added, 

responsible for the shape formation. Finally, seed is injected. Alternatively, other capping 

agents than CTAB can be used either directly in the synthesis or in post-synthesis treatment, 

including citrate18 or poly(sodium 4-styrenesulfonate) (PSS).19 
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Since for several applications sharp tips, absent in nanorods, are advantageous, scientists have 

studied other shapes, such as bipyramids,20-21 triangles,22-23 stars,24-25 cubes,26 cages27 or 

popcorn.28 Nevertheless, keep in mind that nanorods used to be considered as owing sharp 

tips, as opposed to nanospheres.29-31 Exemplary TEM pictures of each nanoparticle shape are 

presented in Figure 2 (a) – (g). In the case of most shapes, nanoparticles of various sizes have 

been well-studied. For instance, for nanorods “mini gold nanorods” of a few nanometers,32 

“standard” nanorods of 30-50 nm 33 or long nanorods of ~100 nm 34 are known. 

For biological applications gold nanoparticles can be obtained in a bio-mediated synthesis. 

M. Klekotko reported a synthesis protocol, where an extract of Mentha piperita was used as 

reducing and stabilizing agent.35 Their toxicity, compared to gold nanoparticles obtained by a 

standard method, was significantly lower. Nevertheless, they were less monodisperse in shape 

and size compared to gold nanoparticles obtained in a conventional way. 

 

 

(a) 

 

(b) 

  

 

(c) 

 

(d) 
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(e) 

  

(f) 

 

(g) 

Fig. 2 (a) – (g). Exemplary TEM pictures of gold nanoparticles of different shapes: 

(a) nanorods,33 (b) nanobipyramids,36 (c) nanotriangles,37 (d) nanocubes,38 (e) nanostars,39 

(f) nanopopcorn40 and (g) nanocages.41 Reprinted from the cited publications, respectively. 
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4.2. Characterization methods 

This chapter is dedicated to explain the different characterization methods, used to describe 

the nanoparticles during the research. Each sub-chapter provides a brief summary of theory 

connected with the techniques, as well as the information that they provide. 

4.2.1. UV-Vis spectroscopy 

Bohr and Einstein stated the relation 𝛥𝐸 = ℎ𝜈  with ℎ = 6.626 ∙ 10−34𝐽𝑠  the Planck 

constant and 𝜈 the photon frequency. The quantification of light energy is the foundation of 

optical spectroscopy.42 Furthermore, according to the Bouguer-Lambert-Beer law:42 

𝐴 = 𝑙𝑜𝑔
𝐼0

𝐼
= 𝜀𝑐𝑑 (1). 

Where A is the absorbance, I0 and I the light intensity prior and after the sample respectively, 

ε is defined as the molar extinction coefficient and d the path length of the sample, given in 

cm. ε is characteristic for a substance and depends on wavelength. The molar concentration c 

is given in mol/dm3. The correlation between A and wavelength λ is called the absorption 

spectrum. In these measurements, a reference, mostly the solvent used in the specimen, is 

required to eliminate its influence on the signal. In spectroscopy, usually UV, Visible and 

Infrared ranges are studied, see Figure 3. 

Extinction and absorption are sometimes used ambiguously, 

however 𝑒𝑥𝑡𝑖𝑛𝑐𝑡𝑖𝑜𝑛 = 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 + 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔. For gold nanoparticles, scattering plays 

a crucial role for large nanoparticles, i.e. ≫ 50 𝑛𝑚.43  
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Fig. 3. Depiction of various types of electromagnetic waves, split by wavelength range. UV-

Vis spectroscopy focuses on UV and Visible parts and partially Infrared ranges. Reprinted 

from 44. 

 

 

Fig. 4. An example of usage of UV-Vis spectroscopy to monitor nanoparticles’ synthesis. 

The curves show spectra of 2.2, 2.6, 3.2 and 3.8 Aspect Ratio (AR)  (from left to right, 

respectively) mini nanorods. Reprinted from 32. 

 

As will be discussed in Section 4.3, extinction of nanoparticles, i.e. its intensity and spectral 

localization, is connected with the nanoparticles’ shape and size and thus it is a simple and 

quick monitoring tool. See Figure 4 for an example, where UV-Vis spectroscopy was used to 

monitor the aspect ratio of synthesized mini gold nanorods.32 On the other hand, colorimetry-

based sensing is a wide field, where changes in UV-Vis spectra are used as a detection tool, 

which will be further described in Chapter 4.5. 
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4.2.2. TEM microscopy 

Although it has been proven that UV-Visible spectroscopy, described in chapter 4.2.1, may 

help to resolve the size of gold nanoparticles,45 it remains insufficient when more quantitative 

data is required, i.e. a size distribution, or a mixture of different shapes is suspected. Thus, 

microscopy shall be addressed. A crucial parameter of classical optical microscopy is resolution 

limit, which however does not allow to investigate structures of size in the range of 10-100 

nm. For metallic nanoparticles, since they are conductive, electron microscopy is suitable, with 

two mostly applied techniques in gold nanoparticles imaging: Scanning Electron Microscopy 

(SEM) and Transmission Electron Microscopy (TEM). Table 1 contains comparison of chosen 

properties of light microscopy, SEM and TEM. The wavelength of radiation for electron 

microscopy techniques was calculated based on the De Broglie Relation:46 

𝜆 =
ℎ

𝑝
= ℎ/(𝑚𝑣) (2), 

Where p stands for momentum, m mass and v velocity of electrons.47 Note that the wavelength 

associated with electrons is comparable to atomic dimensions, thus diffraction or 

backscattering may be observed. First observation of electron diffraction at the surface of a 

crystal was noted by Davisson and Germer in 1927.48 

 

Table 1. Comparison of chosen properties of light microscopy, Scanning Electron 

Microscopy (SEM) and Transmission Electron Microscopy (TEM). Reprinted from 49. 

Characteristics Light 

microscope 

SEM TEM 

Wavelength of 

radiation 

Visible light: 

~380-760 nm 

0,008 nm at 20 kV 

accelerating voltage 

0,0028 nm at 200 kV 

accelerating voltage 

Useful magnification 1 000x 200 000x 2 000 000x 

Resolution 200 nm 1 nm 0,1 nm 

Specimen thickness thin, bulk bulk thin (electron 

transparent, ~100 nm) 

Examination of live 

specimens 

possible impossible impossible 

Capital and 

maintenance cost 

low medium high 

Features studied surface surface or subsurface microstructure 
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A scheme of TEM and SEM arrangements, as well as conventional light microscopy, is 

presented in Figure 5. Principally, in Transmission Electron Microscopy, transmitted signal is 

recorded. This requires thinner specimen, yet the obtained resolution is in the range of 0.1 nm. 

Contrarily, SEM, working on backscattering, resolution is ~10 times lower, meanwhile it is less 

expensive and more facile in use. Nowadays both techniques are widely applied for 

determination of size and shape of gold nanoparticles.50-53 

 

 

Fig. 5. Schematic comparison of light microscopy, TEM and SEM arrangements. 

Reprinted from 49. 
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4.2.3. Zeta potential 

UV-Vis spectroscopy and TEM provide information about nanoparticles’ morphology, 

however they are not sufficient alone for nanoparticles’ vicinity. UV-Vis spectra may be 

affected by for instance binding (or generally speaking: interactions) of different molecules54 

or refractive index change,55 however it is not an equivocal indicator: in some cases, the study 

of potential on the nanoparticle’s surface is required. 

Zeta ζ potential is the potential at the slipping plane. It is based on the electroosmosis 

phenomenon, where applied external electric field allows to obtain the Zeta potential value.56 

The measurements are based on the Helmholtz-Smoluchowski equation: 

𝑢 = −
𝜀𝜑0

𝜂
𝐸 (3) 

with u the electroosmotic velocity, ε solvent permittivity, η solvent viscosity,  E extrinsic 

electric field and φ0 surface potential. 

From eq. (3) Zeta potential can be described as: 

𝜁 = −
𝜇𝐸𝑂𝜂

𝜀
 (4).  

Where μEO, the electroosmotic mobility, is defined as: 

�⃗⃗� = 𝜇𝐸𝑂�⃗⃗�
  (5). 

Zeta ζ potential is a good indicator of the surface state especially in chemically simple 

environments.57 In the case of complex biological environments, the outcome is not trivial.58 

The results are also affected if the nanoparticles are small or placed in a polydisperse system.59 

 

4.2.4. Dynamic Light Scattering 

Methods such as TEM or SEM require deposition of the analyte onto a substrate. An example 

of a method, where the nanoparticles’ size may be examined in solution, is Dynamic Light 

Scattering, whose principles are described in this section. 

If light is irradiated onto a specimen, its scattering intensity fluctuates over time due to 

Brownian motions.60 Namely, the larger the particles studied, the larger the intensity 

fluctuations observed along with slower times, see Figure 6. The time dependent scattering 

intensity patterns are auto-correlated after short time intervals, which allows to monitor the 

decay of correlation.61 In general, decay time constants, derived from auto-correlation function 

(ACF), of smaller particles are shorter. One of the commonly applied algorithms for ACF 

calculations is the CONTIN algorithm, which allows to determine the translational diffusion 

constant D.62 In the measurement, the temperature T is mostly constant, and the viscosity η is 
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known or can be measured, therefore the Stokes-Einstein equation can be used to determine the 

hydrodynamic radius rh of a particle:61 

𝐷 =
𝑘𝐵𝑇

6𝜋𝑟ℎ
 (15). 

Where 𝑘𝐵 = 1,380648 ∙ 10−23 𝐽/𝐾 is the Boltzmann constant.  

 

 

Fig. 6. Generalization of dependence on the signal of scattered light of particles of different 

size. Reprinted from 61. 

