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1. List of abbreviations

2D

AC
ACF
AD

AR
ATR
AuNPs
C18-SH
c.c.

CTAB

CuBr;
CVD
DDA
DFCI
DFG
DLS
DSEH
EDS
esu
FDTD
FEM
FoM
FRET

HRS
L-LSPR
LSPR
MBE
MBI
NPs

Two-dimensional

Alternating current

Auto-correlation function

Anno Domini

Aspect Ratio

Attenuated Total Reflection

Gold nanoparticles

1-Octadecanethiol

Complex conjugate
Hexadecyltrimethylammonium bromide
Copper

Copper (II) Bromide

Chemical Vapor Deposition

Discrete Dipole Approximation

Dark Field Confocal Imaging
Difference-Frequency Generation
Dynamic Light Scattering

Differential Sediment Entrainment Hypothesis
Energy-Dispersive (Detector)
Electrostatic units in the cgs system of units
Finite Difference Time Domain

Finite Element Method

Figure of Merit

Forster Resonance Energy Transfer
Horizontally-polarized signal

(in the case of HRS polarization analysis)
Hyper Rayleigh Scattering

Longitudinal LSPR

Localised Surface Plasmon Resonance
Molecular Beam Epitaxy
2-mercaptobenzimidazole

Nanoparticles



OLED
OR
PVP
RIU
ROS
R6G
SEM
SERS
SFG
SHG
SIM
SPR
S-SHG
TEM
T-LSPR
UHV
UV-Vis

Organic Light Emitting Diode
Optical Rectification
polyvinylpyrrolidone

Refractive Index Unit

Reactive Oxygen Species

Rhodamine 6G

Scanning Electron Microscopy
Surface Enhanced Raman Scattering
Sum-Frequency Generation

Second Harmonic Generation

Surface Integral Method

Surface Plasmon Resonance

Surface Second Harmonic Generation
Transmission Electron Microscopy
Transverse LSPR

Ultra High Vacuum
Ultraviolet-Visible spectroscopy (or: spectrum)

Vertically-polarized signal (in the case of HRS polarization analysis)



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-Frangois Brevet from Institut
Lumiére Matiére, 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 ' and ¢, as well as depolarization ratio D" 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 Reswits and discussion is divided in four parts. 5.1 is dedicated to a PhD

candidate statement about the substantive contribution to the presented publications,



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 CuBr,, 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 ¢ retardation parameter is vanishingly small for low copper addition and is not
further discussed in frames of sensing purposes. ¢ 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 zatytutlowana ,,Zastosowanie metod optyki nieliniowej w sensoryce” zostala
przygotowana pod opieka prof. Katarzyny Matczyszyn z Instytutu Materialéw
Zaawansowanych, Politechnika Wroclawska, Polska, oraz prof. Pierre’a-Francois Breveta z
Institut Lumiere Matiere, Université Claude Bernard Lyon 1, Villeurbanne/Lyon, Francja. Byta
czescia programu ,,BioTechNan — Program Interdyscyplinarnych Srodowiskowych Studiéw
Doktoranckich KNOW z obszaru Biotechnologii i Nanotechnologii”, wspélfinansowanego
przez Unie Europejska w ramach Europejskiego Funduszu Spotecznego. Oryginalnym
jezykiem pracy jest jezyk angielski.

Praca zostala podzielona na 7 rozdzialéw, z ktérych pierwszy zawiera liste skrotow uzytych w
pracy. Nastepnie zaprezentowano streszczenie pracy w jezykach angielskim 1 polskim.
Rozdzial 4. zawiera teori¢ kluczowa dla zrozumienia niniejszych badan. Zaczynawszy krotkim
wstepem do metod otrzymywania nanoczastek zlota, skupiajac si¢ na metodzie Turkevicha, autor
przechodzi do metod charakteryzacji uzytych w badaniach: spektroskopii UV-Vis,
Transmisyjnej Mikroskopii Elektronowej (ang. Transmission Electron Micoscopy), pomiarom
Zeta potencjatu oraz Dynamicznemu Rozpraszaniu Swiatla (ang. Dynamic Light Scattering).
Rozdzial 4.3 jest krotkim wstepem do nanoplazmoniki, wraz z teoria Maxwella-Garnetta,
modelem Drude’a i Zlokalizowanym Powierzchniowym Rezonansem Plazmonowym (ang.
Localised Surface Plasmon Resonance). Nastepnie wprowadzono najwazniejsze pojecia z
zakresu optyki nieliniowej. Ogdlny wstep zawiera poréwnanie procesow optycznie liniowych
1 nieliniowych, wraz z teoretycznym wyjasnieniem kazdego z nich. Charakterystyka réznych
proceséw nieliniowych optycznie jest przytoczona wraz z ich diagramami Jablonskiego. To
prowadzi do znaczenia §rodka symetrii nanoczastek, jak opisano w sekcji 4.4.1, po ktorej
nastepuje sekcja 4.4.2 z opisem Hiperrozpraszania Rayleigha (ang. Hyper Rayleigh Scattering)
1 przedstawieniem typowego uktadu do pomiaréw HRS. Podsekcja 4.4.2.1. dotyczy pomiarow
analizy polaryzacyjnej. Przedyskutowano pochodzenie i znaczenie parametréw retardacji ¢ i
', jak réwniez wspolezynnika depolaryzacji D'. Nastepnie mozna znalezé krotki przeglad
HRS metalicznych nanoczastek w 4.4.3. Czytelnik jest prowadzony przez badania HRS
nanoczgstek zlota i srebra réznych rozmiardéw i centrosymetrycznych ksztaltow. Ostatni
podrozdzial wstepu teoretycznego, to znaczy 4.5, skupia si¢ na zastosowaniu nanoczastek
zlota: zaczynajac od tych dawniejszych, po éwczesne doniesienia publikowane w literaturze
naukowej. Ten podrozdzial zawiera podsekcje 4.5.1, poswiecona detekcji, opisujac istotne

wlasciwosci dobrego sensora.
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Rozdzial 5, nazwany Wyniki i dyskusja (ang. Results and discussion) jest podzielony na cztery
czg$ci. Rozdzial 5.1. zawiera deklaracje doktoranta o wkladzie do prezentowanych publikaciji,
podczas gdy rozdzialy 5.2-5.4 zawieraja podsumowanie danej publikacji i sama publikacje.
Sekcja 5.2 dotyczy nanotréjkatéw ztota jako przykiad niecentrosymetrycznych nanoczastek.
Centrosymetryczne nanoczastki, takie jak nanokulki, nanoprety czy nanokostki, sa dobrze
opisane w literaturze. Ich zachowanie jest spowodowane przez procesy zalezne od objetosci.
W tej pracy zsyntezowano i scharakteryzowano nanotréjkaty o sredniej dlugosci krawedzi w
zakresie od 26 do 87 nm. Warto zauwazy¢, ze probki zawieraly znaczne ilosci nanokulek, to
znaczy od 26 do 58%, wiec jest to nowe podejécie badania mieszaniny réznych ksztaltow.
Pierwsza hiperpolaryzowalno$¢ jest zdecydowanie mniejsza w poréwnaniu do nanoczastek
centrosymetrycznych, niemniej jednak niepewny pozostaje wplyw stabilizatora: w
rzeczywisto$ci wartodci dla tréjkatow 1 kulek z tej konkretnej syntezy sa bliskie sobie. Ponadto,
okazalo sig, ze sygnal HRS jest procesem zaleznym od powierzchni réwniez w przypadku
duzych nanoczastek, w przeciwienstwie do przypadku nanoczastek centrosymetrycznych, dla
ktérych przyblizenie dipolowe nie jest adekwatne powyzej 50 nm $rednicy. Analiza
polaryzacyjna sygnatu dowiodla, Zze parametry retardacji, ktérych zwigkszanie sig jest zwigzane
ze wzrostem rozmiaru w przypadku nanoczastek centrosymetrycznych, pozostaja male.
Parametr depolaryzacji ma warto$¢ okoto 0.45, co jest dalekie od 0.2, warto$ci oczekiwanej dla
punktowej struktury o symetrii jednokrotne;.

Odpowiedz HRS nanotréjkatéw  zlota  jest raczej zdominowana przez ich
niecentrosymetryczny ksztalt, niz wzrost rozmiaru. Sg one $wietnym wyborem dla zastosowarn,
gdzie pozadany jest niski poziom retardacji sygnatu.

Sekcja 5.3 opisuje wplyw osrodka na odpowiedz HRS nanokulek zlota. Wspdlczynnik
zalamania §wiatla byl modytikowany przez wprowadzenie réznych ilosci gliceryny do zawiesin
40- 1 100-nanometrowych nanokulek. Sygnal HRS wykazuje nagly spadek dla malych
dodatkéw gliceryny, a nastgpnie wzrost. Nie moze to zostaé uzasadnione poprzez przesunigcie
spektralne LSPR, a raczej trzeba si¢ pochyli¢ nad procesami na powierzchni nanoczastek.
Zmiana jest bardziej widoczna dla mniejszych nanoczastek, aczkolwiek zmiana dlugosci fali
wzbudzenia z 820 na 790 nm nie powoduje istotnych zmian w wyniku. Wszystkie parametry
polaryzacyjne, tj. wspolczynnik depolaryzacji i wspotczynniki retardaciji oscyluja, za wyjatkiem
najmniejszych zawartosci gliceryny, co jest obszarem pozadanym w przypadku zastosowan do
detekeji. Jako kryterium jakoSci (ang. Figure of Merif) zaproponowano wzgledna zmiang sygnatu
HRS w przeliczeniu na jednostke zatamania $wiatta (ang. Refractive Index Unit, RIU), wynosi

ona w tym przypadku okoto 4000. Z widm spektroskopii UV-Vis mozna zauwazyé, ze
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kolorymetria nie jest metoda odpowiednia do badania tak niskich stezen.

Detekcja jonéw metali przy uzyciu HRS nanoczastek zlota jest rozwazana w rozdziale 5.4. W
badaniach wykorzystano nanokulki o $redniej srednicy 50 nm ze stezeniem bromku miedzi (II)
w zakresie od 0 do 25 mM. Po pierwsze, Dynamiczne Rozpraszanie Swiatta (ang. Dynamic Light
Scattering) oraz Zeta potencjal zostaly zmierzone wraz ze spektroskopia UV-Vis, zeby
zrozumie¢ nature zachodzacych zjawisk. Stwierdzono, ze w przypadku matych zawartosci
miedzi, czyli stezeniu ponizej 1 mM, dominujg raczej stabe oddzialywania jonowe migdzy
miedza 1 cytrynianem i powstajg struktury koronowe, zwigzane z przesunigciem ku czerwieni
pasma LSPR w widmach UV-Vis. Powyzej tej granicy obserwuje si¢ pojawienie si¢ nowego
szerokiego pasma z maksimum dla okolo 780 nm, spowodowane agregacja nanoczastek.
Tymczasem $rednica hydrodynamiczna wykazuje znaczny wzrost powyzej ImM CuBr, a
potencjal Zeta zmienia si¢ nagle dla malej zawarto$ci miedzi, a nastepnie jego wartos§¢
stabilizuje si¢. Sygnal HRS maleje o okolo 20% do 0.5 mM bromku miedzi (II), po czym
zaczyna rosnac. Powyzej 5 mM osiaga plateau, powiazane ze znaczna absorpcja dtugosci fali
800 nm. Wspolczynnik depolaryzacii ros$nie do stezenia jondéw miedzi 5 mM, 1 osigga warto$¢
okoto 0.44. Parametr retardacji sygnatu ¢ jest zanikajaco maly dla matych zawartosci miedzi,
w zwiazku z tym zostal on wykluczony do zastosowan w detekcji jonéw metali. ¢ wykazuje
nagly wzrost, a nast¢pnie maleje i stabilizuje si¢ powyzej 1 mM. Rézne mozliwe definicje
kryterium jako$ci zostaly opisane. Zdecydowano si¢ na kryterium oparte na wzglednej zmianie
sygnatu HRS.

W rozdziale 6. mozna znalez¢ podsumowanie badan przeprowadzonych w trakcie studiow
doktoranckich. Podkreslono, ze nanotrojkaty zlota sq obiecujacym narzedziem dla sensingu
dzi¢ki niewielkiej retardacji sygnalu HRS. Co wigcej, nanokulki zlota sa dobrym materialem
do detekcji zaréwno zmian wspolczynnika zatamania $wiatla, jak i obecnosci jondéw metali.
Wspomniano o kilku istotnych kwestiach, ktére wymagajq jeszcze lepszego zglebienia, takich
jak wplyw ostrych zakoficzen do detekceji jonow metali oraz selektywnosé tej metody, czy tez
znaczenie ksztaltu nanoczastek w obu dyskutowanych przypadkach detekcji.

Rozdzial 7. zawiera bibliografie.
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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-up'. 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,” see Figure 1. It
was proven to be possible to fabricate materials of dimensions lower than 10 nm,” 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.

Mold

Functional material
or photoresist

Substrate

“ Press mold

“ Remove mold

Continuing for pattern " Direct imprint obtained
transfer and lithography
Photoresist Functional
material

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

Bottom-up methods include Molecular Beam Epitaxy (MBE)." In simple wotds, this method
can be understood as shooting molecules at a substrate. The substrate must be first heated to

56 The atoms or molecules are

very high temperatures, usually hundreds of Celsius degrees.
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.’
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An alternative to MBE is Chemical Vapor Deposition (CVD),” 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,” ceramics" or carbon nanotubes'' 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.”” Namely, chloroauric acid
(HAuCly) 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 sizes" (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.” One of the most commonly
applied protocols is the seed-mediated growth method."”"” Chloroauric acid is added to ice-
cooled borane, which reduces gold from Au’ to Au’ 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 Au’*
to Au'" 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 citrate' or poly(sodium 4-styrenesulfonate) (PSS)."
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Since for several applications sharp tips, absent in nanorods, are advantageous, scientists have

20-21 22-23 24-25

studied other shapes, such as bipyramids, triangles, stars, cubes,” cages” or
popcorn.”® Nevertheless, keep in mind that nanorods used to be considered as owing sharp
tips, as opposed to nanospheres.””' 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,”
“standard” nanorods of 30-50 nm ** or long nanorods of ~100 nm ** 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.” 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.

(d)

©
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8
Fig. 2 (a) — (). Exemplary TEM pictures of gold nanoparticles of different shapes:

a) nanorods,” (b) nanobipyramids,* (c) nanotriangles,”” (d) nanocubes,™ (e) nanostars,”
Py g

(f) nanopopcorn®’ and (g) nanocages.” 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 relaton AE = hv with h = 6.626 - 1073%]s the Planck
constant and v the photon frequency. The quantification of light energy is the foundation of
optical spectroscopy.*” Furthermore, according to the Bouguer-Lambert-Beer law:*

A= logIT0 = ecd D).
Where A is the absorbance, Iyand I the light intensity prior and after the sample respectively,
£is defined as the molar extinction coefficient and 4 the path length of the sample, given in
cm. £1s characteristic for a substance and depends on wavelength. The molar concentration ¢
is given in mol/dm’. The correlation between A and wavelength A 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 nanopatticles, i.e. > 50 nm.*”
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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 *.
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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 .

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.” 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 nanopatticles,” 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:"
A=7=h/(mv) .

Where p stands for momentum, 7 mass and » velocity of electrons.”” 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.%

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

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

Characteristics Light SEM TEM
microscope

Wavelength of Visible light: 0,008 nm at 20 KV 0,0028 nm at 200 kV

radiation ~380-760 nm accelerating voltage 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 possible impossible impossible

specimens

Capital and low medium high

maintenance cost

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

Light Microscopy Transmission Electron Microscopy  Scanning Electron Microscopy
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Fig. 5. Schematic comparison of light microscopy, TEM and SEM arrangements.

Reprinted from *
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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 molecules™
or refractive index change,” however it is not an equivocal indicator: in some cases, the study
of potential on the nanoparticle’s surface is required.

Zeta { 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.”

