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Nonlinear optical processes in molecular systems at the interface with metal nanostructures

ABSTRACT

L’eccitazione dei plasmoni di superficie, cio¢ dell’oscillazione collettiva degli elettroni
di conduzione, influenza fortemente le proprieta ottiche delle nanostrutture metalliche.
Inoltre, in condizioni di risonanza, si sviluppa, sulla superficie della nanostruttura, un
fortissimo campo elettrico localizzato. Controllando le dimensioni e la forma delle
nanostrutture, e possibile controllare la frequenza di risonanza del plasmone superficiale e,
di conseguenza, la frequenza alla quale il campo elettrico locale verra amplificato. Se una
molecola ¢ posizionata all’interfaccia con la nanostruttura metallica, le sue proprieta
ottiche risentiranno del campo locale e potranno essere amplificate o ridotte dal metallo.

In questo lavoro di tesi, sono stati studiati, con diverse tecniche, gli effetti, sulle
proprieta ottiche di molecole, dell’interazione con nanostrutture metalliche. In particolare,
ci si e concentrati sulla sintesi e sullo studio delle proprieta non lineari di nanoshell (NSs)
nude e funzionalizzate.

Sono state sintetizzate nanoparticelle di oro di forma diversa: particelle sferiche in
acqua e toluene, a forma di rod in acqua (successivamente trasferite in solventi organici),
core-shell in acqua. Le nanostrutture d’oro sono state funzionalizzate con spiropirani,
PEP-C3-SH e PEP-C12-SH (due molecole eterocicliche), Rodamina B.

| tempi di decadimento di fluorescenza per PEP-C3-SH e PEP-C12-SH liberi e legati
alle nanorods (NRs) sono stati misurati per studiare 1’interazione tra il colorante e la
nanostruttura e per valutare gli effetti della diversa lunghezza della catena alchilica. Il
colorante, indipendentemente dalla lunghezza della catena, presenta un decadimento
biesponenziale con un tempo breve di 6.2 + 0.5 ns e uno lungo di 61 £ 2 ns. In seguito alla

funzionalizzazione, 1’interazione tra la molecola e le NRs provoca un cambiamento nella
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dinamica di decadimento del PEP. Sia il PEP-C3 che il PEP-C12 legati alle NRs,
decadono piu rapidamente, indicando un’attenuazione della fluorescenza.

Le nanoshell funzionalizzate con la Rodamina B sono state caratterizzate con la tecnica
Pump and Probe. Il colorante modifica la dinamica delle NSs e riduce il tempo di
decadimento dell’accoppiamente elettrone-fonone da 4.9 ps (NS nude) a 3.7 ps (RhB-
NSs), introducendo un canale addizionale attraverso cui gli elettroni caldi possono
decadere.

Sono state effettuate delle misure SERS su benzentiolo attaccato a nanoshell,
depositate su substrati di vetro. Shell incompleti caratterizzati da punte acuminate possono
risultare molto interessanti per la Spettroscopia SERS per i forti campi locali che si
sviluppano sulle punte. Un aumento del segnale Raman é stato chiaramente osservato,
dato che la concentrazione di benzentiolo era troppo bassa per dare segnale Raman eccetto
in caso di effetti di campo locale.

Sono state effettuare misure Z-scan con impulsi di durata di centinaia di femtosecondi,
a frequenza di ripetizione di 20 e 200 Hz e a diverse energie, per studiare la risposta non
lineare di NRs e NSs non funzionalizzate. Entrambe le nanostrutture si comportano come
assorbitori  saturabili e subiscono delle modifiche morfologiche per effetto
dell’illuminazione con impulsi laser.
| dati z-scan per le nanoshell, fittati con il modello Sheik-Bahae, producono un valore
effettivo del coefficiente di assorbimento non lineare p = (1.1 + -9.6) x 10™** cmW™ che
dipende sia dall’energia dell’impulso che dalla frequenza di ripetizione. Il valore assoluto
del coefficiente di assorbimento non lineare aumenta sia con 1’energia che con la
frequenza di ripetizione. L’aumento con la frequenza di ripetizione e dovuto a effetti
termici, confermati anche da un aumento del raggio del beam waist usato per fittare i dati
z-scan. Invece, la dipendenza dall’energia indica che il processo non ¢ un fenomeno al
terzo ordine ma si deve tenere conto di contributi di ordine superiore.

Insieme agli effetti plasmonici, le nanoshell depositate su elettrodi trasparenti, come
I’'ITO (Indium Tin Oxide), potrebbero potenzialmente migliorare 1’efficienza sia
dell’assorbimento della luce che della separazione di carica. Per questa ragione, e stata
misurata la funzione lavoro di nanoshell depositate su substrati di ITO con la tecnica
Kelvin probe. Scegliendo opportunamente lo spessore dello shell, se pre-funzionalizzare
I’ITO e il livello di ricoprimento di particelle, ¢ possibile variare la funzione lavoro
dell’elettrodo nell’intervallo 3.9 — 4.4 eV.