 

The DLS arrangement is significantly simpler and much less costly compared to SEM or TEM 

(see section 4.2.2), nevertheless in DLS it is most of the time assumed that each particle is 

spherical, which is not always true for gold nanoparticles. Moreover, the DLS measurement is 

conducted in solution, which often does not require any specific sample preparation. However, 

there are also significant limitations, such as sample sedimentation, more likely to occur with 

dense specimen.63 Furthermore, if the nanoparticles are spaced relatively close to each other, 

i.e. in a distance lower than 3 times the difference in size between them, the size distribution 

will not be precise due to interparticle interactions.64 Last but not least, as DLS is basing on 

light scattering, it cannot be excluded that a photon was scattered on a second particle before 

reaching the detector, which is called multiple scattering.65 
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4.3 Nanoplasmonics 

Since the gold nanoparticles owe their optical properties, which are of concern in this study, 

to their plasmonic properties, in particular to their Localized Surface Plasmon Resonance, it is 

crucial to grasp the fundamentals of nanoplasmonics, presented in this chapter. 

In order to understand the principles of nanoplasmonics, let us admit the definition of a 

plasmon. It is described as a “quantum of energy associated with an eigenfrequency of a plasma 

oscillation”, where plasma shall be understood as an electron gas with electric charges free to 

move within an ionic background in presence of electromagnetic forces66. Surface plasmon 

resonance (SPR) is a phenomenon, where irradiating a thin metal layer induces movement of 

electrons in the vicinity of the surface of the layer propagating parallel to the metal surface, i.e. 

a plasmon is induced67. This method is nowadays widely applied to study molecule 

interactions68, applying the Kretschmann geometry, where attenuated total reflection (ATR) 

method is used. Namely, the resonance occurs at a specific incident wavelength and is highly 

sensitive to any refractive index changes close to the metallic film. The so-called “dark zone”, 

where no reflection is observed, is then moved69. 

In the case of metallic nano-objects, a Localized Surface Plasmon Resonance (LSPR) is an 

oscillation of conduction electrons. The metallic nanoparticles may exhibit resonance 

behaviour at certain frequencies if their dielectric permittivity is negative and their dimensions 

are small compared to the free-space wavelength70. Since the electrons may only move within 

the internal metal framework, collective electron charge oscillations occur, which leads to 

absorbance of electromagnetic waves within specific bands71. The nature of these phenomena 

will be discussed in detail below. 

One of the earliest studies regarding behaviour of metallic nanoobjects was conducted by 

Maxwell Garnett in 190472. Namely, he introduced a physical quantity connecting absorption 

and refraction: 

𝑁 = 𝑛(1 − 𝑖𝜅) (6), 

where n is the coefficient of refraction and κ refers to the coefficient of absorption. Here,  𝑖 =

√−1. The 𝑁 quantity was not given a name, however considering passage of light through a 

dielectric medium containing many small metallic particles, he was able to account for some 

of the observed features73. 

Note the similarity to the current definition of complex refractive index74: 

𝑛𝑐𝑜𝑚𝑝𝑙𝑒𝑥 = 𝑛 + 𝑖𝜅 (7). 

An approach to describe the interaction of metallic nanoparticles with electromagnetic wave 
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is the quasi-static approximation75. Assuming the particle’s size much smaller than the 

propagating wavelength (𝑑 ≪ 𝜆), the phase of the oscillating electromagnetic field remains 

constant over the particle diameter. For a homogenous isotropic sphere of radius a, the 

polarizability α thus reads as: 

𝛼 = 4𝜋𝑎3 𝜀−𝜀𝑚

𝜀+𝜀𝑚
 (8), 

where ε stands for the dielectric response of the sphere (a complex quantity) and εm is the 

dielectric constant of non-absorbing isotropic surrounding medium. Note that the defined 

polarizability is a complex value. 

If the environment medium dielectric constant can be considered close to constant, the metal 

one can be modelled with the Drude free electron gas model : 

𝜀(𝜔) = 1 −
𝜔𝑝

2

𝜔2+𝑖𝛾𝜔
 (9), 

where 𝜔𝑝
2 =

𝑛𝑒2

𝜀0𝑚
 is the plasma frequency of the free electron gas, γ the collision frequency, an 

inverse of the relaxation time of the free electron gas. In a standard way, e stands for the 

electron charge, m the electron mass and 𝜀0 the dielectric constant in vacuum. Equation (9) 

may be also addressed in terms of AC conductivity σ: 

𝜀(𝜔) = 1 +
𝑖𝜎(𝜔)

𝜀0𝜔
 (10). 

Note that the Drude model is not specific to metallic nanoparticles and is also an 

approximation. Johnson and Christy76 measured the dielectric constant for silver in particular, 

which then applied to the Drude model (eq. (9)), shows that in resonance conditions the 

dielectric constant of silver at a certain frequency ω meets: 

𝑅𝑒 [𝜀(𝜔)] = −2𝜀𝑚 (11), 

called Fröhlich condition. The associated mode is named the dipole surface plasmon mode of a 

metallic nanoparticle due to the dipolar oscillation of the conduction band electrons associated 

with this condition. Considering Riccati-Bessel functions and following Bohren and 

Huffman,77 it can be shown that equation (11) is in fact true for plasmonic (metallic) 

nanoparticles, including gold.78-79 Moreover, for a Drude metal in air the Fröhlich condition is 

fulfilled at the frequency 𝜔0 = 𝜔𝑝/√3. 

Relaxing the assumption of spherical nanoparticles, assuming an ellipsoidal shape of 

nanoparticles with semi-axes 𝑎1 ≤ 𝑎2 ≤ 𝑎3 for a surface shape equation77: 

𝑥2

𝑎1
2 +

𝑦2

𝑎2
2 +

𝑧2

𝑎3
2 = 1 (12), 

Bohren and Huffman obtained the polarizability αi along principal axes (i=1,2,3): 
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𝛼𝑖 = 4𝜋𝑎1𝑎2𝑎3
𝜀(𝜔)−𝜀𝑚

3𝜀𝑚+3𝐿𝑖(𝜀(𝜔)−𝜀𝑚)
 (13) 

with geometrical factor Li defined as: 

𝐿𝑖 =
𝑎1𝑎2𝑎3

2
∫

𝑑𝑞

(𝑎𝑖
2+𝑞)𝑓(𝑞)

∞

0
 (14), 

where 𝑓(𝑞) = √(𝑞 + 𝑎1
2)(𝑞 + 𝑎2

2)(𝑞 + 𝑎3
2) . ∑𝐿𝑖 =1, meanwhile for a sphere 

𝐿1 = 𝐿2 = 𝐿3 =
1

3
. 

 The quasi-static approximation assumes vanishingly small spherical nanoparticles, providing 

relevant results in calculations performed for spherical or ellipsoidal nanoparticles irradiated 

by visible or near-infrared light. Particles of larger dimensions exhibit significant phase changes 

of the driving field over a particle, therefore an electrodynamic approach is required. In 1908 

Gustav Mie published a paper describing an electromagnetic theory of a rigorous solution for 

the diffraction of light by a homogenous sphere of any size or composition, immersed in a 

homogenous medium80. In fact, it applies to sets of independent nanoparticles where no 

coherent phase relationships between light scattered by each particle occurs. This is valid if the 

nanoparticles are randomly distributed and separated from one another by large distances, 

compared to the wavelength73. Mie’s theory concerns finding the solution of Maxwell’s 

equations describing the field stemming from a plane monochromatic wave over a spherical 

surface, meanwhile the medium properties change precipitously. It provides an exact analytical 

characterization of the LSPR, where multipolar eigenmodes of the spherical nanoparticles are 

revealed. Meanwhile, the expansion of the exciting electromagnetic field to vector spherical 

harmonic functions provides the excitation strength81. 

Mie theory has been further applied for larger spherical particles of volume V75, 82-83: 

𝛼 =
1−0,1∙(𝜀+𝜀𝑚)𝑥2+𝑂(𝑥4)

(
1

3
+

𝜀𝑚
𝜀−𝜀𝑚

)−
1

30
(𝜀+10𝜀𝑚)𝑥2−𝑖

4𝜋2𝜀𝑚
1.5

3

𝑉

𝜆0
3+𝑂(𝑥4)

𝑉 (15). 

𝑥 = 𝜋𝑎/𝜆0 stands for the size parameter with 𝜆0 the wavelength in vacuum. The second part of 

the denominator is associated with energy shifts connected with retardation. This expression 

may be expanded to higher order corrections, here briefly noted as 𝑂(𝑥4). Furthermore, the 

quadratic term in the denominator is responsible for energy shifts caused by the depolarization 

field82.  

Equation (15) can be generalized to an ellipsoidal object: 

𝛼 =
𝑉

(𝐿+
𝜀𝑚

𝜀−𝜀𝑚
)−𝐴𝜀𝑚𝑥2+𝐵𝜀𝑚𝑥4−𝑖

4𝜋2𝜀𝑚
1.5

3

𝑉

𝜆0
3

 (16) 

with parameters A and B dependent on the material and its morphology. 

An example of an observable, namely extinction, may be well modelled by Mie theory, as was 
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shown for instance by Burrows84, using the formula for the angular dependence of the 

scattered complex electric fields77: 

𝐸𝜃 ≈ 𝐸0
𝑒𝑖𝑘𝑟

−𝑖𝑘𝑟
𝑠𝑖𝑛𝜑 ∑

2𝑧+1

𝑧(𝑧+1)𝑧 (𝑎𝑛
𝑃𝑛

1

𝑠𝑖𝑛𝜃
+ 𝑏𝑛

𝑑𝑃𝑛
1

𝑑𝜃
) (17) 

𝐸𝜑 ≈ −𝐸0
𝑒𝑖𝑘𝑟

−𝑖𝑘𝑟
𝑐𝑜𝑠𝜑 ∑

2𝑧+1

𝑧(𝑧+1)𝑧 (𝑎𝑛
𝑃𝑛

1

𝑠𝑖𝑛𝜃
+ 𝑏𝑛

𝑑𝑃𝑛
1

𝑑𝜃
) (18) 

With k the wavevector, φ and θ the azimuthal and polar scattering angles, respectively. 𝐸0 

represents the strength of the incident field, z the degree of the mode (dipolar mode: z=1, 

octupolar mode z=2, etc.). 𝑃𝑛
1 stands for the set of associated Legendre polynomials of genre 

1, meanwhile 𝑎𝑛  and 𝑏𝑛  are complex Mie coefficients, obtained by evaluating the overlap 

integral between the incident field and the field associated with the natural modes of the 

system. 