The measurements are based on the Helnholtz-Smoluchowski equation:

— _ %o
u=-= E 3

with # the electroosmotic velocity, &£ solvent permittivity, 7 solvent viscosity, E extrinsic
electric field and ¢ surface potential.

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

HEOT

¢ = - teot @
Where yro, the electroosmotic mobility, is defined as:

U=y 6).

Zeta ¢ potential is a good indicator of the surface state especially in chemically simple
environments.” In the case of complex biological environments, the outcome is not trivial.”®

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.”” 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 cotrelation.”” In general, decay time constants, detived 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

62

constant D.* In the measurement, the temperature T'is mostly constant, and the viscosity 7 is
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known or can be measured, therefore the Stokes-Einstein equation can be used to determine the

hydrodynamic radius 7, of a particle:"'
__ kpT

- 6T

Where kg = 1,380648 - 10723 | /K is the Boltzymann constant.

(15).

large particles

d ,\ small particles

intensity

W/ o/ \\/

time

v

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

size. Reprinted from o1,

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.” 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.®* 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.””
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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. Itis 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 forces®

. 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 induced®. This method is nowadays widely applied to study molecule
interactions®, 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 moved®.

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 wavelength”. 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 bands’'. 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 1904 Namely, he introduced a physical quantity connecting absorption
and refraction:

N =n(1-ix) (),

where 7 1s the coefficient of refraction and K refers to the coefficient of absorption. Here, i =

V—=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 features”.

Note the similarity to the current definition of complex refractive index™:

Neomplex = N+ K (7.

An approach to describe the interaction of metallic nanoparticles with electromagnetic wave
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is the quasi-static approximation”. Assuming the particle’s size much smaller than the
propagating wavelength (d < 4), the phase of the oscillating electromagnetic field remains
constant over the particle diameter. For a homogenous isotropic sphere of radius «, the
polarizability a thus reads as:

£—&m

— 3
a = 4ma P (8),

where & stands for the dielectric response of the sphere (a complex quantity) and &, 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 :

2
Wp

(@) =1- o),

wi+iyw
5 mne? . o
where wy = i the plasma frequency of the free electron gas, p the collision frequency, an
0

inverse of the relaxation time of the free electron gas. In a standard way, ¢ stands for the
electron charge, 7 the electron mass and &y the dielectric constant in vacuum. Equation (9)

may be also addressed in terms of AC conductivity o

ioc(w)

e(w) =1+ (10).

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

approximation. Johnson and Christy”®

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 w meets:

Re [e(w)] = —2¢&, (11),
called Froblich 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,” it can be shown that equation (11) is in fact true for plasmonic (metallic)

nanopatticles, including gold.”” Moreover, for a Drude metal in air the Friblich condition is
fulfilled at the frequency wg = w,/ V3.
Relaxing the assumption of spherical nanoparticles, assuming an ellipsoidal shape of

nanoparticles with semi-axes a; < a, < az for a surface shape equation’”:

x2 y2 ZZ _
Ztata=1 (12),

Bohren and Huffman obtained the polarizability «; along principal axes (/=1,2,3):
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e(w)—&m
+3Li(e(w)—&m) (1 3)

a; = 4na,a,as v

with geometrical factor I; defined as:

a;aaz dq

Li===) @or@

(1 4)>

where f(q) =+/(q+a?)(q+a2)(q+a?) . YL; =1, meanwhile for a sphere
Li=Ly=Ly=1
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 medium®. 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 wavelength”. Mie’s theoty 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 strength®'.
Mie theory has been further applied for larger spherical particles of volume 17> %*
1-0,1-(e+&p)x%+0(x*)

1, ém )_L 2_
(3+8—£m 30(£+10£m)x i— P

a= 14 (15).

+0(x%)

x = ma /Ay stands for the size parameter with 1 the wavelength in vacuum. The second patt of
the denominator is associated with energy shifts connected with retardation. This expression
may be expanded to higher order corrections, here briefly noted as 0 (x*). Furthermore, the
quadratic term in the denominator is responsible for energy shifts caused by the depolarization
field”.

Equation (15) can be generalized to an ellipsoidal object:
4

a= &m 2 4 AmlelS v (16)
(L+8_8m)—A£mx +BemXx —1371(3)

with parameters 4 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 Burrows™, using the formula for the angular dependence of the
scattered cornplex electric fields'”

PA dPj

Ee ~ EO z(z+1) (a sin® T bnﬁ (17)
P dp}
E‘p _EO Z(z+1) (a sinf n E (1 8)

With £ the wavevector, ¢ and 0 the azimuthal and polar scattering angles, respectively. Ej
represents the strength of the incident field, g the degree of the mode (dipolar mode: =7,
octupolar mode =2, etc.). B stands for the set of associated Legendre polynomials of genre
1, meanwhile a,, and b, are complex Mie coefficients, obtained by evaluating the ovetlap
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 dipoles®” *. Meanwhile, the Finite Difference Time Domain (FDTD)

66, 86

discretises Maxwell’s cutl equations over time and space” ™. Other well-developed methods

are the Finite Element Method (FEM)*"™* or the Surface Integral Method (SIM)™.

Metallic nanoparticles exhibit unique optical properties thanks to the LSPR. Mostly gold™*

93-95 96-97 98-99

and silver”™” nanoparticles are met in applications, however copper "' or platinum™ " are also

recorded in the literature!™

. 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 zz-vivo biological applications'""
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Fig. 7. Effective attenuation coefficient in respect of wavelength for biological tissues with

biological windows marked. Reprinted from "".
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Fig. 8. Comparison of plasmon resonance wavelength of silver and gold nanoparticles. The

exact spectrum depends on the nanoparticle size. Reprinted from '”.

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

Nanoparticles of vatious anisotropic shapes have been described, including rods'”,

bipyrarnidsm, trianglesZ3, stars®, popcorn28 or cages”. 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

105

refractive index of the surrounding medium ™. 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 dioxide®’. Moreover, a shift of the LSPR peak has also

106

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

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

107

appearing in their vicinity, attracted by their surface or stabilizing agent™'. 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 process'”, 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 Mooradian'”, where Fermi energy of 2.2 eV and Quantum Yield (QD) of
the order of 10"’ was observed'”. 14 years later it was followed by a demonstration of LSPR-
enhanced PL'’. 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 emission'" .
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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:'"
e Refractive index and absorption coefficient of a material do not depend on the light
intensity.
e The superposition principle is applicable.
e The light frequency cannot be altered after its passage through a medium (unless an

absorption process is followed by emission).

e 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/ cm?, 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)."”'"* 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 pm wavelength.'”
The polarization vector exhibits the following relation with electric field strength of higher
orders:'"
P=¢e,(xVE + yPE? + y®E3 +...) (19).
x W is the linear optical susceptibility, meanwhile y ™ is called nonlinear optical susceptibility of n-th-
order and is associated with #-th-order nonlinear optical processes. €y expresses the free-space
permittivity. In linear optics, all components of Equation (19), apart from the first one, are
neglectable, then P = gy WE. Thus, Equation (19) may be as well writtenas P = Py + Py,
whete Pp = gy VE is the linear and Py = go(Y PE? + y®E3 4 ---) the nonlinear
polarization vectors. The wave equation in nonlinear optical media has the form:

2 52 2
VZE_n_a_Ezlm (20).

c2 ot2 c2 Ot2

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

0%Pyy/0t? 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 polatization in a medium have been reported:'"’

e 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"°-10"% s as it involves electrons.

Let us consider second order nonlinear optical processes, where

P = goxy P E? @1).
In the simplest case (solely in terms of mathematical considerations), the laser beam electric
field may be expressed as:

E(t) = Ee “'+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:'"

E(t) = Eje™ @1t + Fye™@2t 4 ¢ c. (23).
Note, that if E; = E,, 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) = oy P (Efe 201t + EZe~2w2t 4 2F Eye~{(@1t@2)t 4 2, Fre~i(@iw2)t 4

c.c.)+ 2eox P (ELE; + E2E3) (24).
Equation (24) can be expressed using different notation:

P(6) = 3 P(wp)e™ont (29)
Thus, 5 relations of complex amplitudes of frequency components can be observed:

PQw;) = gox P E} (209)
PQw,) = goxPE; (26Db)
P(w; + w,) = 2e0xPE,E, (260)
P(w; — wp) = 260 DE, E; (26d)
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P(0) = 2e0x P (ELE; + ELE3) (26¢).
Each Equation (26) describes a physical process: (26a) and (26b) Second Harmonic Generation
(SHG), (26¢) Sum-Freqguency Generation (SFG), (26d) Difference-Frequency Generation (DFG) and
(26e) Optical Rectification (OR).

(@) (b)

©
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 w; 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:'"
e The refractive index depends on the light intensity.
e The superposition principle is not valid.

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

compare with Figure 6.
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e 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.'® 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,'” 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.'”

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:'*

-P = g0 @ (—E)(—E) (27).
This is true if )((2) = 0. This leads to the conclusion that Second Harmonic Generation, a
second-order nonlinear optical process, cannot occur in compounds possessing a symmetry

CCI’I'EI'C1 22

. Nevertheless, Eppetlein showed in 1987'* that since:

E = Eel(@t=kn) (28),
the Nabla V operator works on both the amplitude and phase:

VE = [(VE — i(kE)] - e'(@t=Hn) (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.'
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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 Chirgptical harmonic scattering,’” 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:'**

ti = ai;E; + BijkEiEy + VijuEjExEp + - (30),
where z; is the induced dipole moment component, along the molecule-fixed 7 axis. o, 5, y, ...
are components of the polarizability tensor of the first, second, third, etc. order, respectively.
[ is often called the first hyperpolarizability, y the second hyperpolarizability, etc... and 7 j, 4,
/ 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:'”’

I o< (Np < By > +Ns < B >) 31).
In equation (31), N, and NN, 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:

2
Lo 4> (32).

Is Ns<B&>
For water /< B2 >= 0.087 - 1073%su .'*® It must be however noted that in older

publications, the value /< B >= 0.56 - 1073%su ' was taken for calculations. The new

reference was obtained by J. Duboisset et al,'”™ where chloroform with

V< B? >=0.55-1073%su " was used as reference for the first hyperpolarizability value

of water.
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L1 sample
Laser

L2
BF

spectrometer

Fig. 10. Scheme of a typical Hyper-Rayleigh Scattering setup. Femtosecond-laser beam
focused by a lens (LL1) 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.”" 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. L.
Dadap further developed a theory for description of multipole expansion.’”” 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)."” 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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Y

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."*

The polarization-resolved data can be fitted with classical polarization dependence at the
harmonic frequency:'”

1¥ = a*cos*y + b¥cos?y sin?y + c¥sin*y (33),
where X stands for V or H, namely vertical or horizontal polarization. @, b and ¢ are fitting
parameters and p 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 ¢ is introduced:"

__ bY—(a%+cY)

gV = LD (34).
For a retardation-free reponse b¥ = a¥ + ¢?, then the {" is equal to 0. In the case of a purely
retarded response a” = ¢” = 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,'”’

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." This was however not crucial for sensing purposes and was not further

studied in detail.
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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 ¢’ can be written as:

ZH — I7I;Ilax_1‘rl;11in (35)
Dhax+Inin

with IH . and I, 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):

¢H =

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

aH—cH

aH+cH

(30),

polarization graph is a circle (as in Fig. 13(a)), 2af’ = 2¢¥ = b¥ | hence =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 depolatization ratio, namely:'”’

v

DV = (37)

av
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 g, point-like onefold system the depolatization ratio is equal to 0.2,"”""*" meanwhile

for a point-like threefold planar geometry a value of 2/3 is expected.
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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."*! 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.'"* The first
hyperpolarizability of metallic nanoparticles was studied by Hao'* 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 - 1073 esu.' Tt was also used in other studies published
before 2010, when the value of 0.087 - 1073° esu was reported.” 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 2w, 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 1. Russier-Antoine et al.,"”" 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).
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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 theory'*' is depicted with dashed line. Reprinted from '*.
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Fig. 15. The first hyperpolarizability as a function of mean nanoparticle diameter for gold

The data used to draw the graph was taken from "' and .

(red) and silver (gray) spherical nanoparticles.
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Fig. 16. Signal retardation parameter ¢ for gold (triangle) and silver (circle) nanospheres of

different mean diameter. Reprinted from "'
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Fig. 17. Retardation parameter ¢’ of gold nanoparticles of different mean diameter (red

triangles). The black squares cotrespond to performed simulations. Reprinted from '’

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.
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Fig. 19. First hyperpolarizability value (a) and ¢ (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 nanopatticles.” 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 ¢ is dependent on the signal retardation and specimen deformation, which may

retardation

be written as ¢V o . This is in line with the fact that the highest

retardation+deformation

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 - 1072° esu." Since spheres and rods exhibit different geometry, a f3 per atom
approach was proposed. Then, citrate-stabilized nanospheres exhibit 0.17 - 1073° esu/atom
or 0.02 - 1073° esu/atom in the case of 20 nm or 100 nm mgan diameter, respectively. For
64 x 24 nm nanorods this value was reported to be 0.7 - 10_3b esu/atom. This may appeatr
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
B 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 {V =0.028, which

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

nanospheres
\ nanorods

normalized extinction
o o o o o
w
1
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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 1. Russier-Antoine et al. published a study on silver nanocubes,'* where nanoparticles
of 39, 48 and 100 nm edge length were investigated. The first hyperpolarizability values were
10.6 - 10™%%esu, 16.6 - 107 *°esu and 12.8 - 10~ **esu with the first hyperpolarizability per
atom corrected for resonance enhancement: 1.4-1073%esu, 2.7 -1073?esu and 0.6
1073%esu for 39, 48 and 100 nm edge length, respectively. Here the water first
hyperpolatizability value was taken as 0.087 - 10739 esu, however the authors recalculated
the first hyperpolarizability per atom of silver nanospheres of 40 and 80 diameter, which were
0.5-1073% esu/atom and 1.4-1073%2 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 ~70%esu,
keeping in mind that the water first hyperpolatizability was assumed to be 0.055 -
1073% esu. ' Keeping in mind the latest water hyperpolarizability value of 0.087 -
10739 esu, the platinum nanoflowers’ value remains in the 70 to 70" 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).'"* 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.'"’
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Fig. 21. TEM pictures and schematical representation of gold nanodecahedra. Reprinted

from *8

Furthermore, J. Lyu published a complementary study on monitoring the Hyper Rayleigh
Scattering during transition from gold nanotetrapods to nanospheres.”” Here, the tetrapods
exhibited lack of centrosymmetry: the depolarization ratio for nanotetrapods was 0.61, typical
for structures of three-fold symmetry with ¥ = 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

151

(2 years eatlier), ™ which will be discussed in the Reswu/ts 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 Lyeurgus Cup from the 4™ century AD, namely a dichroic cup stained
with gold and silver nanoparticles, which changes its colour depending on whether reflected
ot transmitted light is observed," 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,

153-155

since the alternative, cadmium sulfoselenide, is highly toxic.

Fig. 38. Lycurgus Cup lit from the front (left) and from behind (right). Reprinted from:
https:/ /www.amusingplanet.com/2016/12/lycutgus-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,"™
in carbon-carbon coupling reactions”’ or photocatalysis of dehydrogenation of sodium
formate."® 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)."”

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,’” 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 neat- to far-field and reverse.'”! Presence of the LSPR gives rise

162

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

nanoparticles, where they allow to reduce the thickness of semiconductor and enhance the
absorption of the incident light.'*"'”

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,'** 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 10°-10° times stronger than fluorescein.'”'* This can be
also enhanced by use of bigger nanoparticles.'”® 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.'”
Not only cancer cell imaging is possible,'”” but also tracking cell division in real time.'* Since
they exhibit good nonlinear optical properties, they can be also used in two-photon microscopy
for cancer cell imaging.'?’