Nonlinear optical processes in molecular systems at the interface with metal nanostructures

ABSTRACT

Surface plasmon excitations, i.e. collective oscillations of the conduction electrons,
strongly influence the optical properties of metal nanostructures. Furthermore, under
resonance conditions, a giant local electromagnetic field develops on the nanostructure
surface. By controlling the size and shape of the nanostructures, it is possible to control
the surface plasmon resonance frequency and so the frequency at which the local field will
be amplified. If a molecule is located at the interface with metal nanostructures, its optical
properties will be affected by the local field and can be enhanced or suppressed by the
metal.

Here, the effect on the optical properties of molecules due to the interaction with metal
nanostructures is investigated by different techniques. Emphasis is placed on the synthesis
and the study of the nonlinear properties of nude and functionalized gold nanoshells
(NSs).

Different shape gold nanoparticles are synthesized: spherical particles in water and in
toluene, rod like particles in water subsequently transferred in organic solvents, core-shells
in water. Gold nanostructures have been functionalized with spiropyran, PEP-C3-SH and
PEP-C12-SH (two heterocyclic dyes), Rhodamine B.

Fluorescence decay times for PEP-C3-SH and PEP-C12-SH free and bound to
nanorods (NRs) have been measured to study the interaction between the dye and the
nanostructure and to evaluate the effects of the chain length. The PEP moieties present a
two exponential decay times: a short one of 6.2 £ 0.5 ns and a long one of 61 = 2 ns. When

the dye is bound to NRs, the interaction between the molecules and the nanoparticles
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provoked a change in the PEP dynamics. Both PEP-C3 and PEP-C12 bound to NRs, decay
faster, indicating quenching of fluorescence.

Nanoshells functionalized with Rhodamine B have been characterized with Pump and
Probe technique. The dye clearly modified the dynamics of naked NSs and shortened the
electron-phonon time decay from 4.9 ps (naked NSs) to 3.7 ps (RhB-NSs) introducing an
additional channel by which hot electrons can decay.

SERS measurements of NSs, deposited on glass substrates, covered by benzenethiol
were performed. Incomplete shells with sharp tips may turn out to be quite interesting for
SERS analysis due to the strong local field that take place at tip apexes. Enhancement of
the Raman signal has been clearly observed because the concentration of benzenethiol is
too low to give Raman signal except in case of strong enhancement field effects.

Z-scan measurements, with fs laser pulses, were performed at 20 and 200 Hz and at
different energy to study the nonlinear response of naked NRs and NSs. Both
nanostructures behaved like saturable absorber and reshaped during laser pulse
illumination. NSs z-scan data, fitted with Sheik-Bahae model, yielded an effective value
of the non linear absorption coefficient p = (-1.1 + —9.6) x 10™ cmW™ dependent on the
pulse energy and repetition rate. The absolute value of the nonlinear absorption coefficient
increased both with energy and pulse repetition rate. The effect of increasing the repetition
rate is likely related to thermal effects, also confirmed by an increase of the beam waist
radius used for fitting the z-scan data. The dependence on the energy, instead, indicated
that the process is not a third order phenomenon, but higher order contributions should be
taken into account.

Together with the plasmonic effects, the NSs deposition onto a transparent electrode
potentially allows for improved efficiency both for light collection and charge collection.
With this motivation, work function measurements on NSs deposited ITO substrates have
been performed by the Kelvin probe method. They showed that by selectively choosing
the shell thickness, ITO pre-functionalization and nanoparticle coverage, it is possible to

fine-tune the WF of the transparent electrode within the range of 3.9 — 4.4 eV.
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CHAPTER 1

Introduction

1.1 Nanotechnology

Nanotechnology is one of the most popular research field of the last decades. A variety
of interdisciplinary research fields working with objects of dimensions less than 100 nm
are usually referred to as nanotechnology. The basic idea of the nanotechnology dates
back to the 1959, when the physicist Richard Feynman presented his famous talk entitled
“There’s Plenty of Room at the Bottom” at the annual conference of the American
Physical Society. Feynman described a process by which the ability to manipulate
individual atoms and molecules might be developed, using one set of precise tools to build
and operate another proportionally smaller set, and so on down to the needed scale.
However, the very birth of nanotechnology as an applied discipline is represented by the
invention and development of the Scanning Probe Microscopy, with the Scanning
Tunneling Microscope (STM) first in the 1981," with which it is possible to observe
materials down to single atoms.

Today nanotechnologies apply to several fields like photovoltaics,”® biotechnologies,””
sensors,'""” design and control of innovative nanostructured materials and many more. But
the advantage of nanosystems is not only the improvement of already known technologies.

Nanoscale materials have revealed peculiar new properties associated with size and spatial

1
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organization, as for example Coulomb blockade, melting point,'* optical properties,"” and

many more.