For other shapes several numerical methods have been reported. The Discrete Dipole 

Approximation (DDA) approach is based on the discretization of the nanoparticle volume 

with polarizabile dipoles66, 85. Meanwhile, the Finite Difference Time Domain (FDTD) 

discretises Maxwell’s curl equations over time and space66, 86. Other well-developed methods 

are the Finite Element Method (FEM)87-88 or the Surface Integral Method (SIM)89. 

Metallic nanoparticles exhibit unique optical properties thanks to the LSPR. Mostly gold90-92 

and silver93-95 nanoparticles are met in applications, however copper96-97 or platinum98-99 are also 

recorded in the literature100. Other metals exhibit optical properties in the UV or far IR range, 

which makes them less suitable. Gold is often favoured due to better stability, moreover their 

optical properties are more in line with the biological window with deep tissue penetration (see 

Fig. 7 and 8), which is advantageous for in-vivo biological applications101-102.  
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Fig. 7. Effective attenuation coefficient in respect of wavelength for biological tissues with 

biological windows marked. Reprinted from 101.  

 

 

Fig. 8. Comparison of plasmon resonance wavelength of silver and gold nanoparticles. The 

exact spectrum depends on the nanoparticle size. Reprinted from 103. 

 

The biological window can be also approached by use of nanoparticles of anisotropic shape. 

Nanoparticles of various anisotropic shapes have been described, including rods104, 

bipyramids21, triangles23, stars25, popcorn28 or cages27. Their fabrication has been described in 

Chapter 4.1.1, see also Figure 2a-g for exemplary TEM pictures. 

Optical properties of gold nanoparticles are as well dependent on multiple factors, such as 

refractive index of the surrounding medium105. O. Pluchery showed that the plasmon peak 

wavelength of spherical particles, calculated by the electrostatic model, shifts from 504 nm in 

air, to 519 nm or 678 nm in titanium dioxide66. Moreover, a shift of the LSPR peak has also 

been observed in the case of different stabilizing agents106, which in fact affects as well the 

nanoparticle’s morphology. Interestingly, gold nanoparticles’ LSPR is sensitive to compounds 

appearing in their vicinity, attracted by their surface or stabilizing agent107. As a result, gold 
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nanoparticles-based sensing is a field in rapid expansion. 

Energy absorbed during photon absorption process in a gold nanoparticle may be transferred 

into a radiative or a non-radiative process108, including photoluminescence PL (defined as light 

emission following absorption of a photon) or thermal processes. PL from bulk gold was first 

reported in 1969 by Mooradian109, where Fermi energy of 2.2 eV and Quantum Yield (QD) of 

the order of 10-10 was observed108. 14 years later it was followed by a demonstration of LSPR-

enhanced PL110. The explanation of this phenomenon remains unclear, nevertheless two 

approaches are known in the literature: the first model relies on an energy transfer from an 

electron-hole pair, which effects in plasmon excitation followed by a photon emission. On the 

other hand, a different model asserts an antenna effect, where the internal field enhancement 

is induced by plasmons, meanwhile the PL is caused by a three-step process associated with 

non-radiative loss of energy of hot electrons, which is then interconverted to the LSPR and 

photon emission108, 111. 
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4.4. Nonlinear optics 

The main focus of this thesis is the Hyper Rayleigh Scattering method applications for sensing 

purposes. This chapter is dedicated to the basics of nonlinear optics, the comparison to linear 

optics, with a Subchapter 4.4.1 focusing on Hyper Rayleigh Scattering itself. 

In linear optics, following rules must be fulfilled for irradiation or absorption:112 

• Refractive index and absorption coefficient of a material do not depend on the light 

intensity. 

• The superposition principle is applicable. 

• The light frequency cannot be altered after its passage through a medium (unless an 

absorption process is followed by emission). 

• Two separate beams of light do not affect each other, i.e. a beam cannot be used to 

control another beam of light. 

If a medium is irradiated by a laser of high power density, namely ≫ 100 𝑊/𝑐𝑚2,  linear 

optics descriptions appear to be insufficient, however some exceptional scenarios must be kept 

in mind, i.e. in the case of quantum dots this may happen already during interaction with single 

photons (the quantum dots are coupled to a propagating mode, thus each photon interacts 

with the dot, resulting in creation of highly-correlated photons).113-114 This has also been 

discussed in theory for graphene-based plasmonics, however it has not been confirmed 

experimentally due to technical limitations, i.e. lack of single-photon detectors in the range 

between 2 and 10 μm wavelength.115 

The polarization vector exhibits the following relation with electric field strength of higher 

orders:116 

𝑷 = 𝜀0(𝜒
(1)𝑬 + 𝜒(2)𝑬𝟐 + 𝜒(3)𝑬𝟑 + ⋯) (19). 

𝜒(1) is the linear optical susceptibility, meanwhile 𝜒(𝑛) is called nonlinear optical susceptibility of n-th-

order and is associated with n-th-order nonlinear optical processes. 𝜀0  expresses the free-space 

permittivity. In linear optics, all components of Equation (19), apart from the first one, are 

neglectable, then 𝑷 = 𝜀0𝜒
(1)𝑬. Thus, Equation (19) may be as well written as 𝑷 = 𝑷𝑳 + 𝑷𝑵𝑳, 

where 𝑷𝑳 = 𝜀0𝜒
(1)𝑬  is the linear and 𝑷𝑵𝑳 = 𝜀0(𝜒

(2)𝑬𝟐 + 𝜒(3)𝑬𝟑 + ⋯)  the nonlinear 

polarization vectors. The wave equation in nonlinear optical media has the form: 

∇2𝑬 −
𝑛2

𝑐2

𝜕2𝑬

𝜕𝑡2
=

1

𝑐2

𝜕2𝑷𝑵𝑳

𝜕𝑡2
 (20). 

In equation (20) n is the classical linear refractive index, c is the speed of light in vacuum. 

𝜕2𝑷𝑵𝑳/𝜕𝑡2  shall be understood as a measure of acceleration of charges constituting the 
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medium, which is consistent with electromagnetic Larmor’s theorem, stating that 

electromagnetic radiation is created by acceleration of charges. 

Various mechanisms inducing nonlinear polarization in a medium have been reported:117 

• Electron-cloud distortion. 

• Intramolecular motion. 

• Molecular reorientation. 

• Induced acoustic motion. 

• Induced population change. 

The first mechanism, i.e. electron-cloud distortion, is mostly met and can contribute to any 

kind of nonlinear optical processes and be present in various media. Furthermore, its response 

is extremely rapid, i.e. 10-15-10-16 s as it involves electrons. 

Let us consider second order nonlinear optical processes, where 

𝑷 = 𝜀0𝜒
(2)𝑬𝟐 (21). 

In the simplest case (solely in terms of mathematical considerations), the laser beam electric 

field may be expressed as: 

𝑬(𝒕) = 𝐸𝑒−𝑖𝜔𝑡 + 𝑐. 𝑐. (22). 

With c.c.=complex conjugate. The nonlinear optics processes occur however often under influence 

of two distinct electromagnetic wave beams, thus let us consider a medium consisting of two 

distinct frequency components, namely:116 

𝑬(𝒕) = 𝐸1𝑒
−𝑖𝜔1𝑡 + 𝐸2𝑒

−𝑖𝜔2𝑡 + 𝑐. 𝑐. (23). 

Note, that if 𝐸1 = 𝐸2, Equation (23) takes the form of Equation (22), where the interacting 

photons are of equal nature. 

From Equations (21) and (23) we have: 

𝑷(𝑡) = 𝜀0𝜒
(2)(𝐸1

2𝑒−2𝑖𝜔1𝑡 + 𝐸2
2𝑒−2𝑖𝜔2𝑡 + 2𝐸1𝐸2𝑒

−𝑖(𝜔1+𝜔2)𝑡 + 2𝐸1𝐸2
∗𝑒−𝑖(𝜔1−𝜔2)𝑡 +

𝑐. 𝑐. ) + 2𝜀0𝜒
(2)(𝐸1𝐸1

∗ + 𝐸2𝐸2
∗) (24). 

Equation (24) can be expressed using different notation: 

𝑷(𝑡) = ∑ 𝑃(𝜔𝑛)𝑒
−𝑖𝜔𝑛𝑡

𝑛  (25). 

Thus, 5 relations of complex amplitudes of frequency components can be observed: 

𝑃(2𝜔1) = 𝜀0𝜒
(2)𝐸1

2 (26a) 

𝑃(2𝜔2) = 𝜀0𝜒
(2)𝐸2

2 (26b) 

𝑃(𝜔1 + 𝜔2) = 2𝜀0𝜒
(2)𝐸1𝐸2 (26c) 

𝑃(𝜔1 − 𝜔2) = 2𝜀0𝜒
(2)𝐸1𝐸2

∗ (26d) 
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𝑃(0) = 2𝜀0𝜒
(2)(𝐸1𝐸1

∗ + 𝐸2𝐸2
∗) (26e). 

Each Equation (26) describes a physical process: (26a) and (26b) Second Harmonic Generation 

(SHG), (26c) Sum-Frequency Generation (SFG), (26d) Difference-Frequency Generation (DFG) and 

(26e) Optical Rectification (OR). 

 

                  

                   (a)                                                (b)                                                

 

                                                   (c) 

Fig. 9. Depiction of energy levels in SHG (a), SFG (b) and DFG (c) processes. 

Dashed lines represent virtual states. 