Furthermore, an important application of AuNPs is in photodynamic therapy. Gold
nanoparticles act as good inhibitors of methylene blue photobleaching,'” 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.'” 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.'”
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Fig. 39. Viability of staphylococcus aurens 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 '

Irradiating gold nanoparticles generates heat, which is a problem in most applications, however
it emerged a science field called “thermoplasmonics”.'” The benefits from heating were
realized for the first time in 1999 in a study of protein denaturation'™ 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:'”

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

41°C.
e Blood flow increase and partial cell damage for 41°C < T < 43°C.
e Unfolding of proteins and irreversible cell damage for 43°C < T < 50°C.

e Protein denaturation and damage of DNA for T > 50°C.
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.'®
Surface reactivity of gold nanoparticles may be also applied for sensing purposes, however this
will not be discussed in this work.”

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.'” Theoretical calculations based on the Discrete Dipole Approximation (DDA) were
performed by Tuersun." The best performance was noted for nanocylinders, as compared

with nanoellipsoids and nanobars, see Figure 41 for the LSPR spectral position in respect of
. . .. . L AN .
surrounding medium refractive index. The sensing sensitivity § was defined as § = — 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 (#=1.33), alcohol (#=1.36), chloroform (n=1.45) and benzene (#=1.50). It
must be noted that the authors have not considered the influence of solvent on nanoparticle’s

stability or shape.

Optical
sensing

Absorption-based SERS-based

Fig. 40. Scheme of optical sensing techniques, adapted from '®.
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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 '.

One of the wide fields of absorption-based sensing is biosensing. A simple example is an
AuNPs-based pregnancy test:'”” 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.'"”” Namely, they
can serve as detection means of hazardous agents, toxins, pesticide drugs, veterinary drugs or
heavy metals.'™ 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:'” Figure 42 shows the enhancement of Raman Scattering by use

of AulNPs.
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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 '”.

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

are good tools for sensing applications,'

5

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’
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surface, but in the presence of mercury ions, the dye is released from AuNPs’ surface, which
effects in increased fluorescence.'™ A similar behaviour was described for thiols detection in
living cells.'!

Chemical flexibility of AuNPs, namely the variety of stabilizing agents and relative simplicity
of conjugation with different compounds is advantageous for sensing in bionanotechnology,'®

including cancer diagnostics'® or detection of proteins and nucleic acids.'® "%
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5. Results and discussion

This part of the thesis includes three publications, where Krzysztof Nadolski is the first author:
Aldyerse Role of Shape and Size in Second-Harmonic Scattering from Gold Nanoprisms (The Journal of
Physical Chemistry C, 2020, 124, p. 14797-14803),"”" Sensitivity of Gold Nanoparticles Second
Harmonic Scattering to Surrounding Medinm Change (Journal of Molecular Liquids, 2023, 388,
122704)" and Sensing Copper (11) Tons with Hyper Rayleigh Scattering from Gold Nanoparticles (The
Journal of Physical Chemistry C, 2023, 127, p. 13097-13104)." 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 Zak 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 Senusitivity of Gold Nanoparticles Second Harmonic Scattering to Surrounding Medinm
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 (1) Lons 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 Goszczyniski

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 Wroclaw, 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."”" 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

nanodecahedra'®, 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

% Jones' and

obtained in an own synthesis protocol, based on protocols by Chen
Nikoobakht'. 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

' yielding to 0.67, which is a value expected for one-point three-fold symmetry'”.

symmetry
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 {' 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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ABSTRACT: Gold nanoparticles are widely used in different fields. They are currently under extensive
investigation with regard to their linear and nonlinear optical properties. So far, nanoparticles with \‘;
centrosymmetrical shapes, such as nanospheres or nanorods, have received the main attention. In this y
work, the properties of gold nanoprisms exhibiting a highly noncentrosymmetrical threefold symmetry are
investigated with hyper-Rayleigh scattering (HRS). Aqueous solutions of gold nanospheres and
nanoprisms with different sizes were synthesized. The first hyperpolarizability magnitudes of both the
nanospheres and nanoprisms were determined separately with the assumption of a surface origin of the nonlinearity. Using
polarization-resolved HRS, retardation is shown to be largely underdeveloped for the nanoprisms as opposed to the nanospheres.
The nanoprism shape noncentrosymmetry has therefore a leading role in the HRS response although it is also shown that surface

M‘\)

\ZQ

defects induce deviations from the ideal threefold symmetry.

B INTRODUCTION

Metallic nano-objects, such as gold, silver, or platinum
nanoparticles with a size of the order of 100 nanometers or
smaller, have been gaining growing interest over the last few
years driven by the potential applications envisaged. They
exhibit localized surface plasmon resonances (LSPR) due to
the oscillation of their conduction band electrons within a
small volume yielding enhanced electromagnetic fields in their
immediate vicinity providing unique optical properties." LSPR
can be adjusted by factors such as size, shape, material,
morphology, or environments. Hence, metallic nanoparticles
offer a large range of capabilities, and many applications have
been proposed and realized based on these properties, from
nanoantennas for sensingz'3 to bioimaging‘"S or drug delivery.®
Their linear optical properties based on the LSPR are now well
understood and documented.”® However, this ability to
enhance electromagnetic fields in a small volume has also
sparked deep interest in their nonlinear optical response that
can benefit as well from this feature through enhanced cross-
sections.

Second-harmonic generation (SHG), the simplest of the
nonlinear optical phenomena involving the conversion of two
photons at a fundamental frequency into a single photon at the
harmonic one, has been at the center of intense research
efforts.”'” At the nanoscale, where phase matching becomes
irrelevant, this conversion phenomenon is extremely sensitive
to the symmetry of the nano-object shape.'' It is therefore
crucial to perform experiments in the absence of any
supporting substrates to ensure that the SHG response is
solely due to the nanoparticles and is not affected by the
substrate. This condition can be attained with second-
harmonic scattering, also known as hyper-Rayleigh scattering

© 2020 American Chemical Society

< ACS Publications

(HRS),"” that has now become the main method for the
determination of the first hyperpolarizabiljtly of molecules and
nanoparticles dispersed in liquid solutions."

The determination of the first hyperpolarizability of a large
variety of metallic nanoparticles has already been reported.
Those studies have shown that the origin of the HRS response
essentially stems from the nanoparticle surface, being
effectively a local electric dipole contribution at the first
order owing to the centrosymmetry of the crystal lattice with
weaker contributions from higher orders like field gradients.
Shape is therefore critical in determining the absolute value of
first hyperpolarizabilities although size must also be accounted
for. Nanospheres,]4 nanorods,” or nanocubes'® have thus
been extensively studied in the past few decades. In addition,
deviation from the perfect geometrical shape caused by the
nonideality of the nanoparticle surface due to roughness or
shape defects like faceting or tip rounding is also essential in
determining the HRS response.” Nevertheless, a crucial issue
that still remains is dealing with the competition between the
relative influence of shape and size. Indeed, retardation, or the
variation of the spatial phase of the electromagnetic fields over
distances equal to the size of the nanoparticles, dramatically
modifies the HRS response for gold nanoparticles having sizes
larger than SO nm and even smaller sizes for silver
nanoparticles. Retardation indeed favors the electric quadru-

Received: April 20, 2020
Revised:  June 9, 2020
Published: June 15, 2020

https://dx.doi.org/10.1021/acs.jpcc.0c03489
J. Phys. Chem. C 2020, 124, 14797-14803

59



The Journal of Physical Chemistry C

pubs.acs.org/JPCC

pole contribution in particular and higher multipole orders as
well.'*'® In order to fully understand the HRS response from
all these nanoparticles, many different approaches have been
proposed.'”~** Recently, a simple model based on non-
polarizable nonlinear dipoles has also been proposed to
investigate this question.” In this approach, the nanoparticles
are described with a small set of nonlinear dipoles. For
nanocubes, this number is reduced to eight and corresponds to
the eight corners acting as localized regions where the
electromagnetic field enhanc are the largest.

Experiments on noncentrosymmetrical plasmonic nano-
particles have been reported for gold nanodecahedra.”®
Although decahedra have no symmetry center, they behave
like centrosymmetrical nanoparticles due to the accidental
cancellation of the response associated with a symmetry-five
stemming from the two back-to-back pentagonal pyramids. In
order to go further into this direction, we investigate here the
case of gold nanoprisms, also known as nanotriangles or
triangular nanoplates. These nanoparticles are noncentrosym-
metric due to their intrinsic threefold symmetry. First
hyperpolarizabilities have already been reported””** but here,
we wish to discuss the signal contribution of shape non-
centrosymmetry versus size retardation from an experimental
point of view as this has not been performed before. In
addition, the question of the presence of nanospheres in non-
negligible amounts among the nanoprisms must be addressed.
We therefore discuss initially the determination of the absolute
first hyperpolarizabilities of both the gold nanoprisms and
nanospheres. Then, polarization-resolved HRS experiments are
presented to provide a quantitative analysis of the competition
between the relative influence of centrosymmetry and
retardation.

B EXPERIMENTAL SECTION

Four different aqueous solutions of gold nanoparticles were
obtained, as presented in Table 1. The edge length

Table 1. Nanoprism Solution Content, Nanoprism Average
Edge Length, and Nanosphere Average Di in the
Obtained Samples as Determined from TEM Images

sample  nanoprism content (%)  edge length (nm)  diameter (nm)

#26 42 26+ 8 23+6

#61 47 61 £ 15 4 +21
#78 74 78 + 21 S7+22
#87 66 87 £ 21 63 + 30

corresponds to the nanospheres, since the solutions were
mixtures of nanoprisms and nanospheres. Synthesis and
characterization of the nanoparticles, as well as the optical
setup, are described in the Supporting Information.

B RESULTS AND DISCUSSION

First Hyperpolarizability. The first hyperpolarizability
values were obtained by the standard technique of HRS. It has
been previously shown that plotting the HRS intensity as a
function of the solution nanoparticle concentration yields a
line whose slope p is related to the first hyperpolarizability as

<p*>
7= N, < 2> 0

In eq 1, <f?> and <fL> are the squares of the first
hyperpolarizabilities of the nanoparticles and the solvent
molecules, here water, in the laboratory frame averaged over
all orientations, and N, is the number of solvent molecules per
unit volume. The sample concentrations were determined from
their gold atom content calculated from the 400 nm
absorbance where surface plasmon resonances do not play
any role’” and the nanoparticle size obtained from the TEM
pictures. The crystal structure of gold was assumed to be fcc
with a unit cell size of 0.408 nm.*" The first hyperpolarizability
value of water was taken as 0.087 X 107*° esu and used as the
internal reference as reported by Duboisset et al.*'

The plots of the HRS intensity as a function of the
nanoparticle concentration normalized to the neat solvent
intensity are presented in Figure lab. Since sample #26 was
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Figure 1. Solvent normalized HRS intensity for samples (a) #26, (b)
#61, #78, and #87 as a function of the nanoparticle concentration.
Solid lines are the corresponding linear fits with the intercept set to

unity.

obtained by a separate synthesis protocol, its initial nano-
particle concentration is notably higher and is therefore
presented on a separate graph for improved clarity.
Uncertainties were calculated by applying simple counting
statistics methods. The first hyperpolarizability values as given

by eq 1 and reported in Table 2 where f stands for \c‘ </{3>
must be attributed to the mixture of nanoprisms and
nanospheres. Because the HRS intensity is additive, we have

https://dx.doi.org/10.1021/acs jpcc.0c03489
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<B>=a<f>+(1-a) <> ®)

of magnitude higher than those for the present gold

nanoprisms, in line with data ob d for other pl ic

Table 2. First Hyperpolarizability f and First

p ticles.,
In order to further support the surface origin of the
linearity, the first hyperpolarizabilities were normalized per

Hyperpolarizability per Unit Surface f§, for the N: pheres
in all Samples

sample P (esu) fy (esu/nm?)
#26 0.5 % 1077 33x 107"
#61 4.0 X 1077 6.6 X 107"
#78 50 % 107 49 x 107
#87 68 % 10777 5.4 x 107"

by introducing the first hyperpolarizability of nanoprisms
<f%> and nanospheres <f%>. In eq 2, a is the solution
content in nanoprisms as given in Table 1. The independent
determination of the first hyperpolarizability of the nanoprisms
and nanospheres however requires a complementary assump-
tion.

The latter can be based on the surface origin of the first
hyperpolarizability of gold nanoparticles in the size range used
here where retardation is weak. In this size range, the first
hyperpolarizability has been shown to scale with the surface
area of the nanoparticles.'™** Therefore, if we apply this
principle in the present case, with symmetry cancellation of the
opposing top and bottom surface for the nanoprisms, we get

VB> = e<Bi> G)
where the parameter € = £,5/€,p is the ratio of the HRS active
surface area for the nanoprisms and nanospheres formally
introduced through

J<’> = [nan =4, [aa = ep, @

where the subscript I stands for nS or nP. The integral is
performed over the closed surface of the nanosphere or
nanoprism, whereas f}; stands for hyperpolarizability per unit
surface. In eq 4, cancellation of terms in the integral occurs due
to symmetry. Therefore, £; may not be equal to the geometrical
surface.

Using egs 2 and 3, we can provide the first hyper-
polarizability of the nanoprisms and nanospheres for all
samples, see Tables 2 and 3.

Table 3. First Hyperpolarizability f and First
Hyperpolarizability per Unit Surface f, for the Nanoprisms
in all Samples

sample f (esu) P (esu/nm?)
#26 0.4 x 10777 2.7 x 107
#61 3.8 x 1077 44 x 107
#78 47 x 1077 33x 107"
#87 6.5 % 1077 3.6 x 107

From a general standpoint, the first hyperpolarizability
magnitudes determined for the gold nanospheres contained in
the aqueous solution samples are much smaller than what can
be obtained from the citrate reduction of the metallic salt. This
feature further demonstrates the extreme sensitivity of the
nanoparticle surface to the synthesis and therefore exact
composition and morphology. Indeed, El Harfouch et al."®
reported first hyperpolarizability values for gold nanospheres
and nanorods in the range of 107%—10"%* esu, about 2 orders

unit surface area, see Table 2. The value of about (5 + 2) X
107" esu/nm® is obtained. This value is constant once
normalized to the nanoparticle surface area, as expected. Of
note, a slightly weaker value is obtained for sample #26,
possibly due to the nonresonant character of the conditions. A
tentative normalization by the nanoparticle volume, data not
shown, identical to a normalization by the number of atoms
present in the nanoparticles, does not lead to a constant
normalized first hyperpolarizability, demonstrating the effec-
tiveness of the surface origin of the nonlinearity.

A similar analysis was then performed for the nanoprisms,
and the data are reported in Table 3. The first hyper-
polarizability per unit surface area for the nanoprisms is found
to be (3 + 2) X 107 esu/nm” and, as expected, similar to that
of the nanospheres, since the synthesis is identical. Considering
the UV—vis absorption spectra, a non-negligible contribution
from the surface plasmon resonance at a fundamental
wavelength of 800 nm may be present. This is perhaps the
reason for the weaker value observed for sample #26 that is off
resonance at both the fundamental and the harmonic
wavelengths.

Polarization Analysis. As it has been demonstrated in the
past,'>'® increasing the size of centrosymmetrical plasmonic
nanoparticles introduces a significant contribution of retarda-
tion in the total signal, observable in the polarization analysis
of the HRS intensity. In this case, a clear quadrupole
contribution is observed through the appearance of four
lobes on the vertically polarized HRS intensity as a function of
the input polarization angle. Since gold nanoprisms are
noncentrosymmetrical owing to their threefold symmetry,
their response is expected to noticeably deviate from this
behavior. To perform this polarization-resolved study, an
analyzer was placed before the spectrometer. The polar plot of
sample #26 is presented in Figure 2, and the polar plots for the
other samples are provided in the Supporting Information.
They are all very similar irrespective of the nanoprism edge
length.