1.2 Metal nanostructures

Metal nanostructures possess remarkable properties compared with the corresponding

1."* These properties depend mainly on the size and shape of particles," the

bulk materia
distance between them'® and the environment.'” Consequently, the ability to control their
properties through a careful planning of the size and shape features should be very
important for device applications.® '®

For example, noble metal nanoparticles (NPs) have received special attention because
of their optical properties. Differing from the broad structureless absorption spectra of the
corresponding bulk metals, they show an absorption band in the visible and near infrared
region of the electromagnetic spectrum that depends precisely on the shape, the size, the
embedding medium and, obviously, on the metal making up the nanostructures.'” >

The well defined absorption band is due to a surface plasmon resonance (SPR) and
corresponds to the coherent motion of the conduction-band electrons caused by the
interaction with the electromagnetic field.’ Typically the SPR for gold and silver
nanoparticles falls in the visible range between 400 and 550 nm. However, aggregates of
metal nanoparticles display a very large and broad SPR that covers the whole visible
region and part of the near infrared spectral range.

Spherical nanoparticles present a plasmon resonance which is not widely tunable. More
tunable SPR are obtained using rod like and core-shell shaped gold particles. In the first
case, as described in the following chapters, SPR red shifts increasing nanorod length.”
Instead, nanoshells, composed of a dielectric core coated with a nanometer thick gold
shell, possess an SPR which depends on the relative size of the core and the thickness of
the overlayer.” In both these nanostructures, the SPR can be tuned in visible and near
infrared spectral range by properly designing their shape and size.”” The possibility to tune
the resonance wavelength in the near infrared region (NIR), where penetration of light

through biological tissues is maximal, is very appealing for applications in biomedicine,

including photothermal cancer therapy,” immunoassays, and imaging contrast agents>.
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The ability to control the SPR position is strongly interesting because, under resonance
conditions, a giant local electromagnetic field develops on the nanostructures surface.
Amplification of the electric field near the particle surfaces can produce 100-10000 times
greater intensity than the incident field.”” The field extends over a spatial range on the
order of 10-50 nm away from the metal surface. Controlling the size and shape of the
nanostructures, it is possible to control the SPR frequency and so the frequency at which
the local field will be amplified.

If a molecule is located at the interface with metal nanostructures, its optical properties
will be affected by the local field and can be enhanced or suppressed by the metal. For

example, Tam et al*

reported that enhancement of the fluorescence of indocyanine green
dye molecules adjacent to gold nanoshells is stronger when the plasmon resonance
frequency corresponds to the emission frequency of the molecule.

Several other examples of amplified phenomena have been reported in the literature

such as fluorescence,”” Surface Enhanced Infrared Absorption (SEIRA)," second

31,32 33,34

harmonic generation (SHG), multiphoton absorption™ ™ and Surface Enhanced Raman
Scattering (SERS).'"> ' 37 In particular, two photon absorption (TPA) experiments
showed that isolated nanoparticles substituted with up to more than 2000 units of a
quadrupolar dye have an extremely high TPA cross section, thanks to the huge number of
dyes assembled on it, but there is no enhancement of the TPA cross section per single
dye.” For aggregates of nanoparticles substituted with TPA chromophores, instead, a
strong enhancement of the TPA cross section of the single dye has been observed due to
the fact that the SPR covers also the NIR region where the TPA excitation wavelength is

tuned.

1.3 Thesis overview

The thesis is organized as follows.

In Chapter 2 a brief description of the theory concerning plasmon resonance in metal
surfaces (both in bulk and in nanostructures) is reported. Mie theory and its extension to
spheroidal and core-shell nanoparticles are introduced. Finally, some examples of the
exploitation of the strong electromagnetic field developed on nanoparticles surface to

enhance optical response of molecules are described.
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Chapter 3 describes the different methods used to synthesize and functionalize gold
nanostructures. Spherical nanoparticles are prepared in water and in toluene, nanorods are
synthesized in water and subsequently transferred in toluene and nanoshells are prepared
in water. Gold nanostructures are functionalized with benzenethiol, spiropyran, PEP-C3
and PEP-12. All these molecules present a terminated thiol group that binds to gold
surface. Also Rhodamine B is attached to gold nanoshells through electrostatic interaction.

Morphological properties of nanorods and nanoshells are described in Chapter 4. AFM
(Atomic Force Microscopy) and TEM (Transmission Electron Microscopy) are both
employed to characterized nanoshells size and surface morphology.

The TEM characterization of naked and functionalized nanorods (NRs) is also performed.

Chapter 5 describes the linear optical properties of nude and functionalized gold
nanostructures. We compare surface plasmon band position for different shape
nanoparticles using UV-visible spectroscopy and we focus on the effect on the emission
properties of molecules functionalizing nanoparticles. Time-correlated single-photon
counting (TCSPC) method is used to measure the fluorescence decay time of PEP-C3-SH
and PEP-C12-SH bound and unbound to nanorods.

In Chapter 6, the nonlinear optical properties of nude and functionalized gold
nanostructures are described. Z-scan technique is used to characterize nonlinear absorption
of nude nanorods and nanoshells. Pump and Probe method and Surface Enhanced Raman
Spectroscopy (SERS) are used to study the interaction of nanoshells with Rhodamine B
and benzenethiol respectively.