 

In the case of Second Harmonic Generation, radiation at the second-harmonic frequency is 

generated, i.e. energy of two identical photons is converted into one photon of doubled energy 

(see Fig. 9.(a)). Meanwhile, the SFG process is analogous (Fig. 9(b)), however the two input 

photons involved have different energy. This may be realised by usage of two different light 

sources of different wavelengths. In case of DFG, the outcoming photon ω3 has energy being 

the difference of energies of the two incoming photons (Fig. 9(c)). Furthermore, Optical 

Rectification is not connected with electromagnetic radiation absorption or emission; namely, 

it is a creation of a static electric field across a nonlinear crystal that occurs. The primary 

trespassing electromagnetic wave remains unaffected as well. 

Many applications of nonlinear optics arise from breakage of the rules mentioned in the 

beginning of this chapter. Namely, in the non-linear optical regime:112 

• The refractive index depends on the light intensity. 

• The superposition principle is not valid. 

• The frequency of light changes after passing through a medium, 

compare with Figure 6. 
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• A light beam may be used to control another light beam, since they can interact. 

Moreover, note that in the case of nonlinear optical processes virtual states are involved, thus 

the Laporte rule is not conserved in the case of multiphoton absorption.118 According to the 

Laporte rule, if an absorption phenomenon shall happen, the parity, i.e. the symmetry of the 

wave function, must not be conserved. In other words, absorption is possible only with parity 

change,119 whereas in the case of multiphoton absorption, the parity may be conserved, i.e. it 

may be an odd to odd or even to even transition.120 

 

4.4.1. Role of the symmetry centre 

Note that in the case of eq. (21), P must change its sign when the applied field E changes its 

sign. However, if a medium is centrosymmetric and the two field components change their 

sign (compare with eq. (23) or eq. (24)), the right side remains unchanged, namely:121 

-𝑷 = 𝜀0𝜒
(2)(−𝑬)(−𝑬) (27). 

This is true if 𝜒(2) = 0. This leads to the conclusion that Second Harmonic Generation, a 

second-order nonlinear optical process, cannot occur in compounds possessing a symmetry 

centre122. Nevertheless, Epperlein showed in 1987123 that since: 

𝑬 = �̂�𝑒𝑖(𝜔𝑡−𝒌𝒓) (28), 

the Nabla ∇  operator works on both the amplitude and phase: 

𝛻𝑬 = [(𝛻�̂� − 𝑖(𝒌�̂�)] ∙ 𝑒𝑖(𝜔𝑡−𝒌𝒓) (29). 

k stands for the wavenumber. Considering a lossless wave propagation in a transparent bulk 

medium, the first term of Equation (29) vanishes for bulk, but it remains non-zero at the 

surface of a compound. Thus, Second Harmonic Generation may be also observed in 

centrosymmetric media, i.e. in fact stemming from their surface. 

Interestingly, a different approach where SHG may be observed in centrosymmetric media is 

breaking the symmetry at interfaces. Nowadays S-SHG (Surface Second Harmonic Scattering) 

is widely applied in study of interfaces.124 
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4.4.2.  Hyper Rayleigh Scattering: First hyperpolarizability 

Chapter 4.4. was dedicated to a general introduction to nonlinear optics, whereas this thesis is 

focusing on the Hyper Rayleigh Scattering, which applies the incoherent Second Harmonic 

Generation (in other words: Second Harmonic Scattering) phenomenon, thus this subchapter 

will describe the SHG and HRS in more detail. 

It must be however admitted that the name Hyper Rayleigh Scattering has been also recently used 

to refer to the Chiroptical harmonic scattering,125 which is a different phenomenon, and it can cause 

confusion if the HRS term is used without context, as HRS is not involving a chiroptical 

phenomenon per se. 

In Cartesian tensor notation, for a single molecule the induced dipole moment is:126 

𝜇𝑖 = 𝛼𝑖𝑗𝐸𝑗 + 𝛽𝑖𝑗𝑘𝐸𝑗𝐸𝑘 + 𝛾𝑖𝑗𝑘𝑙𝐸𝑗𝐸𝑘𝐸𝑙 + ⋯ (30), 

where μi is the induced dipole moment component, along the molecule-fixed i axis. α, β, γ, … 

are components of the polarizability tensor of the first, second, third, etc. order, respectively. 

β is often called the first hyperpolarizability, γ the second hyperpolarizability, etc… and i, j, k, 

l represent the corresponding frame axes. The polarizability tensors of each order are 

associated with nonlinear optical processes of corresponding order. One of the methods to 

determine the first hyperpolarizability value is Hyper Rayleigh Scattering (HRS), see Figure 10. 

If an aqueous sample is excited by a femtosecond laser and its Second Harmonic signal is 

recorded:127 

𝐼 ∝ (𝑁𝑃 < 𝛽𝑝
2 > +𝑁𝑠 < 𝛽𝑠

2 >) (31). 

In equation (31), Ns and   Np are particles number per unit volume for the solvent (water) and 

particles (the studied component), respectively, and I the HRS signal. <> expresses the 

averaging over orientation of molecules. If the signal I is normalized to solvent signal, equation 

(31) can be expressed as: 

𝐼

𝐼𝑠
= 1 +

𝑁𝑝<𝛽𝑝
2>

𝑁𝑠<𝛽𝑠
2>

 (32). 

For water √< 𝛽𝑠
2 >= 0.087 ∙ 10−30𝑒𝑠𝑢 .128 It must be however noted that in older 

publications, the value √< 𝛽𝑠
2 >= 0.56 ∙ 10−30𝑒𝑠𝑢 129 was taken for calculations. The new 

reference was obtained by J. Duboisset et al.,128 where chloroform with 

√< 𝛽2 >= 0.55 ∙ 10−30𝑒𝑠𝑢 130 was used as reference for the first hyperpolarizability value 

of water. 
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Fig. 10. Scheme of a typical Hyper-Rayleigh Scattering setup. Femtosecond-laser beam 

focused by a lens (L1) passes through a sample, it is collected in the right-angle regime by a 

spectrometric device. A filter (BF) is used to not detect direct laser beam in the detector. 

This picture is drawn, basing on the actual set-up used for experiments, further described in 

Chapter 5. 

 

4.4.2.1. Polarization analysis 

To investigate the origin of HRS signal, polarization-resolved measurements can be 

performed.131 In the dipole approximation, SHG is a forbidden process in centrosymmetric 

media. As has been already discussed in Chapter 4.4.2, SHG signal may be observed at the 

surface of centrosymmetric compounds. Furthermore, E. Adler has first described and J. I. 

Dadap further developed a theory for description of multipole expansion.132 Namely, the 

Hyper Rayleigh Scattering signal is shown to arise from nonlocal excitation of an electric-

dipole moment and an electric-quadrupole (or, more generally speaking, electric-multipole) 

moment. In terms of local coordinate system, the signal polarized in the direction of parallel 

(vertical, V) axis exhibits either two lobes, as shown in Fig. 12(a), associated with dipolar 

response, or four lobes associated with a quadrupolar contribution (see Fig. 12(b)). See Figure 

11 for a depiction of experiment geometry, where Z is the direction of incident beam 

propagation. J. Butet also described the response when the signal is collected perpendicularly 

to the incident beam (horizontal polarization, H).133 It allows to monitor retardation of higher 

order. Thus, if no retardation is noted, the graph is a circle (Fig. 13(a)), i.e. the signal in all 

directions remains constant. If the signal retardation plays a significant role, the circle 

transforms into an ellipse (Fig. 13(b)). For a more quantified understanding please see further 

paragraphs. 
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Fig. 11. A depiction of experiment geometry, where the beam is propagated along the Z axis, 

meanwhile X and Y correspond to the vertical and horizontal polarization plane, 

respectively.134 

 

The polarization-resolved data can be fitted with classical polarization dependence at the 

harmonic frequency:135 

𝐼𝑋 = 𝑎𝑋𝑐𝑜𝑠4𝛾 + 𝑏𝑋𝑐𝑜𝑠2γ 𝑠𝑖𝑛2γ + 𝑐𝑋𝑠𝑖𝑛4γ (33), 

where X stands for V or H, namely vertical or horizontal polarization. a, b and c are fitting 

parameters and γ is the polarization angle of the incoming light beam. In order to quantify the 

degree of deviation from dipolar response in vertically-polarized signal, the retardation 

parameter ζV is introduced:136 

𝜁𝑉 =
𝑏𝑣−(𝑎𝑣+𝑐𝑣)

𝑏𝑣  (34). 

For a retardation-free reponse 𝑏𝑣 = 𝑎𝑣 + 𝑐𝑣, then the ζV is equal to 0. In the case of a purely 

retarded response 𝑎𝑣 = 𝑐𝑣 = 0 , thus the retardation parameter equals unity. The values 

between 0 and 1 indicate the level of retardation. It must be noted however, that this simplified 

description assumes fully local SHG response. As it was shown by J. Duboisset and P-F. 

Brevet,137 if the nano-object spatial extension must be accounted for, nonlocal response shall 

be also taken into consideration, connected with field retardation. A combined measurement 

of right angle and forward geometry give full information about the origin of vertically-

polarized HRS.135 This was however not crucial for sensing purposes and was not further 

studied in detail. 
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(a)                                                    (b) 

Fig. 12. Representation of purely dipolar (a) and purely quadrupolar (b) response of 

vertically-polarized output signal as function of the angle of polarization of the excitation 

beam. 

Reprinted from 138. 

 

If the horizontally-polarized signal exhibits a large retardation, the difference between the 

highest and the lowest signal is large. Furthermore, a parameter ζH can be written as: 

𝜁𝐻 =
𝐼𝑚𝑎𝑥
𝐻 −𝐼𝑚𝑖𝑛

𝐻

𝐼𝑚𝑎𝑥
𝐻 +𝐼𝑚𝑖𝑛

𝐻  (35) 

with 𝐼𝑚𝑎𝑥
𝐻  and 𝐼𝑚𝑖𝑛

𝐻  the highest and the lowest signal values, respectively. Nevertheless, this 

may be significantly disturbed if the experiment shows high noise, therefore it may appear to 

be more appropriate to perform the fitting procedure, as in Equation (33) and use the following 

form of Equation (35): 

𝜁𝐻 =
𝑎𝐻−𝑐𝐻

𝑎𝐻+𝑐𝐻 (36), 

If no dependence of the signal value on incident beam polarization angle is noted, i.e. the 

polarization graph is a circle (as in Fig. 13(a)), 2𝑎𝐻 = 2𝑐𝐻 = 𝑏𝐻, hence ζH=0, no retardation 

is observed. In case of a deviation, an ellipsoid instead of a circle is observed, as in Figure 13 

(b). 