All obtained polar graphs were then adjusted with the
following expression®” following the standard procedure:

I* = a¥cos* y + b¥cos’ y sin”y + Nsin'y (5)

where X corresponds to the vertical V or horizontal H output
polarization selection, and a*, b%, and ¢* are three intensity
parameters, whereas y is the input fundamental polarization
angle. From these parameters and following previous works,
three parameters were determined from eq 5. The first one is
known as the depolarization ratio defined as

DY =cY/aY (6)

The two other parameters are termed the retardation
parameters for the V and H polarized intensity and are defined
15,34
as

=Y —a" =)y (7)
M= (" = M@ + M) (8

The experimentally determined depolarization and retarda-
tion parameters are presented in Table 4. Both parameters £

https://dx.doi.org/10.1021/acs jpcc.0c03489
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90

Figure 2. Polar plots of sample #26. The black curve represents
vertically polarized HRS intensity, and the red curve represents
horizontally polarized HRS intensity.

represented by crystal violet. On the opposite, a value DV =
0.2 is expected for a pointlike onefold system.”**® The samples
investigated in this study contained a significant amount of
nanospheres that alters to a notable extent the assignment of
this parameter to the nanoprisms only. In addition, nanoprisms
are not pointlike structures. Nevertheless, the measured
depolarization ratios all have values around 0.45, see Table
4, weaker than the 2/3 expected for the pure threefold
symmetry but significantly different from the onefold 0.2 value.
This value emphasizes the nature of the nanoparticle HRS
response that arises from a spatially distributed nonlinearity.
Hence, since nanospheres possess a depolarization ratio of this
magnitude,”’ nanoprisms also exhibit depolarization ratios of
0.45. This value differs significantly from the perfect planar
threefold symmetry, indicating that the nanoprism nonlinearity
cannot be fully associated with such a perfect geometry. Shape
defects like morphologically induced differences in the local
field enhancements at the tips of the prism nanostructure must
play some role.

Theoretical Simulations. In order to provide a deeper
understanding of the experimental data and to unravel the
origin of the HRS signals from nanoprisms, theoretical
simulations were performed using a discrete nonpolarizable

Table 4. Retardation Parameters ¥ and ¢ and
Depolarization Ratio DV for All Samples

sample (44 & o)
#26 0.04 0.02 0.44
#61 0.05 0.04 047
#78 0.11 0.10 042
#87 0.09 0.10 042

and ¢ grow with the nanoparticle size as expected for
retardation with somewhat saturation for samples #78 and #87.
However, the discussion of the size evolution of these two
parameters must be performed in light of the significant
nanosphere content in the samples. Indeed, this increase can
be attributed to the nanospheres, as it is known that these two
parameters increase with their diameter. Introducing the
nanoprism content of the nanoparticle solutions, eq 5 yields
Cos ©)

In principle, for perfect nanospheres, it has been shown
previously that {5 = 1 and £%§ = 0, namely; they exhibit a pure
quadrupole response. However, in most cases, nanospheres are
not perfect geometrical spheres, and shape defects induce a
much reduced {Y value, whereas ¢ remains close to zero.
Because these retardation parameters do not depend on the
first hyperpolarizability itself as they are effectively intensity
ratios, previously reported retardation parameters can be used.
Values between 0 and 0.2 have been reported for the (¥
retardation parameter for gold nanospheres.'® With the
nanoprism contents given in Table 1, it appears that (Y, and
", values must vanish altogether within experimental error.
Hence, despite a non-negligible size and therefore non-
negligible spatial extension, nanoprisms do not exhibit
significant retardation. This property results from the threefold
noncentrosymmetry of their shape as opposed to the
centrosymmetric nanospheres.

We now turn to the depolarization ratio D". A theoretical
value DY = 0.67 is expected for a pointlike planar threefold
geometry. An archetypal system with this geometry is

K=afh+(1-a)

i dipole model.”® A Dy, symmetry for equilateral
triangles with a defined edge length was assumed, see Figure 3.

Figure 3. Schematics of the nanoprism Dy;, symmetry assumed in the
theoretical simulations.

It is interesting to note that in the case of equilateral prisms, a
nonli response ing from the edge surface area
behaves similarly to the one arising from the three sharp tips of
the nanostructure. Following the previous work reported for
nanocubes, the nanoprism HRS response was assumed to stem
from these three sharp tips of the structure, to which a single
hyperpolarizability comp P... nc dipole was
attributed. Tips are known to provide large electromagnetic
field enhancements and therefore are the siege of enhanced
HRS. The absence of contribution from the top and bottom
faces is therefore in line with the above postulated
assumptions.

Using this arrangement of the three equal nonlinear dipoles,
the depolarization ratio DY, along with the two retardation
parameters ¢V and (", was simulated with respect to the
nanoprism edge length, see Figure 4. The corresponding
polarization-resolved HRS intensity plots for small (vanishing
edge length, i, the three nonlinear dipoles are co-located)
gold nanoprisms are given in Figure 5, meanwhile plots for
large (100 nm edge length) gold nanoprisms are included in
the Supporting Information. For small nanoprisms, we do not
observe any retardation as expected, and the response is similar

https://dx.doi.org/10.1021/acs jpcc.0c03489
J. Phys. Chem. C 2020, 124, 1479714803
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Figure 4. Simulated retardation ¢, and ¢}, and the depolarization
ratio DY as a function of the gold nanotriangle edge length.

Figure §. Polar plots for vanishingly small edge length nanoprisms.
The black curve represents vertically polarized HRS intensity, and the
red curve represents horizontally polarized HRS intensity.

to that of molecules with the same symmetry like crystal
violet.” The polar plot of small edge length nanoprisms
corresponds well to the experimentally obtained graph for
sample #26, see Figure 2, ie., showing a very low level of
retardation. On the opposite, for large nanoprisms, retardation
is significant. Theoretically calculated retardation parameters
for the large 100 nm edge length nanoprisms are respectively

¥p = 0.54 and £t = — 0.16, whereas the depolarization ratio
has only weakly evolved from DY = 2/3, its value for vanishing
edge length, to DY = 0.61.

Theoretical simulations provide a deeper insight into the
experimental data. A similar approach was performed for silver
nanocubes, as reported by Russier-Antoine et al,'® where the
simulated graphs exhibited significantly higher retardation due
to the centrosymmetry of the nanocubes. For the nanoprisms,
the simulations performed assuming a perfect threefold
symmetry yield rather high values of the parameter ¢V as
compared to the experimental data. Introducing three
unbalanced nonlinear dipoles disposed at the three tips of

the nanoprisms provides lower ¢V values, in agreement with
the experimental observations. This breaking of the perfect
threefold symmetry is also seen through the depolarization
ratio measured, which is weaker than the theoretical one.

B CONCLUSIONS

Aqueous suspensions of gold nanoprisms with an average edge
length ranging from 26 to 87 nm were successfully synthesized
combining various synthesis protocols known in the literature
and investigated with polarization-resolved HRS. The
determined first hyperpolarizabilities are rather low as
compared to the values reported in the literature for other
plasmonic nanoparticle shapes, such as rods or spheres. This
feature emphasizes the sensitivity of this parameter to the
nature of the nanoparticle surface and must be taken into
account when selecting nanostructures with an efficient HRS
response. The polarization analysis supports an origin of the
response stemming from the nanoparticle surface, without
significant retardation contributions, although this property
can also be understood similarly as stemming from the three
nanoprism tips. The depolarization ratio complements this
analysis and underlines the potential deviation of the
nanoprism exact shape from that of perfect equilateral prisms.
All these results can be rationalized with a simple model
involving three nonlinear dipoles simulating the three sharp
tips of the nanoprisms. Finally, it is interesting to note that this
in-depth analysis of the nanoprisms is performed in the
presence of nanospheres produced during the same synthesis
providing evidence for information extraction from nano-
particle mixtures.

Surprisingly, the noncentrosymmetrical shape of the nano-
prisms may be a disadvantage for applications like sensing,
since the first hyperpolarizabilities are not as high as expected
considering their noncentrosymmetric shape. This feature may
result in a lower sensitivity required to probe external medium
changes. This may remain to be confirmed, though the three
tips may be sufficiently sensitive. In any case, the weak
contribution of retardation may be profitably used, especially
for the largest nanoparticles, where the first hyperpolarizability
will only stem from the surface without significant contribution
from the volume, a clear asset in sensing for example.
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Synthesis and characterization. Chemicals. All chemicals were commercially available and used without further purification.
Gold(I1T) chloride trihydrate (HAuCly-3H,0), cetyltrimethylammonium chloride (CTAC), cetyltrimethylammonium bromide (CTAB),
sodium borohydride (NaBH,), L-Ascorbic acid (AA), sodium hydroxide (NaOH), potassium iodide (KI) and sodium iodide (Nal) were
purchased from Sigma-Aldrich. Deionized water (Millipore Milli-Q grade, MQ) with resistivity of 18.2 MQ-cm was used in all
experiments.

Synthesis. Gold nanoprisms (sample #26, average edge length of 26 nm) were synthesized according to the literature protocol. ! Briefly,
to the solution containing 1.6 ml of 0.1 M CTAC, 8 ml of MQ and 0.075 ml of 0.01 M KI, 0.08 ml of 25.4 mM HAuCl, was added,
followed by addition of 0.0203 ml of 0.1 M NaOH. The solution exhibited pale yellow color. Subsequently 0.08 ml of 0.064 M AA was
injected and the mixture was moderately shaken, resulting in a colorless solution. Finally, 0.01 ml of 0.1 M NaOH was added, followed
by quick shaking for 1-2 s. Within 10 min, the colorless solution turned red, purple and then blue.

Gold nanoprisms (samples #61, #78 and #87 with average edge lengths of 61, 78 and 87 nm respectively) were synthesized according
to a modified literature protocol. 2 Briefly, the seed solutions typically used for the synthesis of gold nanorods * were prepared by
reduction of 0.025 ml of 0.05 M HAuCl, with 0.3 ml of 0.01 M ice-cold NaBH, in 4.7 ml an aqueous 0.1 M CTAB solution under
vigorous stirring. The mixture was left for 30 min under mild stirring. Subsequently, the growth solution was prepared according to,
2 namely to 9 ml of the aqueous solution containing 0.05 M CTAB and 0.050 mM Nal, 0.250 ml of 0.01M HAuCly, 0.050 ml 0.1 M
NaOH and 0.050 ml 0.1M AA were added and the solution was gently mixed resulting in a color change from orange to colorless.
Finally, the seed solution was added according to the nanoprisms average edge length targeted. The seed concentration in the growth
solution was used as described in 2 to obtain nanoprisms with desired geometrical parameters.

Normalized extinction

T T
400 600 800 1000
Wavelength (nm)

Figure S1. Normalized UV-Vis spectra of all samples.

Samples characterization. The samples were characterized by UV-Vis absorption spectroscopy and Transmission Electron Microscopy
(TEM), see Figures S1 and S2(a-d) where all UV-Vis spectra and TEM images are presented.

The average values of the nanoprisms edge length were obtained from the TEM images as well as the nanoprisms content of the
solutions that varied from 42% to 74% as shown in Table 1 in the manuscript, the remaining nanoparticles being assimilated as
nanospheres. All data were corrected for linear absorption. Also, except for sample #26 for which the conditions are non-resonant,
samples #61, #78 and #87 were performed with resonant conditions at the fundamental wavelength and non-resonant conditions at the
harmonic wavelength where here resonance is considered with respect to the LSPR.
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Figure S2(a-d). Transmission Electron Microscopy (TEM) pictures of samples #26 (a), #61 (b), #78 (c) and #87 (d). The deformation of
edges of sample #87 is due to the surfactant centrifugation process performed prior to the screening.

Optical setup. The HRS arrangement was based on a Ti:Sapphire femtosecond laser operating at the wavelength of 800 nm with pulse
length of 140 fs and repetition rate of 80 MHz. The average power was not exceeding 150 mW to avoid any sample damage. The beam
was spectrally cleansed with a long-pass filter placed before it was gently focused into a fused silica cell containing the aqueous
solution of nanoparticles with X10 magnification objective. The HRS intensity was collected at right angle by a single photon counting
photomultiplier tube coupled with a spectrometer. A short-pass filter was inserted in the harmonic beam path in order to avoid detecting
spurious light. For polarization analysis of the HRS intensity, a half-wave plate before the long-pass filter in front of the cell and an
analyzer after the short-pass filter were installed on the set-up.

Figure S3. Theoretically simulated polar plots for 100nm edge length nanoprisms. Black represents vertically and red horizontally polarized
HRS intensity respectively.
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Figure S4(a-c).  Polar plots of the polarization resolved HRS intensity for samples #61 (a), #78 (b) and #87 (c) and their fits using Eq.(2).
Black represents vertically and red horizontally polarized HRS intensity respectively.
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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 Liquids'®. 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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ARTICLE INFO ABSTRACT

Keywords:
Gold nanoparticles
Nonlinear aptics

Gold nanoparticles are widely used in sensing, notably in colorimetry-based methods, where a color change is
associated to the Surface Plasmon Resonance peak shift due to a binding event or an environment modification in
the vicinity of the nanoparticles. In this work, we explore the sensitivity of the Second Harmonic response from
gold nanoparticles of two different diameters as this response stems principally from the nanoparticle surface at
small sizes as opposed to the whole volume of the nanoparticle at larger sizes. The origin of this response is
therefore different from that involved in the colorimetric response, the latter being of volume origin. Upon
addition of Glycerol to an aqueous solution of nanoparticles, Surface Plasmon Resonance peak shifts are first
observed but they cannot fully explain the Second Harmonic intensity changes recorded. Hence, in order to gain
further insights into the origin of the changes observed in the experimental data, polarization-resolved Second
Harmonic measurements are performed. A mechanism where first a modification of the first hyperpolarizability
of the nanoparticles due to the presence of glycerol occurs followed by nanoparticle aggregation is then pro-
posed. The potential altemnative use of this nonlinear optical method of Second Harmeonic scattering for sensing
purposes is then discussed in light of a figure of merit proposed to describe the sensing sensitivity observed.

Second harmonic scattering
Refractive index
Sensing

1. Introduction

Sensitive and quantitative detection of chemical or biological com-
pounds is currently of utmost importance in many applications, from
biomedical or forensic sciences to environmental studies. Among the
diverse methods available to date, gold nanoparticles (AuNPs) based
sensors are attracting a lot of attention due in particular to the AuNPs
properties like high surface-to-volume ratio or tunable optical properties
[1-3]. These properties can be easily tailored through changes of the
AuNPs size or shape in view of the sensor applications targeted [4,5].
Among the different methods involving AuNPs, optical ones have
retained a lot of attention as they enable simple experimental designs.
AuNPs exhibit Localized Surface Plasmon Resonances (LSPR) resulting
from the interaction of the incident light with the conduction band
electrons [6]. Hence, colorimetric methods based on linear optical
extinction have been proposed with success [7-10]. Such LSPR based
sensing methods rely on the spectral properties of the LSPR and the
ability to modify them through the sensing process, in particular

* Corresponding authors.

through a change of the surrounding medium refractive index [11].
Within this context of sensing, nonlinear optics based sensors are
promising owing to the dependence of the sensor response to higher
powers of the incident light intensity as opposed to the above described
linear optical methods like extinction and seattering, where the response
is linear with the incident light intensity [12]. For instance, Third Har-
monic Generation (THG), namely the conversion of three photons into a
single photon at the sum energy, has yielded in simple plasmonic an-
tennas limits of detection of the order of An= 10"% where 4n is the
surrounding medium refractive index change [13,14]. Also, the
noenlinear optical response stems from the surface as opposed to the
volume for even order nonlinear processes. A greater sensitivity is thus
expected along with better limits of detection in the latter case. There-
fore, Second Harmenic Generation (SHG), the quadratic nonlinear op-
tical phenomenon whereby two incident photons are annihilated and a
single photon at the sum energy emitted is attracting interest due to its
inherent surface origin when performed with gold nanoparticles
(AuNPs) [14,15]. In its most simple design, the SHG signal is scattered
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from an AuNPs aqueous suspension, a phenomenon called Hyper Ray-
leigh Scattering (HRS). It has been widely described for Au spheres, rods
or prisms [16-18] for NPs sizes ranging from 150 nm down to 2.5 nm
and Au nanoclusters where the LSPR vanishes due to the loss of the
metallic character [19]. However, it is though of utmost importance to
assess the exact origin of the HRS response because competing processes
may dominate instead of the expected surface response. This is the case
of aggregation that can occur when the stability of the nanoparticles
suspension is broken. Similarly to colorimetric methods, HRS sensing
can still be based on the LSPR spectral shift. In this case, the gain lies in
the power dependence of the observed intensity with the LSPR spectral
shift. The HRS intensity remains nevertheless weak. A possibility is thus
to define a figure-of-merit (FoM) less prone to intensity fluctuations
[3,20]. The latter can be defined as the ratio between the sensitivity,
namely the LSPR shift in nanometers divided by the refractive index
change and the full width at half maximum (FWHM) as proposed by
Sherry et al. [21]. It has been shown that sensing based on multipolar
LSPR resonant SHG can already enhance the sensitivity but that the
above defined FoM allows to identify an optimal size for the spherical
nanoparticles depending on the material, gold or silver for instance [22].