In Chapter 7, work function (WF) measurements of nanoshells deposited on ITO
(Indium Tin Oxide) substrates are described. This section may appear a little far from the
main interest in studying interaction between molecules and metallic nanostructure but it
is not. Recent efforts have been concentrated on the exploitation of surface plasmon
resonances of metal nanoparticles to improve photovoltaic devices due to the giant local
field effect. Furthermore, metal nanostructures not only interact with molecules and
polymer to enhance absorption and emission properties, but they also modify the work
function of ITO glass substrate, the hole injecting electrode on common organic
semiconductors device.”**' WF measurements on NSs have been performed with Kelvin
Probe Microscopy (KPM) method. Finally, some studies on the sub-microscopic
distribution of work functions and potentials, using Scanning Kelvin Probe Microscopy

(SKPM) method are described.
4
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In Chapter 8, a brief summary of the results and of their meaning is reported.
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Nonlinear optical processes in molecular systems at the interface with metal nanostructures

CHAPTER 2

Surface plasmon in metal nanostructures and

local field enhancement

In this chapter, we describe the physical origin of the surface plasmon absorption in
metallic nanostructures and of the local field enhancement developed on the nanosystem
surface in resonance condition.

The surface plasmon resonance is the coherent excitation of all the free electrons within
the conduction band, leading to an in-phase oscillation." This phenomenon takes place
when the electromagnetic field associated with the surface charge oscillations (described
by Maxwell’s equations) satisfies some boundary conditions that depend on the
nanostructure features (material, metal-dielectric planar interface, corrugated surface,
metal particles). When the exciting field is resonant with the electron oscillation
frequency, a strong electromagnetic field develops near the nanostructure surface. This
field can be exploited to enhance some linear and nonlinear properties of molecules

adsorbed or bound to a metallic surface.

2.1 Surface plasmon modes in bulk metals

In an ideal bulk material, the surface plasmon frequency is described by a dispersion

relation o(k), which has no points of intersection with the dispersion law of the
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electromagnetic radiation in air (Figure 2.1).2 This means that the surface plasmons have a
wave vector k greater than that of light at the same energy, and they cannot be excited
radiatively. The coupling of electromagnetic radiation with the electron oscillations
(surface plasmon-polariton) is obtained both by placing a dielectric medium with a
refractive index higher than that of the air or by using roughened surface.® In either cases,
changes in the boundary conditions for the resolution of Maxwell's equations determine
the matching between the dispersion relation of the plasma frequency and the

electromagnetic radiation.

w L= cky

Metal/air

_ _ _Metaldielectric vith =,

. ~0347

-
-

kx

Figure 2.1: comparison between light dispersion relation and surface plasmon dispersion

relation in bulk metal at the interface with air or dielectric. (Ref. 2)

For example, by covering a prism of glass with a thin metal film (Figure 2.2a), it is
possible to excite surface plasmons at the metal-air interface by an evanescent
electromagnetic field developed at the dielectric-metal interface. In this way, the radiation
that excites the plasmon is described by a dispersion curve with a slope w/k smaller than
that of the light in air and the intersection occurs with the dispersion relation of the plasma
frequency (Figure 2.2b).

However, if the metal surface is rough we can model it in the simplest way by considering
a periodic modulation with reciprocal lattice vector G. The condition of coupling between
light and surface plasmons is obtained when the wave vectors satisfy the relation k;, =
ksp £ mG. Consequently, the intersection between the dispersion curve of light and that of

plasmons occurs because of the system periodicity (Figure 2.3).

10
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- From dispersion relation
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Figure 2.2: a) Kretchmann configuration to excite surface plasmon at the metal -air interface; b)
comparison between the dispersion relation for surface plasmon at the metal -air interafce with

the dispersion relation of light in air and at the metal-dielectric interface.
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Figure 2.3: a) Surface plasmon excitation in periodic structures; b) comparison between the

dispersion relation for surface plasmon in periodic structures with the dispersion relation of ligh.

2.2 Surface plasmon modes in metal nanoparticles: Mie theory

Unlike the excitation of surface plasmons in bulk metals, the boundary conditions that
apply to the Maxwell's equations for nanoparticles of 5-50 nm in size allow the direct
coupling with electromagnetic radiation without the need to introduce constraints in the
structure of the system. Since the diameter of nanoparticles is of the order of the
penetration length of the electromagnetic field, the light radiation enters in the particle.
The field inside the particle moves the conduction electrons collectively with respect to
the fixed positive charges of the lattice ions (Figure 2.4). The Coulomb attraction forces
between electrons and nuclei generates a restoring force that causes the oscillation of the
electron cloud relative to the ionic framework.* If the frequency of the electromagnetic
field is resonant with the mode of collective oscillations, a small exciting field is enough
to get a strong oscillation.