An additional parameter, called the depolarization ratio, namely:135 

𝐷𝑉 =
𝑐𝑉

𝑎𝑣
 (37) 

informs about the symmetry of the compound. For instance, under Kleinmann approximation, 

where no strong resonances appear and dispersion may be neglected, for a single-tensor-

element βzzz point-like onefold system the depolarization ratio is equal to 0.2,139-140 meanwhile 

for a point-like threefold planar geometry a value of 2/3 is expected. 
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(a)                                                 (b) 

Fig. 13. Theoretical curves of horizontally-polarized output signal as a function of the 

polarization angle of the excitation beam for 50 nm (a) and 100 nm (b) mean diameter gold 

nanoparticles. Reprinted from 133. 

 

4.4.3.  HRS of metallic nanoparticles 

The Hyper Rayleigh Scattering of metallic nanoparticles has been widely described. One of the 

first studies of HRS at a metal spherical surface of radius small compared to the excitation 

wavelength was theoretically performed in 1982.141 Namely, G.S. Agarwal demonstrated that 

in conditions of surface-plasmon-polariton resonance, the surface response dominates over 

the bulk effects, which was previously experimentally shown by Chen.142 The first 

hyperpolarizability of metallic nanoparticles was studied by Hao143 for spherical silver 

nanoparticles of radius 32 ± 6 𝑛𝑚 with excitation wavelength 820 nm, keeping in mind that 

contradictory to what was mentioned in the section 4.4.2., the water first hyperpolarizability 

value was assumed to be 0.56 ∙ 10−30 𝑒𝑠𝑢.144 It was also used in other studies published 

before 2010, when the value of 0.087 ∙ 10−30 𝑒𝑠𝑢 was reported.128 Note, that since the first 

hyperpolarizability of a compound is proportional to the first hyperpolarizability of water (or 

another solvent), see Eq. (32), the values obtained before 2010 should be divided by, 

approximately, 6.44 (0.56/0.087). The first hyperpolarizability measured in function of the 

incident wavelength shows two maxima at around 780 and 820 nm (see Fig. 14). It is compared 

with the Differential Sediment Entrainment Hypothesis DSEH theory, for which the signal 

stems from emission by an induced dipole at the harmonic wavelength 2ω, as well as from an 

induced quadrupole, which corresponds to the two peaks. 

First hyperpolarizabilities of gold and silver spherical nanoparticles of size varying from 10 to 

150 nm were later reported by I. Russier-Antoine et al.,131 see Figure 15. They were obtained 

for 780 nm fundamental beam wavelength in the case of silver and 800 nm for gold 
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nanoparticles. The bigger magnitude for silver may be attributed to different spectral 

localisation of the LSPR peak, namely closer to the harmonic wavelength. Moreover, the 

behaviour of studied nanoparticles was attributed to surface or bulk effects in gold and silver, 

respectively, which is in good agreement with the LSPR peak influence, since this effect scales 

with volume (i.e. the closer localization of the LSPR peak results in more significant bulk 

effects contribution). 

 

 

Fig. 14. The first hyperpolarizability of silver spherical nanoparticles as a function of 

excitation wavelength. Solid squares represent experimental data, the solid line represents 

theoretical simulation from the Differential Sediment Entrainment Hypothesis (DSEH). 

Prediction from Agarwal theory141 is depicted with dashed line. Reprinted from 143. 
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Fig. 15. The first hyperpolarizability as a function of mean nanoparticle diameter for gold 

(red) and silver (gray) spherical nanoparticles. 

The data used to draw the graph was taken from 131 and 135. 

 

Fig. 16. Signal retardation parameter ζV for gold (triangle) and silver (circle) nanospheres of 

different mean diameter. Reprinted from 131. 
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Fig. 17. Retardation parameter ζH of gold nanoparticles of different mean diameter (red 

triangles). The black squares correspond to performed simulations. Reprinted from 133. 

 

In the case of polarization-resolved measurements (see Section 4.4.2.1) gold nanoparticles 

exhibit a significant growth of both retardation parameters, see Figures 16 and 17. 

Interestingly, silver is more affected by the retardation phenomenon, which is in good 

agreement with the first hyperpolarizability value scaling with the nanoparticle volume. For an 

additional confirmation, see Figure 18. The linear plots performed for log-log graphs show 

slopes around 2 and 3 for gold and silver, respectively. 

Furthermore, the response of small nanoparticles, i.e. of mean diameter below 50 nm, is 

dominated by dipolar contribution, however with size the signal retardation (Fig. 16 and 17) is 

more significant, whereas around 100 nm the retardation parameter for vertically-polarized 

signal approaches unity.  
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Fig. 18. Figure 15 redrawn in log-log scale, along with linear fits. The slope value confirms 

scaling with nanoparticles’ surface and volume for gold and silver nanoparticles, respectively. 

 

 

(a) 
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(b) 

Fig. 19. First hyperpolarizability value (a) and ζV (b) of gold-silver nanoalloyed nanoparticles. 

The x axis corresponds to fraction of gold in the composition. Reprinted from 138.  

 

A deeper insight into differences between gold and silver HRS properties was provided by 

study of alloyed nanoparticles.138 Neither the first hyperpolarizability nor the signal retardation 

scale linearly with transition from silver to gold (see Fig. 19 (a) and (b)). This anomaly shall be 

associated with deformations on the nanoparticles’ surface, in particular heterogeneity. Thus, 

the parameter ζV is dependent on the signal retardation and specimen deformation, which may 

be written as 𝜁𝑉 ∝
𝑟𝑒𝑡𝑎𝑟𝑑𝑎𝑡𝑖𝑜𝑛

𝑟𝑒𝑡𝑎𝑟𝑑𝑎𝑡𝑖𝑜𝑛+𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛
. This is in line with the fact that the highest 

deviation is observed for equal gold and silver content, where the heterogeneity is the highest. 

Anisotropic nanoparticles behave differently from isotropic nanospheres. First of all, they may 

exhibit more than one LSPR mode. What’s more, their surface to volume ratio is different. 

Figure 20 compares exemplary UV-Vis spectra of nanospheres and nanorods. The latter ones 

exhibit longitudinal (L-) and transverse (T-) LSPR, connected with oscillations along their 

longer and shorter axes, respectively. This significantly affects nonlinear optical properties: not 

only is their L-LSPR located close to the typical excitation wavelength in HRS measurements, 

being usually in the range 700-1000 nm, but their surface-to-volume ratio is remarkably large 

compared to nanospheres, which may emphasize the surface-based effects. Their first 

hyperpolarizability value is significantly higher: for CTAB-stabilized nanorods of size 64 x 24 
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nm it is 8.8 ∙ 10−25 𝑒𝑠𝑢.145 Since spheres and rods exhibit different geometry, a β per atom 

approach was proposed. Then, citrate-stabilized nanospheres exhibit 0.17 ∙ 10−30 𝑒𝑠𝑢/𝑎𝑡𝑜𝑚 

or 0.02 ∙ 10−30 esu/atom in the case of 20 nm or 100 nm mean diameter, respectively. For 

64 x 24 nm nanorods this value was reported to be 0.7 ∙ 10−30 𝑒𝑠𝑢/𝑎𝑡𝑜𝑚. This may appear 

contradictory to the higher surface-to-volume ratio, however it was also shown that the 

stabilizing agent plays an essential role: dodecatheniol- or octadecatheniol nanoparticles owe 

β per atom around 3-10 times lower than CTAB- or citrate-stabilized ones. In the meantime, 

the CTAB-capped 64 nm x 24 nm nanorods’ retardation parameter 𝜁𝑉 =0.028 , which 

confirms higher surface contribution than in the nanospheres’ case (compare with Figure 12). 

 

 

Fig. 20. An example of UV-Vis spectra of nanospheres (black) and nanorods (red), 

normalized to unity. Nanospheres exhibit one peak, meanwhile nanorods have two 

characteristic peaks, connected with LSPR towards their longer and shorter axis: longitudinal 

and transverse mode, respectively. This data was collected in an own study. 

 

In 2018 I. Russier-Antoine et al. published a study on silver nanocubes,146 where nanoparticles 

of 39, 48 and 100 nm edge length were investigated. The first hyperpolarizability values were 

10.6 ∙ 10−25𝑒𝑠𝑢, 16.6 ∙ 10−25𝑒𝑠𝑢 and 12.8 ∙ 10−25𝑒𝑠𝑢 with the first hyperpolarizability per 

atom corrected for resonance enhancement: 1.4 ∙ 10−32𝑒𝑠𝑢 , 2.7 ∙ 10−32𝑒𝑠𝑢  and 0.6 ∙

10−32𝑒𝑠𝑢  for 39, 48 and 100 nm edge length, respectively. Here the water first 

hyperpolarizability value was taken as 0.087 ∙ 10−30 𝑒𝑠𝑢, however the authors recalculated 

the first hyperpolarizability per atom of silver nanospheres of 40 and 80 diameter, which were 

0.5 ∙ 10−32 𝑒𝑠𝑢/𝑎𝑡𝑜𝑚  and 1.4 ∙ 10−32 𝑒𝑠𝑢/𝑎𝑡𝑜𝑚 , respectively. The resonance 

enhancement correction was introduced since the nanocubes, contrarily to spheres or rods, do 

not exhibit discrete peaks in UV-Vis spectra, but rather multiple broad bands. The first 
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hyperpolarizability of cubes and spheres is comparable: in fact the anisotropy is lower than, 

for instance, of rods. Similarly, the retardation parameters were of the same magnitude like in 

the case of nanospheres. 