In the present work, the potential for sensing of AuNPs in the context
of HRS is investigated further using a water-glycerol mixture as the
surrounding medium. The standard right-angle HRS configuration is
used and the study is devoted to the intensity and polarization analysis
of the response. The first part of our study focuses on the mechanisms
involved as glycerol is introduced into an aqueous suspension of gold
nanoparticles and the origin of the response is assessed. In particular, the
role of nanoparticle surface changes and aggregation are discussed as
well as the role of the LSPR spectra shift in the HRS intensity and po-
larization changes. In the second part, the sensitivity to the refractive
index change is discussed in view of sensing purposes. Two gold nano-
particle sizes were selected, namely 40 nm and 100 nm diameter
nanoparticles. The smaller 40 nm nanoparticles are expected to possess a
nonlinearity of surface origin whereas the larger 100 nm ones are ex-
pected to have a dominant velume origin for their nonlinearity [14,15].

2. Experimental

Citrate stabilized AuNPs with a mean diameter of 40 and 100 nm
were purchased (BBI Solutions) and used as received. To change the
refractive index, water-glycerol mixtures were prepared from ultra-pure
water (MilliQ Millipore, resistivity 18 MQ) and glycerol (Archem Sp. zo.
0.). The solution refractive index was measured on an Abbe refractom-
eter for the sodium D-line at 4 = 589 nm. The UV-Visible extinction
spectra were measured on a standard spectrophotometer (Jasco, model
V670).

The Hyper Rayleigh Scattering setup has been described elsewhere
[14]. Briefly, the laser beam of a Ti:Sapphire femtosecond laser oper-
ating at the wavelength of 820 nm with pulse length of about 140 fs and
repetition rate of 80 MHz was gently focused with a X16 objective into
the fused silica cell. A low bandpass filter was placed prior to the
objective to remove any unwanted SHG light generated prior to the cell.
The average input power was kept at about 300 mW. The SHG intensity
was collected at right angle with a CCD camera placed after a spec-
trometer. Polarization analysis was performed with a half-wave plate
and a cube polarizer to select the polarization of the scattered harmonic
light, either vertically or horizontally linearly polarized, while preser-
ving the polarization of the detected light and a second half-wave plate
was placed on the fundamental beam path to select the linear input
polarization angle. Long bandpass filters were placed right after the cell
to remove any unwanted spurious fundamental scattered light. Absor-
bances were always kept low enough in order to avoid any spurious
higher order nonlinear effects.
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3. Results and discussion

Spherical AuNPs with two different sizes, namely 40 and 100 nm
diameter, were studied to investigate the role of the NP size. Here, we
have focused on spherical nanoparticles in order to perform through the
two different sizes a comparison of the surface to volume origin of the
nonlinearity. Other shapes are possible but would further complexify the
present analysis. Different amounts of glycerol were added to the AuNPs
aqueous solutions resulting in samples containing from 0 up to 75 vol%
of glycerol. Because the solutions were purchased as aqueous suspen-
sions and to prevent a too large dilution of the nanoparticles, 75 vol% of
glycerol was chosen as the upper limit for the glycerol content. A simple
analysis of the optical index as a function of the glyeerol content with the
Lorentz-Lorenz equation underlined the ideality of the mixed water-
glycerol system within the range of glycerol volume content studied,
see Figure 51 in Supplementary File [23]. The UV-Visible extinction
spectra were collected to observe the red-shift of the LSPR peak along
with the extinction increase on the red side of the spectia as the glycerol
content increases, resulting in a change of the solvent refractive index,
see Fig. 1(a),(b). As expected, the position of the LSPR peak red-shifted
linearly with increasing glycerol content as the refractive index of the
solution increased, see Figures 52(a)-(d). Also, for the 40 nm diameter
gold nanoparticles, aggregation is observed through the increase of the
extinction cross-section at 800 nm, a feature not so prominent for 100
nm diameter gold nanoparticles due to the broadening of the LSPR for
this nanoparticle size hiding this phenomenon. No change in cross-
section is observed at the harmonic wavelength, neither 395 nm ner
410 nm, for 40 nm diameter gold nanoparticles whereas a weak change
occurs for 100 nm diameter ones, a small decrease around 400 nm and a
small increase at the fundamental wavelength of 800 nm.

The HRS intensity from the different AuNPs sample solutions was
then collected for the 790 nm and 820 nm fundamental wavelengths,
resulting in an HRS wavelength at 395 nm and 410 nm respectively, see
Fig. 2(a),(b) for the two nanoparticle diameters of 40 nm and 100 nm.
The intensity was renormalized for the nanoparticle content as glycerol
addition into the aqueous AuNPs solutions leads to dilution. This
renormalization procedure did not signficantly affect the observed fea-
tures in Fig. 2(a),(b) but was deemed necessary for further quantitative
analysis. No significant differences in intensity behaviour were observed
between the two 790 nm and 820 nm fundamental wavelengths. Results
at 820 nm are therefore exhibited below, see Supplementary Informa-
tion file Figures S3(a),(b), for data collected at 790 nm fundamental
wavelength.

From the observed HRS intensity, three main features are observed.
First, a sharp decrease of the HRS intensity is observed at extremely
small glycerol content followed by a recovery as the glycerol content
increases. These two features are observed for both the 40 nm and 100
nm diameter gold nanoparticles whereas a third feature is observed for
100 nm diameter nanoparticles, namely a decrease of the HRS intensity
when the glycerol volume fraction gets larger than that of water. To
rationalize these features into physical mechanisms, the role of the LSPR
peak shift must be discussed beforehand. The SHG response from small
metallic nanoparticles like gold or silver nanoparticles ean be deseribed
within the Mie theory. In this context, the response essentially stems
from the nanoparticle surface but local fields and their associated Mie
resonances must be taken into account. Electric dipole E1 and quadru-
pole E2 resonances associated to the corresponding modes must be
considered [22-25]. The pure electric dipole and quadrupole responses,
respectively I, and Iy, are of the following form [25]:

1 4
In = x|ﬁ,)|2[ ] (1a)

1 2
€1, (410nm) + 25_‘} L 1. (820nm) + 2e,

2 4
2 1 1
T = K| [zh, (@10mm) + 35\.] LM,(sm}m) F 25] (1b)
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Fig. 1. Normalized UV-Visible extinction spectra for (a) 40 nm and (b) 100 nm AuNPs nanosphere diameter for two different glycerol percent fraction, (red) pure
water solution, (black) 2/3 glycerol volume fraction.

2400 ' ' ' : ' T !
" 1
z 2 210’ » R
2 2200 +— 2
£ - £ 151 .
< 2000 i %/i o <
= -
T 1800 4 g 10fff
2 2
£ 1800 4 E 5
z " 2 I 1
T 1400 i 4
| 1 1 1 1 1 1 1 | 1 1 L
134 136 138 140 142 144 134 136 138 140 142 144
Optical Index Optical Index

(@) (b)

Fig. 2. HRS intensity measured at 820 nm fundamental wavelength for (a) 40 nm and (b) 100 nm spherical AuNPs dispersed in water-glycerol mixtures with
different glycerol additions. HRS intensities are renormalized for nanoparticles concentration. (Black dashed): adjusted curve using the model deseribed below.

where /i, and f3, are two parameters scaling the nanoparticle surface
response and ¢, and &, are the dielectric constants of gold [26] and the

water-glycerol solvent. The constant k aceounts for all other parameters 104 B
except the local field factors, strongly refractive index dependent, that
are made explicit. In principle, f, and f, are identical, both stemming 0.9 -

from the AuNPs surface response. Note that in Eq. (1b), only the quad-
rupole response at the harmonic frequency is considered as the latter is
susceptible to resonance enhancement due to the proximity of the har-
monic wavelength with the electric quadrupole resonance wavelength.
Fig. 3 shows the evolution of the dipolar and quadrupolar responses I,
and I, with respect to the refractive index of the surrounding medium,
plotted according to Eqs. (1a),(1b). It appears that both I and I in-
tensities are slowly decreasing over the whole range of the glycerol-

o
@
L
T

normalized intensity
o o
o ~
1 1
T T

water mixture refractive index whereas the HRS experiments exhibit 05 L
the reverse, see Fig. 2, and at least partially for the 100 nm diameter
AuNPs. Thus, it is concluded that the change of the refractive index of 04 |

the surrounding medium is not responsible for the observed experi-
mental behaviour, except possibly for the 100 nm diameter AuNPs at
refractive indices larger than 1.40. It is also noted that at very low .
glycerol contents, the drop in HRS intensity is abrupt as opposed to the refractive index
general behaviour observed over the whole range of the refractive index Fig. 3. Normalized theoretical (black) dipolar and (red) quadrupolar response
change. The latter drop is therefore not related to the refractive index to the SHG intensity as a function of the refractive index change of the mixed
change either. water-glycerol solvent.

Hence, to explain the behaviour observed experimentally, the
following mechanisms are introduced, in line with previous works [27].
First, at very low glycerol content, it is expected that the surface

T T T
132 134 136 138 140 142 144 146 148
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hyperpolarizability of the nanoparticles is modified according to the
following law:

P = B+ D] 2

where the second term is the change of the surface hyper-
polarizability with the glycerol content through the solution optical
index n, whereas that of neat water is nw, and f4,,, and f,,, +Ap are the
first hyperpolarizability of a gold nanoparticle in glycerol and water
respectively. An exponential decrease scaling with the parameter a is
introduced in an ad-hoc fashion in order to distinguish the local changes
at the nanoparticle surface at very low glycerol content as compared to
the solvent optical index changes effectively accounted for with the
above Eqs. (1a),(1b) and Fig. 3. The local glycerol interaction with the
nanoparticle surface saturates at high enough glyeerol content. Second,
and in agreement with the increase of extinction for the 40 nm diameter
nanoparticles around 800 nm, see Fig. 1(a), slow aggregation is
observed. The latter phenomenon is deseribed with an equilibrium
constant between nanoparticle monomers and dimers with an equilib-
rium constant, the scaling of which is linearized with respect to the
solution optical index due to the rather weal aggregation strength. Asa
result, the HRS intensity is given by:

Inps = G [N (B2) +Na(53)] 3)

In Eq. (3), N, and N, are the monomer and dimer concentrations and
{2 and () the square of their first hyperpolarizability averaged over
all orientations and G is a general parameter incorporating all other
physical constants. We underline here the fact that these nanoparticles
cannot be considered as perfect sphere and therefore the orientational
averaging is required. Furthermore, the (f5) dimer hyperpolarizability is
assumed constant because the local interactions with glycerol only occur
at very low glycerol content when aggregation is negligible. Finally, the
total number of nanoparticles is taken constant. With this rather simple
model, the experimental data are well described, see adjusted curves in
Fig. 2(a),(b), except at high glycerol content for the 100 nm diameter
nanoparticles. In this range of glycerol content, it is expected that ag-
gregation further proceeds towards larger aggregates with the net result
of the HRS intensity decrease. This feature suggests that larger aggre-
gates have a much smaller hyperpolarizability as compared to smaller
ones, once normalized per nanoparticle in the aggregate. Saturation of
this hyperpolarizability has already been observed in pyridine induced
aggregation [28]. Note that considering the monomer—dimer and larger
aggregates equilibria only greatly simplifies a problem where multiple
nanoparticle aggregates equilibria are eertainly involved.

To get a deeper insight into the HRS response of the AuNPs with
respect to the surrounding medium change, polarization-resolved mea-
surements were also conducted. To perform these studies, an analyzer
was placed prior to the detection system. All polar plots are included in
the Supporting Information file, see Figures S4 and S5 for the 40 nm and
100 nm diameter respectively. A full analysis was performed in order to
extract a quantitative analysis from the data. The graphs were adjusted
with the following expression for the HRS intensity I [14,29]:

1* = a*cos'y + b cos?y siny + F sin'y 4)

where X stands for H (horizontal, i.e. parallel to the plane of scat-
tering) or V (vertical, i.e. perpendicular to the plane of scattering) output
polarization, ', b* and ¢* are three intensity parameters and y is the
polarization angle of the fundamental wavelength field. All intensity
parameters are of the form of Eq. (3) where distinct hyperpolarizability
tensor elements have to be considered depending on the output polari-
zation and the fundamental input polarization angle y. Analysis of the
polarization plots allows to introduce specific parameters, using the
intensity parameters obtained with the adjustment procedure of the two
perpendicular polarization experimental data with Eq. (4). The depo-
larization ratio, DY, is defined as [14]:
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D =" /d" (5

whereas the retardation parameters ¢" and ¢ are introduced as
follows [18,29,20]:

¢ = (B —a" ") b (6a)

= (' 7&”)/’((:”1»6”) (6b)

The depolarization ratio provides an insight into the nature of the
HRS response of the NPs as it weights the dipolar and octupolar con-
tributions to the HRS response within the context of the irreducible
representation of the first hyperpolarizability tensor [31]. On the
opposite, the two {¥ and (¥ parameters provide a measure of the extent
of retardation in the response. Retardation describes the evolution of the
spatial phase over the nanoparticle size. Hence, size will lead to values of
these parameters deviating from zero whereas deviation from a
centrosymmetric shape decreases these parameters as it enhances the
surface local nonlinearity. The dependence of these three parameters
with the refractive index is depicted in Fig. 4(a)-(f). Uncertainties were
calculated by the exact differential method using uncertainties from the
adjustment of the experimental data with Eq. (4). Polar graphs and their
fits to Eq. (4) are provided in the Supporting Information file, Figures 54
(a)-(3), s5(a)-(v).

For the 40 nm diameter AuNPs, the depolarization ratio D" remains
in the range 0.30-0.40 indicating a rather similar contribution from the
dipolar and octupolar irreducible tensor contributions [27]. These
values are rather similar to what has been observed for AuNPs with
similar sizes. Adjustment of the experimental depolarization ratio DY is
then achieved with the above model for the HRS intensity as a function
of the glycerol-water mixture optical index, with account of the selection
of the hyperpolarizability tensor el ts of the monomers and aggre-
gates with the output polarization selection. On the opposite, the 100
nm diameter AuNPs exhibit an almost purely octupolar response with a
DV coefficient close to 2/3. Retardation parameters ¢V and ¢ do not take
large values for 40 nm diameter AuNPs as expected, only for the 100 nm
diameter ones do they take large values, also in line with previous works
[25]. As aresult, marked changes only appear at small glycerol additions
on the HRS intensity and are more visible for the 40 nm diameter AuNPs.
For larger glycerol additions, changes in the parameters are rather
smooth and weak. Similar behaviour was observed for 790 nm excita-
tion wavelength, see Supplementary Information file, Figures 56(a), (b).
It appears therefore that glycerol at very low content is sufficient to
modify the HRS response at the surface of the AuNPs. This effect is more
prominent for the smallest nanoparticles and is clearly seen on the HRS
intensity plots as well as the characteristic parameters of the response.
For the larger 100 nm diameter AuNPs, larger retardation contribution
occurs, as seen from the larger retardation parameters. Being of higher
order, this eontribution scales with the size of the nanoparticles, i.e.
their volume, and the surface effect is lost. The nonlinear optical surface
response is therefore modified in strength and nature with the incor-
poration of small amounts of glycerol. The decrease of HRS intensity
with almost constant depolarization coefficient indicates a change of the
surface nonlinearity with minimal changes in symmetry as seen from the
dipolar to octupolar contributions ratio in the context of the irreducible
tensorial representation of the hyperpolarizability. This feature in
particular suggests that the AuNPs surface probes localized changes.
Homogeneity of the refractive index is however recovered at much
larger glycerol contents [31]. The present results therefore indicate that
the LSPR peal shift with the refractive index in HRS measurements from
AuNPs do not play any major role in this study. Rather, the HRS response
at small glycerol addition is driven by the surface contribution, espe-
cially for the smallest AuNPs. The sensitivity to the localized surface
changes indicates that sensing using AuNPs in HRS measurements
should be attiactive especially at low refractive index changes and small
AuNPs sizes. At larger glycerol content, the localized swface changes
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Fig. 4. (a,b) Depolarization ratio and (c-d) retardation parameters for Vertically and (e-f) Horizontally polarized HRS intensity with respect to the swrounding
medium refractive index for (blue; a, ¢, &) 40 nm and (red; b, d, f) 100 nm diameter AuNPs.

saturate and aggregation takes place with smooth increase of the HRS
intensity. However, as suggested by the extinction spectra, see Fig. 1,
aggregation is rather weak and therefore the retardation parameters ¢V
and ¢ are weakly affected because aggregates remain small for 40 nm
diameter nanoparticles. For 100 nm diameter nanoparticles, retardation
is already too much developed with values close to 0.9 to observe clear
changes.