The bright color shown by metallic nanoparticles such as gold and silver, is due to
excitation of the collective oscillation mode by electromagnetic radiation in the visible.

The interaction between the plasmons and the visible light is much more effective than
11
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any other organic or inorganic chromophore and has a cross section of absorption for each

particle that can exceed by orders of magnitude that of the best dyes.

E-field Metal

sphere

B

Figure 2.4: Plasmon oscillation for a sphere, showing the displacement of the conduction electron charge

cloud relative to the nuclei. (ref. 4)

The first theory that explains this interaction was developed by Mie in 1908.° He solved
exactly the Maxwell's equations for the extinction and scattering of electromagnetic
radiation by a spherical particle. The solution of the electrodynamic calculation, with the
use of appropriate boundary conditions, leads to a series of multipole oscillations of the
extinction cross section.! Expanding the electromagnetic fields in spherical harmonics, we

obtain the following expression for the extinction 6y and scattering osc, Cross section :

2 [ee]
Oext = ﬁZLzl(ZL + 1)Re(a, + by) (2.1)
2 0

Ouca = o 321 (2L + (a2 + b, 1) (22)
Oabs = Oext — Osca (2-3)

_ my(mx) Py ()Y (ma)y (x)
U= L oo}, -, om0 (2.4)
bL _ wL(mx)wi(x)_mwi(mx)lpL(x) (25)

T PLmOn; () -mp (mxm, (%)
where m=n/n,, (n complex refractive index of the particles, ny, real refractive index of the
medium), k is the wave vector and x = |k|r (with r particle radius); y and #_ are Ricatti-
Bessel functions with L index of summation over spherical harmonics.

We introduce the dipole approximation or quasi-static regime (a condition that occurs
when the particle size is much smaller than the wavelength of the incident radiation,
2r<<).) that allows to consider only the dipole term in the expansion series and simplify

the problem. The Mie theory reduces to the following expression:

_ 9@ .3/2 £2(w)
Oext (W) = 9 &V T e (2.6)
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where V is the volume of the particle, o is the angular frequency of exciting radiation, c is
the speed of light and &, and e(w) = & (w) + ie,(w) are, respectively, the dielectric
function of the medium and of the bulk metal. While the former is considered independent
on frequency if the medium is not absorbing, the latter is complex and it is a function of
energy. The resonance condition is satisfied when e(w) = —2¢,,, if & is small or weakly
dependent on frequency.

For particle sizes comparable to the wavelength of the incident radiation, higher-order
terms (quadrupole, octupole, etc..) have to be considered in Eqg. (2.1) and (2.2) because
electromagnetic radiation is no longer able to polarize the nanoparticles homogeneously
(dynamic regime). Higher order modes appear, in the absorption spectrum, as additional
peaks at lower energies, the plasmon band shifts to the red with increasing particle size
(delay effect or Extrinsic size effect).’

As seen in Eqg. (2.6), which is valid in the quasi-static regime, the extinction coefficient
does not depend on the particle size. Experimentally, however, it is observed that, for
particles of radius less than 10 nm, the plasmon band broadens and weakens.> ® This
phenomenon, called intrinsic size effect, is explained considering that the electron mean
free path (which for gold is of the order of 40-50 nm) becomes larger than the particle
size. The dielectric function of the metal that appears in Eq. (2.6), can be rewritten as the
contribution of an interband term &g(®), which takes into account the response of the d
electrons, and an intraband one &x(®), which takes into account only the free electrons in
the conduction band (e(w) = g(w) + gD(a))).5 en(w) contribution is calculated using

the Drude model:

2
Wp

eplw)y=1- (2.7

w?+iwy
where a)p2 = ne?/gmes is the volume plasma frequency which depends on the density of
free electrons n and on the effective mass of the electron me; e is the electronic charge, &
the permittivity in vacuum and y; is a phenomenological damping constant and it is related
to the lifetimes of all the electronic processes (electron-electron scattering, electron-
phonon and electron-lattice defects):

Yo=XiTi F=Tole + Tolon +Tola (2.8)
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For particles smaller than the electron mean free path, electron scattering with the surface
becomes dominant and therefore the dependence of the damping factor on the particle
radius r is introduced:

y) =vo+ 55 (2.9)
where 5 is the damping constant for the bulk material, A is a parameter that depends on
the scattering process and Vg is the electron speed at the Fermi energy. This size effect is
called "intrinsic" because the dielectric function is itself dependent on the radius r of the
particle.

In resonance conditions, the Mie theory in the dipole approximation also predicts an
increase of the electric field on the surface of the particle. Locally, the electromagnetic
field is given by the sum of the incident field Eq and of the polarization induced by the
surface plasmons excitation. For spherical particles, the local field inside the cluster is:®

E=-2 (fm‘f)EO (2.10)

E+2em

The electric field on the surface of the sphere is:?

Eioe = Eo = 2 (222 ) Eg = —=—E, (2.11)

E+2em E+2em

where the local field factor 3¢/ (e + 2¢,,) becomes very large in resonance condition.
Mie theory allows to treat problems with spherical symmetry and it can be extended to
core-shell systems and spheroidal particles (Gans theory), but it presents some limits for

asymmetrical shape clusters or interacting nanoparticles.