HRS of metallic nanoparticles of other metals has also been investigated, including platinum 

nanoflowers, whose first hyperpolarizability per nanoparticle’s magnitude was ~10-26esu, 

keeping in mind that the water first hyperpolarizability was assumed to be 0.055 ∙

10−30 𝑒𝑠𝑢. 147 Keeping in mind the latest water hyperpolarizability value of 0.087 ∙

10−30 𝑒𝑠𝑢, the platinum nanoflowers’ value remains in the 10-26 to 10-27 magnitude. 

The mentioned nanoparticles owe a centre of symmetry, thus the Second Harmonic stems 

from effects occurring at the nanoparticle’s surface (see Section 4.4.1). A pending issue was to 

investigate non centrosymmetrical nanoparticles. An example of nanoparticles, which do not 

have a symmetry centre and can be seen as two pyramids of a common pentagonal base, are 

nanodecahedra, (see Fig. 21).148 Both the first hyperpolarizability, as well as polarization-

resolved measurements showed behaviour similar to the centrosymmetrical nanoparticles. 

Surprisingly, a symmetry cancellation occurs, which may be also understood in terms of a five-

fold symmetry, present in quasicrystallines.149 
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Fig. 21. TEM pictures and schematical representation of gold nanodecahedra. Reprinted 

from 148. 

 

Furthermore, J. Lyu published a complementary study on monitoring the Hyper Rayleigh 

Scattering during transition from gold nanotetrapods to nanospheres.150 Here, the tetrapods 

exhibited lack of centrosymmetry: the depolarization ratio for nanotetrapods was 0.61, typical 

for structures of three-fold symmetry with 𝜁𝑉 = 0.01. With transformation into nanospheres, 

the retardation parameter increased to 0.33, along with decreased depolarization ratio 𝐷𝑉 =

0.27. This study is in great compatibility with a study on gold nanotriangles published in 2020 

(2 years earlier),151 which will be discussed in the Results and discussion section. 
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4.5. Applications of gold nanoparticles 

This short chapter will introduce the reader to some of the applications of gold nanoparticles, 

referring also to some historical ones. Since the current thesis rather focuses on some proof 

of principle, some examples will be briefly mentioned, without providing further details.  

Gold nanoparticles may seem to be a novel material, however the oldest known example of 

their applications is the Lycurgus Cup from the 4th century AD, namely a dichroic cup stained 

with gold and silver nanoparticles, which changes its colour depending on whether reflected 

or transmitted light is observed,152 see Figure 38. It is nowadays exhibited at the British 

Museum. In fact, gold nanoparticles are still used for red glasses production along with copper, 

since the alternative, cadmium sulfoselenide, is highly toxic.153-155 

 

 

Fig. 38. Lycurgus Cup lit from the front (left) and from behind (right). Reprinted from: 

https://www.amusingplanet.com/2016/12/lycurgus-cup-piece-of-ancient-roman.html 

(access: 13.06.2022). 

 

The gold nanoparticles’ applications may be divided into multiple groups, depending on the 

property, which is used.  

The first group is applications owing to the chemical properties of gold nanoparticles, as well 

as their catalytic attributes. AuNPs can act as catalysts for oxidation of alcohols and alkanes,156 

in carbon-carbon coupling reactions157 or photocatalysis of dehydrogenation of sodium 

formate.158 There are multiple theories explaining their catalytic activity, e.g. low-coordinated 

Au atoms, cationic behaviour of gold or electron transfer from the so-called F-centres (holes 

caused by oxidation).159 Note that for the catalytic applications, gold nanoparticles of size 

below 10 nm are used, whereas for optics we will mostly consider bigger ones. Furthermore, 

gold nanoparticles synthesized from fruit extract Terminalia arjuna enhance the seed 

germination of Gloriosa superba,160 which is an endangered medicinal plant. The presence of 
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AuNPs ameliorates the permeability of the seed coat, which enables the admission of water 

and copper dioxide into the cells, which is then responsible for germination and metabolic 

activity acceleration. 

Second group of applications is connected with AuNPs plasmonic properties. Gold 

nanoparticles can be considered as plasmonic nanoantenna, since they allow to transfer the 

electromagnetic energy from near- to far-field and reverse.161 Presence of the LSPR gives rise 

to hotspots, namely localised nanoatenna.162 Also photovoltaics can benefit from gold 

nanoparticles, where they allow to reduce the thickness of semiconductor and enhance the 

absorption of the incident light.161, 163 

On the other hand, one may see gold nanoparticles’ applications depending on what they are 

used for. Due to their good biocompatibility and relatively low toxicity,164 gold nanoparticles 

are widely applied in biology and biomedicine as nanoprobes. 

Thanks to enhanced light scattering and absorption, AuNPs are applicable to bioimaging, 

namely AuNPs scatter light around 105-106 times stronger than fluorescein.165-166 This can be 

also enhanced by use of bigger nanoparticles.166 Furthermore, the photobleaching of such 

compounds is neglectable. Dark Field Confocal Imaging (DFCI) allows detection of 10 nm 

diameter nanoparticles, which is achieved by a high Numerical Aperture lens. Note that the 

resolution due to the use of AuNPs is notably lower than the diffraction limit of the lens.165 

Not only cancer cell imaging is possible,167 but also tracking cell division in real time.168 Since 

they exhibit good nonlinear optical properties, they can be also used in two-photon microscopy 

for cancer cell imaging.169 

Furthermore, an important application of AuNPs is in photodynamic therapy. Gold 

nanoparticles act as good inhibitors of methylene blue photobleaching,170 see Figure 39, caused 

by interactions with the metallic surface. Thus, reduced light source power allows the use of 

Organic Light Emitting Diodes, which leads to wearable flexible OLEDs, promising for 

diabetic foot therapy.171 AuNPs can however act not only as an agent enhancing the Reactive 

Oxygen Species (ROS) production of other compounds, but they can also be responsible for 

ROS production, which was shown by Labouret et al. for femtosecond-laser-excited single 

gold nanorods.172 
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Fig. 39. Viability of staphylococcus aureus bacteria after LED irradiation of 5 (a), 15 (b) and 30 

(c) minutes. MB = methylene blue, AuNPs = gold nanospheres of 17 nm mean diameter. 

Reprinted from 170. 

 

Irradiating gold nanoparticles generates heat, which is a problem in most applications, however 

it emerged a science field called “thermoplasmonics”.173 The benefits from heating were 

realized for the first time in 1999 in a study of protein denaturation174 performed thanks to 

localized in space and time efficient heating. Nowadays this phenomenon is used in 

hyperthermia therapy, also called the photothermal effect, where various mechanisms may 

occur:173 

• Immune system stimulation and increased diffusion through cell membrane for 𝑇 <

41℃. 

• Blood flow increase and partial cell damage for 41℃ < 𝑇 < 43℃. 

• Unfolding of proteins and irreversible cell damage for 43℃ < 𝑇 < 50℃. 

• Protein denaturation and damage of DNA for 𝑇 > 50℃. 

It must be kept in mind that this is only a short summary of gold nanoparticles’ applications, 

with a focus on bio-oriented ones. 
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4.5.1. Sensing 

A significant group of applications of gold nanoparticles is sensing for various purposes.  

The AuNPs-based sensing mainly relies on the optical phenomena, as depicted in Figure 40.165 

Surface reactivity of gold nanoparticles may be also applied for sensing purposes, however this 

will not be discussed in this work.90 

The absorption-based sensing is derived from changes in the UV-Visible spectra of 

nanoparticles. This can be induced e.g. by change of the refractive index of the surrounding 

medium.175 Theoretical calculations based on the Discrete Dipole Approximation (DDA) were 

performed by Tuersun.176 The best performance was noted for nanocylinders, as compared 

with nanoellipsoids and nanobars, see Figure 41 for the LSPR spectral position in respect of 

surrounding medium refractive index. The sensing sensitivity S was defined as 𝑆 =
𝛥𝜆

𝛥𝑛
, i.e. the 

LSPR peak spectral shift divided by the surrounding medium refractive index change. RIU 

stands for Refractive Index Unit. The points in the graph represent 4 media, which were taken 

into account: water (n=1.33), alcohol (n=1.36), chloroform (n=1.45) and benzene (n=1.50). It 

must be noted that the authors have not considered the influence of solvent on nanoparticle’s 

stability or shape. 

 

                   

Fig. 40. Scheme of optical sensing techniques, adapted from 165. 

 

Optical 
sensing

Absorption-based SERS-based Luminescence-based
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Fig. 41. Shift of the LSPR peak caused by the surrounding medium refractive index change 

for nanoellipsoids, nanocylinders and nanobars, calculated by the Discrete Dipole 

Approximation (DDA). Reprinted from 176. 

 

One of the wide fields of absorption-based sensing is biosensing. A simple example is an 

AuNPs-based pregnancy test:177 human chorionic gonadotropin from urine was the reason for 

the gold nanoparticles’ suspension to turn pink, meanwhile the pregnancy-negative mixture 

remained gray. Namely, binding between positively charged nanoparticles and negatively 

charged gonadotropin caused aggregation. 

Gold nanoparticles-based colorimetric sensing is also known in food safety.107 Namely, they 

can serve as detection means of hazardous agents, toxins, pesticide drugs, veterinary drugs or 

heavy metals.178 Presence of different analytes induces changes in the close vicinity of gold 

nanoparticles, and in particular their aggregation, which is visible in the UV-Vis spectroscopy. 

The detection of heavy metal ions will be described in Section 5.3., with focus on copper (II) 

ions. 
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As in Figure 40, the second group of sensing application is based on SERS. Surface-Enhanced 

Raman Scattering SERS has received attention for sensing purposes, which can be ameliorated 

thanks to gold nanoparticles:179 Figure 42 shows the enhancement of Raman Scattering by use 

of AuNPs. 