In this respect, this study indicates that sensing with gold nano-
particles must be performed with the smaller gold nanoparticles where
surface sensitivity is achieved as compared to larger 100 nm diameter
ones. A FoM can thus be defined as opposed to the LSPR peal shift that
may not be as adapted as expected. Rather, a FoM based on the change in
the HRS intensity should be better suited. A FoM of the form (AI/I)/RIU,
free from intensity fluctuations with renormalization, may then be built
where RIU stands for Refractive Index Unit. From Fig. 2(a), and using the

above model adjusted on the experimental data with a first order
expansion of Eq. (2) with the optical index change n —my, this FoM is
given by:

(Al _
RIU
the value of which is about 4000 considering the numerical values
obtained from the model adjusted to the data. Such a FoM value suggests
a sensitivity of the order of less than 1% in glycerol volume content
considering Figure 51 linking the optical index to the volume fraction of
glycerol. This analysis therefore provides a quantitative assessment of
the sensing ability of smaller gold nanoparticles HRS towards small
refractive index changes.

FoM = 2aAp (7)
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4. Conclusions

The HRS intensity of AuNPs with a 40 nm and 100 nm mean diameter
dispersed in water was studied after addition of different amounts of
glycerol. Marked changes are exhibited at the lowest glycerol additions
before an intensity recovery, features attributed to initial local surface
changes of the nanoparticle first hyperpolarizability followed by a weak
aggregation. Polarization-resolved studies are performed to assess the
origin and nature of the nonlinear response. For larger glycerol addi-
tions, changes are not so p ed and rather smooth. These features
are more prominent for the 40 nm diameter nanoparticles as opposed to
the 100 nm diameter ones.

UV-Visible extinction based colorimetric measurements do not allow
to attribute the changes at very low glycerol contents, namely below 1
vol%, to the linear wavelength shift of the SPR peak. For this purpose,
the HRS method is more advantageous as it exhibits more pronounced
signal changes. This property of the HRS method is due to the origin of
the response stemming from the AuNPs surface at for small diameter
nanoparticles as opposed to nanoparticles with larger diameter. Com-
bined with the simplicity of the geometrical arrangements for these
measurements, HRS scattering from AuNP solutions is a promising
method for sensing applications. This work further indicates that rather
small diameter nanoparticles must be used to avoid the detrimental
contribution from retardation, still keeping large intensities, and to use
the normalized HRS intensity change as a figure of merit. Further works
involving more refined platforms to perform sensing have also appeared
[32] but HRS remains rather simple into its development.
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1. Optical Index of Water-Glycerol mixture with Glycerol content

The optical index of the different water-glycerol solutions were recorded for the sodium D-line at
589 nm and adjusted with the Lorentz-Lorenz formula, see Eq.(S1), for comparison to ideal

mixing, see Figure S1.

2_ 2_
DT T (s1)

where ¢b; and n; are the volume percent and the optical index of the components entering the

mixture and n the optical index of the mixture.
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Figure S1 : Optical index of the mixed water — glycerol solvent as a function of the glycerol

volume percent fraction (red disks) experimental data, (black dashed) adjustment to Eq.S1.
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2. Extinction spectra of Water-Glycerol mixture with Glycerol content

Extinction spectra provided in main text where further scrutinized to analyze first the localized

surface plasmon resonance (LSPR) peak wavelength shift as a function of the glycerol content.
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Figure S2: Change of the AuNPs water-glycerol normalized UV-Visible extinction spectra in the
vicinity of the LSPR peak for (a) 40 nm and (c) 100 nm AuNPs nanosphere diameter and
corresponding plots with linear adjustments of the LSPR peak shift as a function of the refractive
index of the water-glycerol solutions for (b) 40 nm and (d) 100 nm AuNPs nanosphere diameter,

(inserts) blow-up view at the low glycerol contents.

3. HRS Intensity measurements at 790 nm

Besides measurements performed at the 820 nm fundamental wavelength, see Figures 2 (a)-(b)
main file, measurements at 790 nm were also performed and are shown below. Similar results to

those recorded at 820 nm fundamental wavelength were obtained.
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Figure S3 : HRS intensity measured at 790 nm excitation for (a) 40 nm and (b) 100 nimn diameter
spherical AuNPs dispersed in water-glycerol mixtures with different glycerol additions. The
intensities are renormalized for nanoparticles concentration. (black dashed) adjusted curve using

the model described in main text.
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4. Polarization resolved HRS Intensity measurements at 820 nm

Polarization resolved plots of the HRS response of the AuNPs with respect to the surrounding
medium change, are presented below, see Figures S4 and S5 for the 40 nm and 100 nm diameter

AuNPs respectively.
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Figure S4(a)-(j): Polarization-resolved graphs and their fits from Eq.(4), main text, for 40 nm
mean diameter gold nanospheres. The solvent refractive indices are indicated in the graphs. (Black)

vertically polarized HRS intensity, (red) horizontally polarized HRS intensity.
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Figure S5(a)-(v): Polarization-resolved graphs and their fits from Eq. (4) for 100 nm mean
diameter nanospheres. The excitation wavelength and solvent refractive indices are indicated in

the graphs. (Black) vertically polarized HRS intensity, (red) horizontally polarized HRS intensity.

S. Parameters of the polarization resolved HRS Intensity measurements

at 790 nm fundamental wavelength

Depolarization ratio and retardation parameters were calculated (see Eqs. 5, 6(a)-(b), main text).
The obtained results with respect to the surrounding medium refractive index are plotted in Figure
4 (a)-(f) for 820 nm in main text and Figure S5 (a)-(b) for 790 nm excitation wavelength, vertically-

polarized signal.
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(inserts) blow-up view at low glycerol contents.

6.  Power Dependance of HRS intensity from Gold Nanoparticles

The linear dependence of the gold nanoparticles solution with the fundamental intensity was

controlled. Figure S1 provides the obtained result for the smallest nanoparticles.

12

89



800

0
‘c
35 750+
£
(0]
>
2 7001
QO
IS
o)
o
I
650 |-

120

Figure S87: Dependence of the gold nanoparticles solution with the square of the fundamental

130 140 150 160x10°
Squared Incident Power / mWA2

intensity.

13

90



5.4. Sensing Copper (II) lons 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.""" 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 CuBr, 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 pM 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
" value steadily increases, which is in line with the DLS outcome, i.e. increasing effective
diameter, causing an increase of signal retardation. The {'' 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 ImM 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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ABSTRACT: Incoherent Second Harmonic Generation (SHG) Cu 2+ Cu 2+
from gold nanoparticles, also known as hyper-Rayleigh scattering

(HRS), is proposed as a sensing method for copper(II) ions. As 2+
opposed to colorimetry-based methods relying on the shift of the Cu

localized surface plasmon resonance with the copper(II) 5 a0 o m
concentration, which effectively scales with the nanoparticle (i~ o OH
volume due to the origin of the absorption phenomenon, SHG i\’O'

relies on the surface origin of the response for sufficiently small o O O
nanoparticles. As a result, differences can be expected that could be
potentially turned into advantages such as improved Limit of

Detection and shorter detection response time. The present study vo %
demonstrates that the SHG light scattered from aqueous

suspensions of gold nanoparticles in the presence of copper(II)

ions is indeed sensitive to the copper(II) ion concentration changes. A first approach based on intensity changes shows that there is a
competition between the formation of corona-like structures centered around the gold nanoparticles due to the ionic interaction
between copper(II) ions and the negatively charged citrate-coated nanoparticles on one side and, on the other side, aggregation of
nanoparticles due to charge screening as the copper(II) bromide concentration increases. The former process dominates at low
copper(II) concentrations, whereas aggregation takes over above 1 mM copper(II) concentrations. A figure of merit is thus designed
in order to provide a quantitative assessment of the sensing performance. In a further analysis, a polarization resolved study of the
SHG light scattered from the gold nanoparticles allows the determination of other figures of merit. The first one based on the

depolarization ratio seems appropriate, as it is based on the surface origin of the SHG response from gold nanoparticles, whereas the
second one, based on the retardation parameter, should not perform better than those derived from colorimetry methods.

B INTRODUCTION due to the shift of the Localized Surface Plasmon Resonance
(LSPR) through either surrounding solvent changes or surface
chemical binding.” Aggregation and deaggregation of gold
nanoparticles have also been proposed as the basis of
copper(I) ions sensing. For example, after aggregation of
polyvinylpyrrolidone (PVP)-stabilized AuNPs with 2-mercap-
tobenzimidazole (MBI), binding of copper(Il) ions with MBI
induces AuNPs reclispersion.IU Color changes, simply observed
by the naked eye, indicated a 0.5 uM detection limit using
UV—visible spectroscopy. As opposed to deaggregation,
aggregation of citrate-stabilized AuNPs is induced with
copper—citrate interaction.'' In this case, a limit of detection
of 5.0 mM was reported.

Detection of copper(1l) ions is crucial in various fields, from
medicine” to food safety’ and environmental pollution. For
example, the maximum allowed level of copper in drinking
water has been set to about 20 yM.' However, due to
significant copper(II) ion intake coming from, say, plumbing
pipes, the recommended daily intake may be fulfilled from
drinking water only.” Meanwhile, overdoses may lead to
oxidative stress and interfere with the homeostasis of other
elements, such as Ca, Fe, or Mn.’ Copper(II) homeostasis
itself is responsible for pathologies associated with neuro-
degenerative diseases including Menkes and Wilson’s disease,
Alzheimer’s, or Parkinson’s.” Consequently, a proposal for
quick, simple, and cost-efficient detection procedures should

be of great help. An important class of sensing methods is Received: March 14, 2023
based on optical phenomena and, more precisely, on changes Revised: ~ May 26, 2023
in the optical properties of the sensing device in the presence Published: July 3, 2023

of copper(Il) ions." A possibility is offered by gold nano-
particles (AuNPs) that exhibit a high sensitivity to surrounding
medium changes,‘J resulting in colorimetric sensing possibilities

© 2023 The Authors. Published b,
American Chemical Soc|et¥ https://doi.org/10.1021/acs jpcc.3c01713

V ACS Publications 13097 J. Phys. Chem. C 2023, 127, 13097-13104
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AuNPs colorimetric sensing methods are based on the
change of AuNPs extinction, a linear optical phenomenon
depending on the volume dependent absorption and scattering
cross sections of AuNPs.'” Hence, because the recognition step
occurs at the AuNPs surface, faster methods with improved
Limit of Detection (LoD) may be expected if based on surface-
dependent properties. This possibility is offered by some
nonlinear optical phenomena that have consequently attracted
attention. Second Harmonic Generation (SHG), the phenom-
enon where two photons at a fundamental frequency are
converted into a single photon at the double frequency, is
highly sensitive to centrosymmetry breaking and thus appears
as a potential candidate for surface sensing.

In this report, Hyper Rayleigh Scattering (HRS), the
incoherent scattering of SHG light, is investigated for an
aqueous suspension of 50 nm diameter AuNPs to assess the
sensing potential toward copper(II) ions.'"*™'® The study
entails the use of intensity and light polarization analysis of the
scattered SHG intensity. Although the method in its details
requires a close scrutiny of the nonlinear optical phenomenon,
it appears that its setup into a sensing method remains
accessible for a simple operation.

B MATERIALS AND METHODS

The 50 nm diameter citrate-stabilized gold nanospheres, as
well as copper(1l) bromide, were purchased from Merck and
used as received. Various concentrations of aqueous copper(H)
bromide solutions were prepared using neat water (Millipore
MilliQ_ 18 MQ-cm). The addition of the copper(1l) bromide
salt solutions to the gold nanosphere solutions was performed
for different volumetric ratios. After 30 min, the HRS
measurements were conducted.

UV—visible spectra were recorded for all samples (Jasco,
model V-730). The hydrodynamic diameter and zeta potential
for all samples were determined by dynamic light scattering
(DLS; Malvern, model Zetasizer Nano ZS). The sample
solution was illuminated with a 633 nm laser, and the light
intensity scattered at an angle of 173” was measured. At least
six consecutive measurements were carried out for each
sample. The time-dependent autocorrelation function of the
photocurrent was acquired every 10 s with 15 acquisitions for
each measurement. The experimental AuNPs average diameter
was determined with measurements at 25 °C in water
(viscosity 0.8872 mPa's) using disposable folded capillary
cells (DTS, model DTS1070). Electrophoretic mobilities were
converted into zeta potential using Smoluchowski’s formula.'”
DLS data were analyzed by using DTS 8.02 software (Malvern
Instruments).

The structure and morphology of the samples were studied
using a JEOL F-200 transmission electron microscope (JEOL
Ltd., Tokyo, Japan) at an accelerating voltage of 80 kV. A total
of 5 L of the sample was placed on the copper grids with
amorphous carbon, and next the sample was left until dry. The
TVIPS camera (Germany) was used to determine the shape of
the dispersed phase.

The HRS setup has been described elsewhere."® Briefly, the
samples were excited by a femtosecond laser beam (Coherent,
model Verdi X pumping a Mira 900) at a fundamental
wavelength of 800 nm with pulse length of 140 fs and 80 MHz
repetition rate, that was gently focused with a 10X objective in
a configuration where excitation and collection directions are
at right-angle. The harmonic intensity was collected with a
CCD camera connected to a spectrometer, preceded by a high

bandpass filter. For polarization-resolved studies, the angle of
polarization of the linearly polarized input beam was set with a
half-wave plate and analyzed with a half-wave plate and a cube
polarizer in order to preserve the detected polarization. The
average input power was around 250 mW.

B RESULTS AND DISCUSSION

AuNPs samples with copper(II) bromide concentrations
ranging from 0 to 25 mM were prepared. Their UV—visible
spectra were then recorded, see Figure 1. The behavior of the

1 1
CuBr, concentration (M)
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Figure 1. UV-—visible extinction spectra of gold nanoparticle—
copper(IT) bromide mixtures, The color code is provided on the
graph.

extinction spectra can be described in terms of three
phenomena: a red-shift of the LSPR peak, see Figure 2a,
where this peak located at 525 nm is attributed to the localized
surface plasmon resonance (LSPR) of the individual 50 nm
diameter AuNPs, a change of this peak amplitude, see Figure
2b, and the appearance of a new band with a maximum around
780 nm, see Figure 2c.