2.2.1 Extension to spherical core shell particles

For structures made of r several concentric layers, the problem of scattering and
absorption of radiation can be treated in the same way as for compact spheres. In this case,
however, the boundary conditions are formulated to take into account that the fields inside
the sphere suffer any discontinuity of refractive index between each layer.

We consider a spherical particle composed of r different layers (Figure 2.5), the

expression for the extinction cross section is identical to Eq. (2.1).
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Figure 2.5: Example of a multilayer structure for a spherical particle.

The expansion coefficients a, and b_ are different because they arise from different

boundary conditions:

4 = mrlpL(mrxr)[wi(xr)-i'T[Xi(xr)]_wi(mrxr)[1/)L(xr)+T[XL(xr)] (2 12)
L e mpa ) [W), o) +T7 x5 Ger) | =5 (mypae) [ (o) +T7 21, )] .
b = Yrlmexn[Yr G +SEag G| =mywp () Wy Ger)+SE 20 Gl (2.13)
b mOnex ) L Gen) +SExg G| =men (mesen) [ Ge)+S] 3 G '
where
s = _ MLmex)[Pre) T x, el -y (msxo) [Yrlx)+TE " xu(xs)] (2.14a)
L mSXL(meS)[w;‘(xS)-'-Tf_lXi(xS)]_Xi(msxs)[wL(xs)‘i'Tf_lXL(xs)] .
1 _ _mleL(mlxl)wi(xl)—wi(mlxl)l,bL(xl)
T = Lm0, e (e o) (2.14b)
g5 = — Y1 (msxs) [P () +S5 ™ xp (xs) | —ms] (msxs) [Wr, (es) +S5 1 xp, ()] (2.158)
P msx [ e+ 5] ()] —msx (msxo) [ () +57 ™ (xs)] '
1 _wL(mlxl)lpi(xl)—mllpi(mlxl)lpL(xl)
5L = 2L (Max )W) (x)—ma x] (max)Pp (1) (2.15b)
mg = (2.162)
x5 = |ks|Rs (2.16h)

The superscript and subscript s indicate the s-th layer, Rs is the distance between the center
of the sphere and the outer s-th layer, n; complex refractive index. In the coefficients a_
and by, the x(x) is a Riccati-Bessel spherical function.

In the dipole approximation and for a core-shell structure consisting of only two layers,
the equation simplifies:

Opxt = AT % s,ln/zlm(a) (2.17)

(es—em)(e+2em)+ () (e-e5)(em+255)

(2.18)

a(w) =T (R +d)’g

R \3
(es+2em)(e+269)+(q7g) (6-£9)2e5—em)
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where R is the core radius, d the shell thickness, &, & e &, the dielectric constant of core,
shell and matrix. If the shell is very thick, from these equations, we get the same results as
compact homogeneous sphere. Otherwise, for thin shell, the absorption spectrum varies
significantly according to the thickness and it contains the contribution of both materials.
Recently, core shell structures consisting of a dielectric medium (for example silica)
coated with a thin metal film have arisen a great interest. These nanoparticles have a
plasmon resonance that varies considerably by varying the thickness of the core and shell.
For example, increasing the ratio between the silica core radius and the gold shell from 3
to 12, a plasmon resonance shift of 300 nm is obtained.” Clearly, the ability to move the
plasmon resonance anywhere across the visible or infrared regions of the spectrum, simply
by adjusting the relative size of the dielectric core and the thickness of the gold overlayer,

is very interesting in developing new plasmon devices.™

A second model to describe plasmon absorption in metal core shell is the Plasmon

|12

Hybridization Model.”> The geometry-dependent nanoshell plasmon resonances result
from the interaction between the essentially fixed frequency plasmon response of a sphere

and that of a cavity (Figure 2.6).

[V
nanoshell

-
nanoshell

Figure 2.6: Energy level diagrams depicting plasmon hybridization in metal nanoshells.*?

The sphere and cavity plasmons are electromagnetic excitations at the outer and inner
interfaces of the metal shell, respectively. Because of the finite thickness of the shell layer,
the sphere and cavity plasmons interact with each other and hybridize in a way analogous
to the hybridization between atomic orbitals. This interaction results in the splitting of the

plasmon resonances into two new resonances, the lower energy symmetric or “bonding”
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plasmon (o.) and the higher energy antisymmetric or “antibonding” plasmon (w.). The
strength of the interaction between the sphere and cavity plasmons is controlled by the
thickness of the metal shell layer.