 

 

Fig. 42. SERS spectra of gold nanoparticles of different shapes (stars, triangles and spheres) 

coupled with Rhodamine 6G. (a) Comparison of performance of rhodamine 6G only and 

rhodamine 6G with gold nanostars. (b) Comparison of performance of rhodamine 6G with 

gold nanoparticles of different shapes. Reprinted from 179.  

 

Moreover, fluorescence of gold nanoparticles or Förster Resonance Energy Transfer FRET 

are good tools for sensing applications,165 as in the third group in Figure 40. However, 

fluorescence sensing can be also applied where gold nanoparticles quench emission of an 

another compound: for instance, rhodamine B molecules are adsorbed on nanoparticles’ 



54 

 

surface, but in the presence of mercury ions, the dye is released from AuNPs’ surface, which 

effects in increased fluorescence.180 A similar behaviour was described for thiols detection in 

living cells.181 

Chemical flexibility of AuNPs, namely the variety of stabilizing agents and relative simplicity 

of conjugation with different compounds is advantageous for sensing in bionanotechnology,182 

including cancer diagnostics183 or detection of proteins and nucleic acids.182, 184-185 
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5. Results and discussion 

This part of the thesis includes three publications, where Krzysztof Nadolski is the first author: 

Adverse Role of Shape and Size in Second-Harmonic Scattering from Gold Nanoprisms (The Journal of 

Physical Chemistry C, 2020, 124, p. 14797-14803),151 Sensitivity of Gold Nanoparticles Second 

Harmonic Scattering to Surrounding Medium Change (Journal of Molecular Liquids, 2023, 388, 

122704)186 and Sensing Copper (II) Ions with Hyper Rayleigh Scattering from Gold Nanoparticles (The 

Journal of Physical Chemistry C, 2023, 127, p. 13097-13104).187 First of all, in Chapter 5.1. the 

author declared his contribution to each publication. Chapters 5.2, 5.3 and 5.4 are dedicated 

to one publication each. Prior to every publication, it synopsis is included. 

 

5.1. PhD candidate statement about the substantive 

contribution to the presented publications 

All of the presented studies were supervised by prof. Katarzyna Matczyszyn and prof. Pierre-

Francois Brevet, which included conceptualization, acquiring funds and planning the study. 

In the case of Adverse Role of Shape and Size in Second-Harmonic Scattering from Gold Nanoprisms the 

author contributions have been also mentioned in the publication. Namely, Krzysztof 

Nadolski conducted the measurements with assistance of Emmanuel Benichou and Christian 

Jonin. The sample characterization was performed by Andrzej Żak and Nina Tarnowicz-

Staniak, however the PhD candidate described the outcome and performed the calculations 

regarding nanoparticle size and shape. Krzysztof Nadolski took lead in writing the manuscript 

with the assistance of Prof. Pierre-Francois Brevet. 

For the study of  Sensitivity of Gold Nanoparticles Second Harmonic Scattering to Surrounding Medium 

Change, the samples were prepared and characterized by Krzysztof Nadolski. The idea 

originators of the research were Krzysztof Nadolski, Prof. Katarzyna Matczyszyn and Prof. 

Pierre-Francois Brevet. Krzysztof Nadolski also performed and analyzed the HRS 

experiments, with the help of Christian Jonin, Estelle Salmon and Zacharie Behel. Prof. Pierre-

Francois Brevet and Krzysztof Nadolski did the theoretical calculations. The manuscript was 

mainly written by Krzysztof Nadolski and Prof. Pierre-Francois Brevet. 

The article Sensing Copper (II) Ions with Hyper Rayleigh Scattering from Gold Nanoparticles was written 

mainly by Krzysztof Nadolski and Prof. Pierre-Francois Brevet. Krzysztof Nadolski prepared 

the samples and performed UV-Vis spectroscopic measurements. Prof. Tomasz Goszczyński 

performed and preliminarily analyzed DLS and Zeta-potential studies, which were further 
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described by Krzysztof Nadolski. The TEM pictures were commercially performed at the 

Polish Academy of Sciences in Wrocław, Poland, and then analyzed by Krzysztof Nadolski. 

The HRS measurements were performed and analyzed by Krzysztof Nadolski, with the 

assistance of Fabien Rondepierre and Christian Jonin. Theoretical adjustment of the obtained 

data was performed by Prof. Pierre-Francois Brevet and Krzysztof Nadolski. 

The PhD candidate declares that the three presented articles were performed within the PhD 

thesis preparation and will not be a part of any other thesis in the future. The study was 

predominantly performed by Krzysztof Nadolski, with the assistance of other researchers. 
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5.2. Adverse Role of Shape and Size in Second-Harmonic 

Scattering from Gold Nanoprisms 

5.2.1 Synopsis of the publication 

The publication “Adverse Role of Shape and Size in Second-Harmonic Scattering from Gold 

Nanoprisms” was published in 2020 in The Journal of Physical Chemistry C.151 The aim of this 

work was to study HRS of non-centrosymmetrical nanoparticles, in particular gold 

nanotriangles, also called gold nanoprisms or triangular gold nanoplates.  

The main part of the article is divided in 4 parts: Introduction, Experimental Section, Results 

and Discussion and Conclusions. 

Within the Introduction part, the authors briefly described the Localized Surface Plasmon 

Resonance phenomenon, and then shortly characterized the Second Harmonic Generation 

and Hyper Rayleigh Scattering of metallic nanoparticles. It has been stressed that until that 

moment, only centrosymmetrical nanoparticles had been studied, with an exception of gold 

nanodecahedra148, which turned out to have five-fold symmetry, and thus behaved like 

centrosymmetrically-shaped nanoparticles. 

The Experimental Section introduces the outcome of synthesis and characterization, which is 

described in more detail in the Supporting Information file, included in this thesis directly after 

the article itself. Namely, nanotriangles of mean edge length 26, 61, 78 and 87 nm were 

obtained in an own synthesis protocol, based on protocols by Chen188, Jones189 and 

Nikoobakht190. They were then characterized by UV-Vis spectrometry and Transmission 

Electron Microscopy. 

It is worth noting that the studied samples contained also a lot of nanospheres, namely up to 

58% (see Table 1), which is also a novel approach, since until then, only samples containing 

one nanoparticle type (in particular: shape) had been studied. 

The Results and Discussion part has been divided into sub-chapters: First Hyperpolarizability, 

Polarization Analysis and Theoretical Simulations. 

The First Hyperpolarizability part includes the protocol used to obtain the first 

hyperpolarizability value. The normalized HRS intensity vs gold nanoparticles’ concentration 

graph has been divided into two separate figures, namely Figure 1a and 1b for improved clarity. 

In fact, the synthesis protocol for the 26 nm sample was different, thus the nanoparticle 

concentration was also much higher compared to other samples. 

The first hyperpolarizabilities were then calculated, with a proposition how to deal with 

different shapes within the samples, see Equations (2) and (3). Then, the first 
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hyperpolarizability of nanospheres and nanotriangles were presented in Tables 2 and 3. 

Surprisingly, the values were significantly lower, compared to values of nanoparticles’ of 

centrosymmetrical shapes, reported previously in the literature. Furthermore, calculating first 

hyperpolarizability per surface unit resulted in a constant value for all sizes, which proved that 

the behaviour scales with nanoparticles’ surface, as opposed to centrosymmetrical 

nanoparticles, where it would scale with nanoparticles’ volume for large nanoparticles, e.g. 

bigger than 50 nm.  

For further investigation of the HRS nature of gold nanoprisms, polarization-resolved 

measurements were performed, as described in the Polarization Analysis section. Firstly, the 

theory and protocol of such measurements was described. Then, the parameters for 

quantification of such measurements were introduced, see Equations (6), (7) and (8). The polar 

plot of #26 sample can be found in Figure 2, whereas the remaining graphs are included in the 

Supporting Information file, see Figure S4. All calculated parameters are shown in Table 4. 

First of all, the depolarization ratio value of around 0.44 is far from 0.2, expected for one-fold 

symmetry140, yielding to 0.67, which is a value expected for one-point three-fold symmetry139. 

Furthermore, the two retardation parameters are significantly lower in the case of nanoprisms, 

as compared to centrosymmetrical nanoparticles.  

In the Theoretical Simulations part, a simple model was proposed. Assuming a two-

dimensional triangular gold-nanoplates with vanishingly small thickness, it was confirmed that 

the ζV parameter remains far from 1, as opposed to nanospheres of diameter over 50 nm. The 

depolarization ratio was in this case very close to the theoretical value of a point-like three-

fold structure, i.e. 0.67. 

The study was summarized in the Conclusions part. It was underlined that the 

noncentrosymmetrical shape may be disadvantageous for sensing applications, due to relatively 

low first hyperpolarizability, however on the other hand its low signal retardation level and the 

presence of sharp tips may be profitable. 

The final parts of the publication are Associated Content, describing the Supporting 

Information File, Author Information, including authors’ affiliations and a description of 

author contributions to the study, Acknowledgements and References.  
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5.2.2 Publication 
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5.3. Sensitivity of Gold Nanoparticles Second Harmonic 

Scattering to Surrounding Medium Change 

5.3.1. Synopsis of the publication 

This work was published in 2023 in the Journal of Molecular Liquids186. It has been divided 

into four parts: Introduction, Experimental, Results and Discussion and Conclusions.  

In the Introduction, the authors mention the importance of gold nanoparticles in LSPR-based 

sensing, as well as its theoretical fundamentals. It has been mentioned, that due to the signal 

vs incident light intensity dependence of higher powers, the NLO is promising for sensing 

purposes, as had been already described in several publications. Furthermore, the HRS 

scattering of metallic nanoparticles has been briefly introduced. Some propositions of defining 

a Figure of Merit were also mentioned. 

The Experimental chapter of this article describes sample preparation, UV-Vis spectroscopy 

and HRS setups. 