The graphs exhibit two main regimes, with the behavior
being rather different below and above the 1 mM copper(II)
bromide limit. Below this concentration, the redshift of the
band associated with the LSPR of individual AuNP evolves
rapidly with copper(II) bromide concentration. Above this
limit, the increase continues, but the dependence is not so
rapid anymore. Meanwhile, the LSPR peak amplitude drops
rapidly below the 1 mM copper(II) bromide limit before
stabilizing above this limit. Finally, the 780 nm extinction value
also increases rapidly below the limit, whereas it continues to
increase with copper(II) bromide concentration, but more
slowly after the limit. Values shown in Figure 2a—c are
calculated from five separate measurements on different sample
preparations, hence, the relatively high uncertainties. From
these UV—visible extinction spectra, the following Figures of
Merit (FoM) with respect to copper(ll) bromide concen-
tration may be defined, namely, Al/Ac = 030 + 0.30
nm-uM ™" and (A2/2)/Ac = (5.55 + 4.83) x 107* uM ™" for a
relative shift of the LSPR peak wavelength. Based on the
relative extinction change for this same LSPR peak, one can
define similarly (AA/A)/Ac = (5.10 + 5.13) X 107* uM ™" and
for the absorbance at 780 nm ((AA/A)/Ac = (1.03 + 52.49)

https://doi.org/10.1021/acs jpcc.3c01713
J. Phys. Chem. C 2023, 127, 1309713104
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Figure 2. (a) Individual LSPR AuNP peak position and (b) amplitude
as well as (c) extinction value at 780 nm derived from the UV—visible
spectra reported in Figure 1 as a function of the copper(II) bromide
concentration. (Insets) Zoomed views at low concentrations.

X 107> uM™". The uncertainty of the FoM based on the 780
nm is huge compared to the FoM value itself, a feature due to
the very low extinction observed for low copper(II) bromide
content, close to the detection limit of typical UV—visible
spectrometers. Similar features are observed for the LSPR
peak-based FoM value, which is lower or equal to its
uncertainty. Only the relative change in the spectral position
of the LSPR peak may thus be considered for sensing purposes
at such small copper concentrations. In any case, considering
the above FoM along their large uncertainties, and although
linear optics based methods are much simpler to put up in
practice, more appropriate methods are required, possibly
based on more advanced optical processes.

Complementary to the UV—visible extinction spectra, zeta
potential, Dynamic Light Scattering (DLS), and Transmission
Electronic Microscopy (TEM) measurements were performed;
see Figures 3ab, S3a—d, and S4a—d. For samples with low
copper(lI) bromide content, only minor changes in the
hydrodynamic diameter are observed, with a small decrease,
followed by a steady increase above this limit. For the zeta
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Figure 3. (a) Hydrodynamic diameter along with the polydispersity
index (PDI) (blue dashed line) and (b) zeta potential of the studied
samples as a function of the copper(II) bromide concentration.
(Insets) Zoomed views at low concentrations.

https//doi.org/10.1021/acs jpcc.3c01713
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Figure 4. (Main) Hyper Rayleigh Scattering (HRS) intensity as a function of copper(Il) bromide concentration, (red squares) HRS intensity
uncorrected for self-extinction, (black squares) HRS intensity corrected for self-extinction, (red line) adjustment with the model; see text, (inset)

zoomed view of the same graph at low concentrations.

potential, a rapid increase is observed before a plateau is
reached after the 1 mM copper(1I) bromide limit.

All of these observations may be rationalized with two main
processes: a weak interaction between copper(Il) ions and
citrate dominating below the 1 mM copper(II) bromide limit
followed by AuNPs aggregation dominating above this limit.
The redshift of the primary extinction peak is probably caused
by the formation of positively charged copper(II) ions corona-
like structures around the negatively charged citrate-capped
AuNPs."” This ionic interaction may be responsible for a weak
shrinkage of the hydrodynamic diameter observed in Figure 3a
at low copper(Il) bromide concentrations. This ionic
association between copper(II) ions and citrate has already
been reported in the literature at low copper concentrations
below 30 uM."” The possibility that the citrate anions would
be replaced to some extent by bromide anions would not
modify the formation of the copper (1I) ion corona, as the
latter likely stems from electrostatic interactions. Note
nevertheless that a change of bromide for chloride provides a
similar response, see Figure SI. On the opposite, AuNPs
aggregation is known to occur at copper concentrations above
1 mM."" In fact, the two processes of weak ionic interactions
and aggregation occur simultaneously. Below 1 mM, weak
ionic interactions dominate, leading to a weak decrease of the
hydrodynamic diameter with rapid changes in the zeta
potential. When aggregation dominates, as indicated by the
steady increase in the hydrodynamic diameter, the zeta
potential reaches a plateau value. Moreover, the increase in
the Polydispersity Index is in line with the appearance of
aggregates, the size distribution of which is typically rather
large.

Hyper Rayleigh Scattering experiments at 800 nm excitation
were thus conducted on the above described samples; see
Figure 4. The process of HRS is highly sensitive to the
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nanoparticle surface changes and, therefore, to the changes of
the immediate surrounding of the nanoparticles, and indeed,
the HRS intensity lowers immediately with small copper(II)
bromide additions. Nevertheless, at a concentration of about
400 uM, the HRS intensity starts to rise steadily. Interestingly,
the absorbance maximum recorded at 780 nm, close to 800
nm, which is the fundamental wavelength of the measure-
ments, remains extremely weak at low copper content below
about 400 M, corresponding to an extinction below 0.05, see
Figure 1. It must be, however, noted that the appearance of the
peak around 780 nm is associated also with the appearance of
copper(ll) bromide, see Figure S2a in the Supporting
Information. However, taking into consideration Figure S2b
with subtracted copper(Il) bromide influence, the tendency
remains similar. An important factor that significantly affects
the HRS behavior at higher copper contents is reabsorption;
see Figure 4 where the uncorrected and extinction-corrected
HRS intensities as a function of copper(ll) bromide
concentration are provided. The correction for self-extinction
was obtained using the following expression:

Lygs = Ie,uxs'I'IJ(MMMWW2 (1)
where Ijq is the corrected HRS intensity, I s stands for
HRS intensity before correction, and Agy and Ay, are
extinction values at 800 and 400 nm, respectively. The factor
1/2 is introduced to account for the difference in the path
length between UV-—visible extinction and HRS measure-
ments. The extinction-corrected HRS intensity was then
modeled using a simple model involving the first hyper-
polarizability tensor f, for the gold nanoparticles and f; for
the nanoparticle dimers. The total HRS intensity has the
following expression:

Lins = GINL{(BY) + Ni(B)] )

https://doi.org/10.1021/acs jpcc.3c01713
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where N; stands for the monomer and dimer concentrations
and the {) bracket stands for orientational averaging. G is a
general constant. It is important to underline here that the
model is simplified to a unique monomer—dimer equilibrium,
whereas it is possible to introduce larger aggregates. However,
introducing the possibility of the formation of larger aggregates
involving three or more gold nanoparticles would only bring
further complexity to the model with new but unnecessary
parameters. The first hyperpolarizabilities were of the following
form:

B =8, + Af expl-aC] (3)

where f§; is the first hyperpolarizability of the monomer or
dimer with i = m,d, fi is the first hyperpolarizability of the
monomer or dimer at large copper(1l) ion concentration, Af is
the change in first hyperpolarizability due to copper(I) ion
concentration, and a; is the scaling parameter determining the
first hyperpolarizability dependence with copper(1l) ions
concentration C. Bold characters are used to indicate tensors
in eq 3, applying for any tensor element, whereas nonbold
characters are used in eq 2 because tensor elements are
selected by the polarization configuration. Finally, the
monomer—dimer equilibrium is defined through an equili-
brium constant itself dependent on the copper(Il) ion
concentration. Adjustment of the model to the experimental
data is given in Figure 4, providing a correct description of the
behavior of the HRS intensity as a function of the copper(Il)
ion concentration. This simple model, once linearized at very
low copper(II) ion concentration, provided the following FoM
defined as the relative HRS intensity change as a function of
copper(II) ion concentration, namely, [(Alyrs/Iyrs)/Cleo =
—(5+2) x 107* uM™". Note that this FoM is negative due to
the initial HRS intensity decrease and that it may be preferable
to redefine it as its absolute value, hence, reporting this FoM as
[ATLs/Tupst/Cleeo = (5 £ 2) x 1073 uM™'. The
concentration range over which that FoM was determined is,
however, limited to the 0—150 uM range. This resulting FoM
provides a LoD well below 1 mM, reaching about 100 uM,
with possibilities of improvement by lengthening the
acquisition time.

To further investigate the sensing potential of the method,
polarization-resolved measurements were performed as a
function of the copper(Il) bromide concentration. The
resulting experimental data, gathered in Figure 5 (sample
without copper(II) bromide) and in the Supporting
Information (see Figures S5a—h for the remaining samples),
were fitted with the following expression:*

I{}RS =a" cos* Y+ b cos® ¥ sin® Y+ * sin* v (4)

where [ij; indicates polarization-resolved HRS intensity, a*,
b*, and " are polarized intensity parameters, X stands for
cither vertically (V) or horizontally (H) polarized output
harmonic intensity, and y is the angle of polarization of the
linearly polarized fundamental beam. In order to provide a
deep insight into the response, three parameters were further
computed:

D' =c"/a¥ (5a)
=@ —a¥ - )Y (sb)
M= @ = Myt + N (5¢)

Figure S. Polar plot of the polarization-resolved normalized HRS
intensity as a function of the angle of polarization of the fundamental
beam: (blue) vertically polarized HRS intensity and (red) horizontally
polarized HRS intensity. The presented result is of pure nanoparticles,
ie,, without copper(II) bromide. The remaining polar plots can be
found in the Supporting Information, Figure S5a—h.

where DV is the depolarization ratio'® and ¢¥ and ¢ are the so-
called retardation parameters.m’l' All three parameters are
autonormalized, as they result from ratios of the HRS intensity
collected for specific fundamental and harmonic angles of
polarization. The depolarization ratio DV provides insight into
the symmetry of the nonlinear response within the irreducible
susceptibility spherical tensor description, with a value ranging
from 1/9 for a pure dipolar symmetry to 2/3 for an octupolar
symmetry within the Kleinmann approximation. The retarda-
tion parameters £V and &M are related to the size through the
phase retardation occurring within the nanoparticles. Hence,
they vanish for small nanoparticles, i.e., for sizes below about
40 nm in the case of gold nanoparticles and can reach about
unity for the largest spherical nanoparticles, beyond 150 nm
diameter or so. The depolarization ratio DV increases with the
copper(II) bromide concentration from an initial value of
about 0.3, a standard value for gold nanoparticles, before
reaching a plateau value of about 0.46 at a concentration of 5
mM; see Figure 6a. This value in the range between 0.3 and
0.4 indicates a similar contribution from dipolar and octupolar
irreducible tensor contributions.”> This parameter increase
from 0.3 up to 0.44 indicates that the presence of copper(II)
corona-like structures established around the nanoparticles
favors the octupolar response against the dipolar one. This may
be explained through corona-like structures somehow passivat-
ing the initial surface response of the nanoparticle and leading
to a nonlinearity better distributed around the nanoparticle
surface, still in a noncentrosymmetric manner.”® At higher
copper(1l) concentrations, this depolarization ratio reaches a
plateau value determined by the nanoparticle aggregates. Their
geometry therefore favors nonlinearity with octupolar
symmetry, probably due to the random spatial arrangement
of the gold nanoparticles within the aggregates.

The retardation parameter, ¢", retains a nonvanishing value
in the absence of copper(II) ions already for 50 nm diameter
gold nanoparticles, in agreement with literature.”* The second
retardation parameter, M retains a nonvanishing value, too,
but the latter is rather small and then further decreases toward
a vanishing value at the highest copper(Il) concentrations.
Their behavior is thus contrasted. Indeed, in contrast, the ¥
parameter exhibits a strong increase, followed by a rapid
decrease, and then a plateau value when aggregation takes
place as the copper(Il) concentration increases. The ¢V

https://doi.org/10.1021/acs jpec.3c01713
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Figure 6. (a) Depolarization ratio DY and retardation parameters (b)
£ and (c) M with respect to the copper(I1) bromide concentration.

parameter presents a more reliable behavior with copper(1I)
bromide additions due to its larger value.””** In the regime of
low concentrations, as copper(ll) ions form corona-like
structures around the AuNPs, its rapid increase may relate to

some extent to the weakening of the noncentrosymmetry of
the gold nanoparticles due to a weakening of the surface
contribution. However, it is interesting to note that, when the
‘aggrgsg.si&n takes place, the parameter ¥ quickly stabil-
izes.”"

Because of its rather low value, the i_,'H parameter does not
probably constitute a good FoM. It also switches from positive
to negative values at large copper(I) ion concentration, and
this is related to the dominating dimer hyperpolarizability over
that of the monomers in this concentration region. All
parameters resulting from the adjustment are reported in
Table S1 in the Supporting Information.

In order to quantitatively assess the LoD of the method,
ﬁgures of merit can be derived. From intensity measurements,
one can simply derive as a figure of merit the ratio between the
relative HRS intensity change (Alygs/Iyps with respect to the
concentration change C, see above). If polarization-resolved
intensities are now used, then other figures of merit can be
formed with the depolarization ratio DV or the first retardation
parameter V. Such FoM expressed as [(ADY/DY)/Clq or
[(ALY/£Y)/C]co may then be built either from the model or
directly from the experimental data, with a linear adjustment at
the origin. Both lead to similar values. Then, FoMs of the order
of 1 X 107" uM™" are obtained. To our knowledge, no similar
FoM has been proposed in the literature yet, as such figures of
merit are rather unusual. It must be pointed out though that
the [(ALY/CY)/Clelo figure of merit is based on retardation
and therefore scales with the gold nanoparticle diameter (or
size). Hence, this FoM should not be competitive compared to
colorimetry-based sensing methods similarly based on size
scaling as well. Hence, using larger diameter gold nanoparticles
as compared to the present 50 nm diameter ones should not
bring any improved LoD. On the opposite, the [(ADY/DY)/
C]c—o FoM, built from the polarization plots and the a" and ¢”
parameters, the origin of which is surface-specific, fulfills the
initial demand of a surface-specific FoM with an improved
value as compared to the HRS intensity-based FoM [[(Alzs/
Lims 1/Clc_o- Note though that in principle the [(ADY/D")/
C]c-o FoM requires twice as many measurements due to the
HRS intensity ratio nature of the DV parameter.

B CONCLUSIONS

In this study, the potential of a sensing method based on the
nonlinear optical process of SHG using gold nanoparticles is
investigated. In addition to standard control based on UV—
visible extinction spectroscopy, zeta potential, and DLS
measurements, an intensity and polarization-based study of
the changes of the HRS response with the copper(IT) bromide
concentration is performed. It appears that a competition
between the formation of copper(Il)-induced corona-like
structures centered around the gold nanoparticles and the
aggregation of the latter is taking place. The former process
appears at low copper(Il) bromide concentrations, well below
1 mM, whereas aggregation takes over above this limit. The
HRS intensity analysis exhibits first an intensity decrease at low
copper(II) bromide concentration, due to the corona-like
structure formation, followed by an increase as aggregation
takes place. Saturation of the intensity then occurs at the
largest copper(1l) bromide concentrations, precluding the use
of HRS as a sensing method in this concentration range.
Likewise, the polarization-resolved HRS analysis reveals a
similar retardation behavior at high copper(Il) bromide
concentration for both the depolarization and the retardation

https://doi.org/10.1021/acs jpcc.3c01713
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parameters. Hence, at low concentrations, the HRS based
method appears to present a useful approach for copper(II)
sensing, with the highest FoM in the range of (5 + 2) X 107}
uM™" in the 0—150 uM CuBr, range, a clearly improved
magnitude as compared to UV—visible extinction spectroscopy
methods based on the relative spectral localization of the LSPR
peak. In fact, as shown initially for comparison, the UV—visible
spectroscopy measurement of the LSPR shift turns out to be
unreliable for this copper(IT) ion sensing experiment, as the
uncertainty is very close to the obtained value.