For simplicity, we assume that the conduction electrons form a uniform electron gas of
density ny with a bulk plasmon frequency wg = (4me®n,/m,)?. The cavity plasmon
frequency can be expressed as w¢; = wg((L + 1)/(2L + 1))*/2 and the sphere plasmon
has a vibration frequency wg, = wg(l/(21 + 1))Y/2, where | refers to the multipolar
symmetry of the plasmon mode. In a nanoshell, the deformation fields associated with the
cavity and sphere plasmons introduce surface charges at both the inner and outer
boundaries of the shell. These surface charges couple the sphere and cavity modes,
resulting in hybridized plasmons. The hybridization of the cavity and the sphere plasmons
depends on the difference in their energies oc and ws; and on their interaction, which is
determined by the thickness of the shell.

To describe the geometry of a nanoshell, we adopt the notation (a,b) to indicate the inner
radius a and the outer radius b of the shell. The hybridization between the cavity and
sphere plasmons gives rise to two hybridized plasmon modes w. and . for each | > 0. For

a vacuum core, the frequencies of these modes are

w0 = %{1 +-L [1 +4l(l+ 1) (%)ZHT/Z} (2.19)
The o+ mode corresponds to antisymmetric coupling between the sphere and cavity
modes, and the ®. mode corresponds to symmetric coupling between the two modes. The
lower energy . plasmon interacts strongly with the incident optical field, while the .
mode interacts weakly and, in the case of Au, is further damped by interband transitions at

energies above the d-band to Fermi energy optical transitions at approximately 2.3 eV.

2.2.2 Extension to spheroidal particles: Gans model

When the particle is elongated along one axis, the plasmon resonance absorption band
splits into two, the transverse mode and the longitudinal one. The transverse mode, at
higher energy, is due to oscillation of the electrons perpendicular to the elongation axis
(transverse oscillation), while the longitudinal one, at lower energy, is due to oscillation
along that axis. Increasing the ratio between the lengths of the major axis and minor axis

(aspect ratio), the longitudinal plasmon band red shifts.
17
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The Gans model® describes the plasmon absorption of these nanoparticles. For a set of
spheroidal particles with aspect ratio R, randomly oriented in space, the cross section of

extinction, in the dipole approximation, is given by:

15
p2-2

Oext = 3 Vem " ST (2.20)

2
<£1+1I_jjsm> +e2
J
where P; are the depolarization factors along the three axes A, B, C of the spheroid with
A>B=C defined as:

Py=2C [t (2 1) (2.21)
Py =Pc =2 (2.22)

The aspect ratio appears in the depolarization factors through the dependence on e:
e = [1 _ (2)2]1/2 (2.23)

As for spherical particles, the resonance condition is satisfied when the denominator of
each term in the summation in Eq. (2.20) is zero, so in the absorption spectrum several
peaks are present, consistent with the symmetry of the nanostructures. Each plasmon is
excited only if the direction of polarization of the radiation is favorable.
As mentioned above, the position of the absorption peak of the longitudinal plasmon band
shifts to longer wavelengths with increasing aspect ratio. This dependence is linear and
follows the trend:®

Amax = (C-R—Ce, +C" (2.24)
where C, €’ and C' are experimental parameters, &,,, is the medium dielectric constant

and R is the aspect ratio.

2.3 Plasmon mode in metal nanoparticles of complex shape: DDA — Discrete Dipole

Approximation

We said that Mie theory should be applied only with spheroidal nanoparticles. For
particles with a more complex shape, it is not possible to solve analytically Maxwell's or
Laplace equation and it is, therefore, necessary to introduce numerical methods such as the
Discrete Dipole Approximation (DDA).

The DDA is a numerical method in which the objects of interest are represented as a

lattice of N points, each of which is associated with a certain polarizability. The
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polarization P; induced in each element is the result of interaction with the local electric
field Ejoc: ™

Py = a; - Ejpc (1) (2.25)
which is the sum of the incident electromagnetic field and the contribution of all other
dipoles of neighboring points. The response of the particle to the electromagnetic radiation
is obtained from self-consistent solution of coupled equations as Eq. (2.25). Generally,
theoretical calculations reproduce the experimental results within an error of 10%,

regardless of shape, size and composition of the particle.

2.4 Interaction between nanoparticles: Maxwell-Garnett model

The second limit of the Mie theory is to describe systems in which particles are very
dilute, so that we can neglect the mutual interaction. However, if the distance between the
particles is smaller than their size, the electric field generated on the particle is affected by
other neighbor particles. In this case, the plasmon resonance shifts to red wavelengths and
often a new band appears at longer wavelengths.

The Maxwell-Garnett theory, an effective medium model, explains this phenomenon. This
model describes a composite metal-dielectric and it corrects the dielectric constant of the
matrix considering concentration, shape and dielectric constant of nanoparticles inside it.

The complex effective dielectric constant & one gets is:"*

fcfm _ ¢ £7fm (2.26)

Ectkem et+kem

where f, is the volume fraction of nanoparticles, k is a screen parameter depending on the
particle shape, €n is the dielectric constant of the matrix, and ¢ is the complex dielectric
constant of the metal. If fy is less than 10%, as in normal colloidal solutions, the effects of
concentration are negligible and the effective dielectric constant is equal to that of the

matrix.