Commercially available gold nanospheres of mean diameter of 40 and 100 nm were used as 

received, and then added different amounts of glycerol to change the surrounding medium 

refractive index. The study was performed for 790 and 820 nm fundamental wavelength. Since 

there were no significant differences, only the results for 820 nm wavelength are presented in 

the publication, whereas the graphs for 790 nm excitation wavelength were included in the 

Supporting Information file, which can be found directly after the publication in the Chapter 

5.3.2. 

The Results and Discussion part starts with UV-Vis spectra of pure gold nanoparticles of both 

sizes. Then the authors move to the HRS Intensity. The method of choice for sensing was 

HRS signal as such. For both nanoparticle sizes, there was a significant signal drop for the 

smallest addition of glycerol, whereas higher glycerol concentration resulted in minor signal 

changes. It was then shown, that the LSPR peak shift or, in general, any volume-dependent 

phenomena cannot be seen as the origin of the observed HRS signal changes, as they should 

be steadily decreasing then. Also the primary drop cannot be addressed to this phenomenon, 

since the change was much more abrupt than it could be expected in such a case. It was 

proposed that the signal changes are caused by changes in the vicinity of nanoparticles’ surface. 

Next, a relatively simple model was proposed, where for small glycerol additions the first 

hyperpolarizability (thus, the HRS signal) exponentially decreases with the surrounding 

medium change, whereas for high glycerol content, it was proposed that aggregation 

dominates, which may be well explained by a mixture of monomers and dimers.  
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This was further supported by polarization-resolved HRS measurements. After a short 

introduction to the theoretical fundamentals, the authors showed that the depolarization ratio 

and retardation parameters do not exhibit any major changes, thus there are no significant 

symmetry changes or retardation within the sample, which additionally excludes the prevalence 

of volume-dependent phenomena. Note that all polar graphs were presented in the Supporting 

Information file. To sum up, the HRS response is highly modified after an addition of low 

glycerol amounts due to changes in the vicinity of gold nanoparticles’ surface. Further glycerol 

additions do not affect the outcome very much, when the aggregation dominates. Finally, a 

Figure of Merit was proposed for the method of choice, i.e. HRS signal.  

In the Conclusions section, it was underlined that the HRS signal-based sensing allowed for a 

better detection limit, compared to the UV-Vis spectroscopic methods. It was also mentioned 

that even though 100 nm nanoparticles also remain suitable, smaller sizes should be of 

preference. 

Last parts of the publications include the Declaration of Competing Interest, 

Acknowledgements and References. 
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5.3.2. Publication 
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5.4. Sensing Copper (II) Ions with Hyper Rayleigh 

Scattering from Gold Nanoparticles 

5.4.1. Synopsis of the publication 

This study was published in 2023 in The Journal of Physical Chemistry C.187 It is composed of 

4 parts: Introduction, Materials and Methods, Results and Discussion and Conclusion. It 

concerns the application of HRS for sensing of copper (II) ions with the use of 50 nm diameter 

gold nanospheres. 

In the Introduction part, it was shown that the detection of copper ions is crucial for different 

purposes, such as medicine or food safety. Then, the well-known colorimetry-based sensing 

method was described.  

The Materials and Methods section includes a description of sample preparation. Furthermore, 

the setups for UV-Vis spectroscopy, DLS, Zeta potential, TEM microscopy and HRS were 

described.  

The Results and Discussion part starts with UV-Vis spectroscopy, as a reference method. 

Spectra of gold nanoparticles containing from 0 to 25 mM CuBr2 were presented, and the 

observed changes were seen in terms of primary peak shift, primary peak intensity change, as 

well as an appearance of additional extinction peak around 780 nm. It was shown that 

regardless of the considered phenomenon, the UV-Vis spectroscopy is not an appropriate 

method for detection of the lowest copper addition, which was 1 μM in this case. 

It is followed by DLS and Zeta potential measurements, which proved that the outcome may 

be divided into to parts, i.e. below and over 1 mM. Below that value, changes in the vicinity of 

nanoparticle surface take the lead, where corona-like structures are formed, i.e. nanoparticles’ 

surface interacts and is surrounded by copper (II) ions, forming a spherical shape. Above this 

value, aggregation dominates. 

The HRS signal appears to abruptly drop for low copper ion addition, and then steadily grow 

above 1mM copper (II) bromide concentration. Results for high copper content required self-

extinction correction, since the appearance of aggregates caused significant extinction at 800 

nm. As can be observed from TEM microscopy pictures, included in the Supporting 

Information file, which can be found directly after the article in Chapter 5.4.2, “aggregation” 

means in fact dimer, or rarely trimer formation. Introducing some theoretical simulations for 

a mixture of monomers and dimers provided good consistency with experimental data.  

To further understand the origin of HRS signal, polarization-resolved measurements were 

performed. See Figure 5 for one exemplary polar plot, whereas the remaining graphs were 
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included in the Supporting Information file. It turned out, that the behaviour of gold 

nanoparticles can be again divided into two regimes: below and over 1 mM. Over this value, 

no significant changes of the depolarization ratio were observed. Meanwhile, below 1mM the 

ζV value steadily increases, which is in line with the DLS outcome, i.e. increasing effective 

diameter, causing an increase of signal retardation. The ζH parameter remains vanishingly small. 

Since the HRS signal measurement is the quickest and the simplest, it was chosen as the 

method of choice for sensing, and a Figure of Merit was proposed. 

In the Conclusions section it was underlined that all performed measurements lead to a 

consistent conclusion of corona-like structure induced surface response under 1mM and the 

lead of aggregates formation above this value. A brief discussion about the Figure of Merit was 

followed by the selectivity issue, which was not discussed in detail. However, the Supporting 

Information file includes UV-Vis extinction spectra of gold nanoparticles with addition of 

copper (II) chloride, showing a similar behaviour, but with different change velocity, 

suggesting that it should be possible to distinguish different copper salts. This should be 

addressed to various bonding energies. 
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6. Summary and conclusions 

This thesis is a complementary work concerning Hyper Rayleigh Scattering for sensing 

purposes with use of gold nanoparticles. First, a theoretical introduction was presented. It 

concerned topics such as nanoplasmonics, gold nanoparticles’ fabrication or nonlinear optics. 

In the first part of experimental study, gold nanotriangles of sizes ranging between 26 and 87 

nm were successfully synthesised and characterised. Not only the non centrosymmetrical shape 

was of concern, but also a novel approach to study a mixture of shapes, in this case 

nanotriangles and nanospheres. 

The first hyperpolarizability per surface unit is constant, thus the signal stems from surface 

effects for both nanospheres and nanotriangles, which is in contrary to results known from 

the literature for centrosymmetrically-shaped nanoparticles. The value itself is significantly 

lower compared to literature, however the influence of stabilizing agent should be studied in 

detail. 

The polarization-resolved studies’ results are contradictory to results obtained for other 

shapes. Namely, the retardation remains low despite a size growth. The depolarization ratio 

oscillates around 0.45, which is far away from a point-like one-fold structure, where it is 

expected to be 0.2. 

Surprisingly, the first hyperpolarizability of nanotriangles is very low, which may be 

nevertheless addressed to the stabilizing agent. The low retardation level is promising for 

sensing purposes. 

In Chapter 5.3, the influence of surrounding medium refractive index on the HRS response 

was studied. Gold nanospheres of 40 and 100 nm mean diameter were added glycerol to 

change the refractive index. As it turns out, the HRS signal is rather driven by the surface 

effects than LSPR peak shift, which is a volume effect. The best results were obtained for 

smaller nanoparticles, where a significant drop for the lowest glycerol addition was observed. 

A simple model was introduced to explain the HRS signal behaviour, where local surface 

modifications compete with nanoparticles’ aggregation. A Figure of Merit was based on 

relative change of the HRS signal, namely (∆𝐼 𝐼)⁄ 𝑅𝐼𝑈⁄ , with its value of around 4000. Along 

with the simplicity of the HRS measurement setup, it manifests the use of Hyper Rayleigh 

Scattering in sensing applications. Notably, UV-Vis spectroscopy turns out to be insufficient 

below 1% volume fraction of glycerol, as opposed to HRS. 

The last but not least experimental part, described in Chapter 5.4, covers detection of metal 
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ions. In this case, copper (II) bromide was added to 50 nm gold nanospheres. The UV-Vis 

spectra, Zeta potential measurements and Dynamic Light Scattering confirmed that below 1 

mM CuBr2 corona-structures are formed thanks to weak interactions between copper and 

citrate. Above this limit the nanoparticles aggregate. Various Figure of Merit possibilities were 

discussed: based on the HRS signal, the depolarization ratio or retardation parameter for 

vertical polarization. Since surface effects are desired, depolarization ratio-based FoM or a 

HRS signal based one are of choice. On the contrary, for all proposed UV-Vis-based sensing 

protocols, the FoM’s uncertainty was higher or close to the actual value, which excludes 

colorimetric methods for such low copper content detection. 

 

In conclusion, it has been shown that gold nanoparticles’ Hyper Rayleigh Scattering is a 

promising tool for sensing purposes, as compared with standard colorimetry. Namely, gold 

nanotriangles exhibit significantly lower retardation parameters, as compared with 

centrosymmetrically-shaped nanoparticles. Moreover, sensing of small changes of surrounding 

medium refractive index can be effectively detected by gold nanospheres, as well as the 

presence of copper ions. HRS is an effective tool for sensing of significantly lower changes, as 

compared to UV-Vis methods. 

It is worth noting that this thesis does not only focus on sensing applications, but also reveals 

the nature of phenomena occurring in studied samples. Thus, it is of great value also for 

understanding the Hyper Rayleigh Scattering of metallic nanoparticles. 

Nevertheless, this study provokes questions, such as the behaviour of nanoparticles of other 

shapes possibly owing sharp tips in the case of surrounding medium refractive index change 

or metal ion detection. Moreover, before using the proposed method for actual sensing 

applications, the selectivity shall be addressed, for instance in terms of the surface 

derivatization for targeting analyses. 
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