In the case of polarization measurements, FoM based on the
retardation parameter ¢ that is nonzero for relatively large
diameter gold nanoparticles due to a size scaling suggests that
the FoM should not be better than those derived from
colorimetry methods where the same scalin% operates, On the
opposite, a FoM of the form [(ADY/DV)/C]c, presents
advantages with an improved value of the order of 1 X 107*
p#M™". On a final note, it is pointed out first that the nonlinear
dependence of these two FoMs with a copper(II) bromide
concentration may bring a further degree of complexity for the
establishment of a sensing method, preferably based on linear
dependencies, unless linearization is introduced at low
copper(II) concentrations. Second, there remains the question
of the selectivity and interference of the copper(1l) ion sensing
in the case of waters containing other ions. In this work, the
origin of the interaction between copper(II) ions and
negatively charged gold nanoparticles is likely of electrostatic
origin. Hence, selectivity may not be achieved, and interference
may occur with other ions. These two aspects will be
investigated in further studies.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.3¢01713.

Complementary data for UV—visible extinction spec-
troscopy, TEM, complete list of the adjusted parameters
of the model, and polarization resolved HRS intensity
plots of the studied samples (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Katarzyna Matczyszyn — Institute of Advanced Materials,
Faculty of Chemistry, Wroclaw University of Science and
Technology, 50-370 Wroclaw, Peland; © orcid.org/0000-
0001-8578-8340; Email: katarzyna.matczyszyn@
pwr.edu.pl

Pierre-Frangois Brevet — Institut Lumiere Matiere, Université
Claude Bernard Lyon 1, CNRS UMR 5306, 69100
Villeurbanne, France; ® orcid.org/0000-0002-9097-0187;
Email: pfbrevet@univ-lyonl.fr

Authors

Krzysztof Nadolski — Institut Lumiere Matiere, Université
Claude Bernard Lyon 1, CNRS UMR 5306, 69100
Villeurbanne, France; Institute of Advanced Materials,
Faculty of Chemistry, Wroclaw University of Science and
Technology, 50-370 Wroclaw, Peland; © orcid.org/0000-
0002-6534-845X

Fabien Rondepierre — Institut Lumiere Matiere, Université
Claude Bernard Lyon 1, CNRS UMR 5306, 69100
Villeurbanne, France

Christian Jonin — Institut Lumiere Matiere, Université Claude
Bernard Lyon 1, CNRS UMR 5306, 69100 Villeurbanne,
France

Tomasz Marek Goszczynski — Laboratory of Biomedical
Chemistry, Hirszfeld Institute of Immunology and
Experimental Therapy, Polish Academy of Sciences, 53-114
Wroclaw, Poland; © orcid.org/0000-0002-9995-3260

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.3c01713

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

K.N. and KM. acknowledge funding from the National Science
Centre in Poland within the Harmonia DEC/2016/22/M/
§T4/00275 Project and funding from the National Science
Centre in Poland within the Opus UMO-2019/35/B/ST4/
03280 Project. All authors acknowledge funding from the
PPN/BFT/2019/1/00030/U/0001 PHC POLONIUM Proj-
ect, cofunded by the Polish National Agency For Academic
Exchange and Campus France.

W REFERENCES

(1) Desai, V.; Kaler, S. G. Role of copper in human neurological
disorders. Am. J. Clin. Nutr. 2008, 88, 8555—8588S.

(2) Lutsenko, S.; Barnes, N. L.; Bartee, M. Y.; Dmitriev, O. Y.
Function and Regulation of Human Copper-Transporting ATPases.
Physiol. Rev. 2007, 87, 1011—1046.

(3) Xiang, G.; Wen, S; Jiang, X.; Liu, X.; He, L. Determination of
Trace Copper(II) in Food Samples by Flame Atomic Absorption
Spectrometry after Cloud Point Extraction. Iran. ]. Chem. Chem. Eng.
2011, 30, 101-107.

(4) Liu, J; Lu, Y. A DNAzyme Catalytic Beacon Sensor for
Paramagnetic Cu*" Tons in Aqueous Solution with High Sensitivity
and Selectivity. J. Am. Chem. Soc. 2007, 129, 9838—9839.

(5) Wu, M,; Zhi, M; Liu, Y.; Han, J; Qin, Y. In situ analysis of
copper speciation during in vitro digestion: Differences between
copper in drinking water and food. Food Chem. 2022, 371, 131388.

(6) Witt, B.; Stiboller, M.; Raschke, S.; Friese, S; Ebert, F.;
Schwerdtle, T. Characterizing effects of excess copper levels in a
human astrocytic cell line with focus on oxidative stress markers. J.
Trace Elem. Med. Biol. 2021, 65, 126711.

(7) Scheiber, 1. F.,; Mercer, ]. F. B.; Dringen, R. Metabolism and
functions of copper in brain. Prog. Neurobiol. 2014, 116, 33—57.

(8) Udhayakumari, D.; Naha, S.; Velmathi, S. Colorimetric and
fluorescent chemosensors for Cu®”. A comprehensive review from the
years 2013—15, Anal. Methods 2017, 9, 552—578.

(9) Hu, M; Novo, C.; Funston, A;; Wang, H.; Staleva, H.; Zou, S;
Mulvaney, P.; Xia, Y.; Hartland, G. V. Dark-field microscopy studies
of single metal nanoparticles: understanding the factos that influence
the linewidth of the localized surface plasmon resonmance. J. Mater.
Chem. 2008, 18, 1949—1960.

(10) Ye, Y; Lv, M.; Zhang, X; Zhang, Y. Colorimetric determination
of copper(Il) ions using gold nanoparticles as a probe. RSC Adv.
2015, 5, 102311-102317.

(11) Salcedo, A. R. M.,; Sevilla, F. B, III Citrate-Capped Gold
Nanoparticles as Colorimetric Reagent for Copper (II) Ions. Philipp.
Sci. Lett. 2013, 6, 90—96.

(12) Bohren, C. F.; Huffman, D. R. Absorption and Scattering of Light
by Small Particles; John Wiley & Sons Inc.: New York, NY, US.A,,
1983.

(13) Tran, R. J; Sly, K. L.; Conboy, ]. C. Applications of Surface
Second Harmonic Generation in Biological Sensing. Annu. Rev. Anal.
Chem. 2017, 10, 387—414.

https://doi.org/10.1021/acs jpec.3c01713
4. Phys. Chem. C 2023, 127, 13097-13104

99



The Journal of Physical Chemistry C

pubs.acs.org/JPCC

(14) Hao, E. C; Schatz, G. C.; Johnson, R. C.; Hupp, J. T. Hyper-
Rayleigh scattering from silver nanoparticles. J. Chem. Phys. 2002, 117,
5963.

(15) Nadolski, K.; Benichou, E.; Tarnowicz-Staniak, N.; Zak, A;
Jonin, C.; Matczyszyn, K.; Brevet, P-F. Adverse Role of Shape and
Size in Second-Harmonic Scattering from Gold Nanoprisms. J. Phys.
Chem. C 2020, 124, 14797—14803.

(16) Ngo, H. M,; Lai, N. D; Ledoux-Rak, I. High second-order
nonlinear response of platinum nanoflowers: the role of surface
corrugation. Nanoscale 2016, 8, 3489—3495.

(17) Sze, A.; Erickson, D.; Ren, L.; Li, D. Zeta-potential
measurement using the Smoluchowski equation and the slope of
the current—time relationship in electroosmotic flow. J. Colloid
Interface Sci. 2003, 261, 402—410.

(18) Nappa, J.; Revillod, G.; Russier-Antoine, L; Benichou, E.; Jonin,
C.; Brevet, P-F. Electric dipole origin of the second harmonic
generation of small metallic particles. Phys. Rev. B 2005, 71, 165407.

(19) Wang, N.; Dai, H.; Sai, L.; Ma, H.; Lin, M. Cooper ion-assisted
gold nanoparticle aggregates for electrochemical signal amplification
of lipopolysaccharide sensing. Biosens. Bioelectron. 2019, 126, 529—
534.

(20) Butet, J.; Bachelier, G.; Russier-Antoine, L; Jonin, C.; Benichou,
E.; Brevet, P-F. Interference between Selected Dipoles and Octupoles
in the Optical Second-Harmonic Generation from Spherical Gold
Nanoparticles. Phys. Rev. Lett. 2010, 105, 077401.

(21) El Harfouch, Y.; Benichou, E.; Bertorelle, F.; Russier-Antoine,
I; Jonin, C.; Lascoux, N.; Brevet, P-F. Hyper-Rayleigh Scattering from
Gold Nanorods. J. Phys. Chem. C 2014, 118, 609—616.

(22) Brasselet, S; Zyss, J. Multipolar molecules and multipolar
fields: probing and controlling the tensorial nature of nonlinear
molecular media. J. Opt. Soc. Am. B 1998, 15, 257—288.

(23) Duboisset, J.; Brevet, P-F. Second-Harmonic Scattering-
Defined Topological Classes for Nano-Objects. J. Phys. Chem. C
2019, 123, 25303—25308.

(24) Russier-Antoine, L; Benichou, E.; Bachelier, G.; Jonin, C;
Brevet, P-F. Multipolar Contributions of the Second Harmonic
Generation from Silver and Gold Nanoparticles. J. Phys. Chem. C
2007, 111, 9044—9048.

(25) Bachelier, G.; Russier-Antoine, L; Benichou, E.; Jonin, C.;
Brevet, P-F. Multipolar second-harmonic generation in noble metal
nanoparticles. J. Opt. Soc. Am. B 2008, 25, 955—960.

13104

0 Recommended by ACS

ic Ch

Direct Modular Printing of Pl

1. Brian Becerril-Castro, Ramon A. Alvarez-Puebla, et al.
DECEMBER 14, 2022

ACS APPLIED MATERIALS & INTERFACES READB’

Plasmon-Tuned Particles for the Amplification of Surface-
Enhanced Raman Scattering from Analytes

Tania T. S. de Oliveira, Arijit Bose, et al.
NOVEMBER 09, 2022

LANGMUIR READ &

Gap-Dependent Surface-Enhanced Raman Scattering
(SERS) Enhancement Model of SERS Substrate-Probe
Combination Using a Polyelectrolyte Nanodroplet as a Dis...

Kullavadee Karn-orachai.
AUGUST 31,2021

LANGMUIR READ &

Ultrafast Surface Pl R e Imaging Sensor via the
High-Precision Four-Parameter-Based Spectral Curve
Readjusting Method

Xueliang Wang, Yonghong Shao, et al.
DECEMBER 15, 2020

ANALYTICAL CHEMISTRY READ &

Get More Suggestions >

https://doi.org/10.1021/acs.jpcc.3c01713
J. Phys. Chem. C 2023, 127, 13097-13104

100



Sensing Copper (II) Ions with Hyper Rayleigh Scattering

from Gold Nanoparticles

SUPPORTING INFORMATION

Krzysziof Nadolski,'? Fabien Rondepierre,! Christian Jonin,! Tomasz Marek Goszczynski,?

Katarzyna Matczyszyn,”” Pierre-Francois Brevet'

nstitut Lumiére Matiére, Université Claude Bernard Lyon 1, CNRS UMR 5306, 69100

Villeurbanne, France.

’Institute of Advanced Materials, Faculty of Chemistry, Wroclaw University of Science and

Technology, 50-370 Wroclaw, Poland.

3Laboratory of Biomedical Chemistry, Hirszfeld Institute of Immunology and Experimental

Therapy, Polish Academy of Sciences, 53-114 Wroclaw, Poland

51

101



1 UV-Visible extinction spectroscopy

In order to determine the influence of used anion, a comparison of copper (II) bromide and

copper (II) chloride chosen UV-Vis extinction spectra can be observed in Figure S1.

06 ! 1 1

Salt

0.5+ (uM)

extinction

concentration Bromide Chloride

T T T
400 500 600 700
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Figure S1. Comparison of UV-Vis extinction spectra with copper (1I) chloride and copper (II)

bromide for chosen salt concentrations, as indicated in the legend.

UV-Vis spectroscopy extinction spectrum of copper (II) bromide can be found below, see
Figure S2 (a). For Figure S1 (b), namely copper (II) bromide extinction-corrected extinction

value at 780 nm, correction means subtracting the value of salt absorption at this point.
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Figure S2: (a) UV-Vis extinction spectrum of 50 mM copper (II) bromide and (b) copper (II) bromide
extinction-corrected extinction value at 780 nm for all samples. (Insert) blow-up views at low

concentrations.
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2 TEM Microscopy

TEM pictures of the pure nanoparticles (without copper (II) bromide addition) (Figure S1) and
with the highest concentration of 25 mM CuBr: (Figure S2) can be found below. Normally, the
samples should have the surplus surfactant removed prior to TEM imaging, however the

procedure of centrifugation may significantly affect the aggregation, thus this step was skipped.

(c) (d)

Figure S3: (a) — (d) TEM pictures of the pure nanoparticles (without copper (II) bromide).
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() (d)

Figure S4: (a) — (d) TEM pictures of the sample with the highest copper (II) bromide

concentration, i.e. 25 mM.
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3 Adjusted Parameters of the model

The list of parameters as well as their values is provided below. It is important to underline that
the adjustment procedure is sequential as all these parameters can be adjusted by sets of a

reduced number of them and not the full set adjustment at once.

Table S1 : List and adjusted value of the parameters required to adjust the experimental data.
First hyperpolarizability tensor elements are B, ;;x , where a = m, d, m indicates monomer and
d dimer, b = AuNP, Cu(Il)-AuNP where AuNP indicates gold nanoparticles in absence of
copper(Il) ions and Cu(Il)-AuNP gold nanoparticles in the presence of Copper(Il) ions. Also,

1,], K stands for the laboratory frame axes X, Y or Z and are reported in arb. units.

Hyperpolarizability

Parameter Value (arb. units)
Bmxxx.aunp 55
Bmxxx,cuin-aune 41
Baxxx.aunp 115
Baxxx,cutin-aune 175
B xvy.aune 30
B xvy,cutin-aunp 21
Baxyy,aunp 81
Baxyy culin-Aunp 118
Bm.xxy,aunp 16.3
Bm,xxy,cutin-aune 16.5
Ba,xxy,aunp 321
Baxxv,cutn—aunpe 64.1
B zxx,aunp 17
Prmzxx.cu(in-aunpe 13
Ba,zxx.aunp 74
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Ba,zxx,cutin-aunpe 98

Bm,zvy,aune 16
ﬂm.zyy.Cu(m—AuNP 12
Ba,zvy,aunp 73
Bd,ZYY,Cu(H)—AuNP 100

Bm,zxy,aunp
Bm,zxy cu(in—aunp

Ba,zxy,aunp

c o o <o

Bazxy.culin-aunp

whereas all other hyperpolarizability tensor elements required are vanishing.

Other Parameters Value

O 0.01 pM’!

g 3.4x10° uM!
K, 0 uM!

K, 0.00022 pM?

The constant of the monomer — dimer equilibrium K4 is given by :

Kpa = % = K, + K,C (S1)

Also, the relationships between the HRS intensity parameters a’, b”, ¢" and a'’, b7, ¢, see

main text, are :
a¥ = [mUBZ xxx) + [ANBE xxx)
bY = [mI{(2Bm xxxBrmxvy + 4B xxr)} + [AH{{2Ba xxxBaxvy + 483 xxv)}
¢ = [mlBZxvy) + [ANBE xvy)

and
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a = [mIBZ zxx) + [A1(BE zxx)
b = [mI{(2Bm,zxxBm.zvy + 4B zxv)} + [d1{(2Ba zxxBa,zvy + 4B zxv)}

= [m(BR, zvy) + [A1(BE zvy)
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4 Polarization-resolved HRS measurements

Polarization resolved plots of the HRS intensity as a function of the fundamental angle of

polarization are presented below, see Figure S5(a)-(h).
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Figure S5 : (a) — (h) Polar plots of the polarization-resolved normalized HRS intensity as a function of
the angle of polarization of the fundamental beam, (blue) vertically polarized HRS intensity, (red)
horizontally polarized HRS intensity. Copper (II) bromide concentrations (a) 200 uM, (b) 300 puM, (c)

400 pM, (d) 500 pM, (e) 1 mM, (f) 5 mM, (g) 10 mM, and (h) 25 mM.
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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 (AI/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

111



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 CuBr, 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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