2.5 Electronic dynamics in nanoparticles

The transient optical response of electrons in a spherical nanoparticle, after excitation with
femtosecond laser pulses, can be measured with the pump-probe technique.® Using these
pulses (which are shorter than the relaxation times for electron-phonon energy transfer), it
is possible to excite the electrons of the metal and monitor, in real time, the coupling
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between electrons and phonons." The excitation causes an instantaneous change in the
distribution of the conduction electrons of the metal (figure 2.7-b).

The non-thermal distribution is rapidly relaxed by scattering between electrons (on 500fs
time scale), giving rise to a new equilibrium distribution around the Fermi level at a higher
temperature, that of "hot" electrons (figure 2.7-c). During the thermalization process,
electrons lose energy and interact with the lattice through electron-phonon scattering,
which occurs in few picoseconds. Once the lattice is heated, a further dissipation of energy
involves the solvent in a time frame of the order of hundreds picoseconds.

The redistribution of electrons changes the dielectric function of the metal. Since the
intensity and location of the plasmon band depend on the dielectric constant, the change of
absorption in the region of the plasmon band reflects the dynamics of balance and cooling
of electrons. Consistent with the TTM (Two Temperature Model), the electrons and the
lattice can be treated as two coupled systems because the electronic heat capacity is two

orders of magnitude smaller than that of the lattice.

laser excitation electron thermalization
a) » b)
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Figure 2.7: Schematic illustration of the distribution of electrons in the conduction band of metal particles.
a) Before laser excitation, all states below the Fermi level are occupied. b) The laser excitation promotes
some electrons above the Fermi level. This electronic distribution is not in thermal equilibrium and does not
respect the Fermi-Dirac statistic. The distribution reaches thermal equilibrium after relaxation through
electron-electron scattering. c) Electrons gas cools after electron-phonon coupling and phonon-phonon

interaction with the medium. The system returns to the starting temperature.

The absorption spectrum presents bleaching of the plasmon band (Figure 2.8). By

monitoring the decay at the wavelength of the maximum of the bleaching (typically for
20
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gold nanoparticles at around 520 nm), a biexponential trend is observed whose time
components are assigned to the electron-phonon relaxation (the shorter one) and phonon-
phonon relaxation with the solvent (the longer one).

To measure the electron-electron relaxation time it is necessary to use low-power pump. In
fact, the processes of electron-electron scattering and electron-phonon interaction do not
occur in sequence (as modeled), but overlap and therefore, electron-phonon scattering
starts before the electron distribution reaches the full thermalization. Relaxation times of
electron-phonon and phonon-phonon, respectively 3.1 ps e 90 ps,® 2.5 ps e > 50 ps,' 750 fs
e 1 ns® (in this case clusters behave like molecule) are reported in the literature for
different size gold nanoparticles naked or covered with thiols. Studies on nanoparticles of

silver and copper reported relaxation times similar to these.*®

Absorption

Absorbance, 530 nm\ _
g ,: _..'

025 2ps
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030f Ops

450 500 550 600 650 TOO
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Figure 2.8: Example of transient absorption spectrum of gold nanoparticles measured at delay times of 0,
0.8, 2.0, 6.0, and 12 ps after excitation with a laser pulse of 350 fs at 600 nm. In inset we show the decay at
530 nm. It also reports the fit with lifetimes of 2.5 and > 50 ps.*’

The electron-phonon relaxation time, for gold, is independent of the size and shape of
nanoparticles ' * and this excludes the electron-surface scattering as the main route of
dissipation of energy. The electron-phonon relaxation time depends on the intensity of the
pump beam. In fact, at high pump energies, electrons gas reaches a higher temperature and
so the electron-phonon relaxation process occurs in longer time.” The electron-phonon
relaxation time depends also on the lattice crystallinity.'® In polycrystalline nanostructures,
inelastic scattering of electrons with defects reduces relaxation time. The hot electrons
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collide with grain boundaries several times before they transfer the energy to the lattice
through electron-phonon interaction.

In measuring transient absorption spectra, the intensity of the femtosecond laser beam
is generally less than 100 nJ (fluence with the order of 1 mJ cm™) and causes an increase
in the lattice temperature of a few tens of degrees. But if the beam intensity is of
microjoule, the lattice temperature can reach the melting point and causes changes in
nanoparticles size and shape. For example, gold nanorods may change in spherical shape
after laser excitation. This transition is easily studied with optical absorption because the

longitudinal plasmon band gradually disappears.*®

2.6 Enhancement of optical properties of molecules at the interface with metal

nanostructures

Composite systems based on metal nanoparticles offer possibilities for enhancement of
optical responses. As discussed in paragraph 2.2, in resonance condition a strong
electromagnetic field is developed on the nanoparticle surface. This giant local field can
be exploited to enhance optical responses of molecules in the vicinity of metal surface.

Several examples of enhancement of optical phenomena are reported in literature, here
a small roundup is presented. In general, at the basis of the enhancement phenomenon,
there is the amplification of the incoming and outgoing field due to the presence of the
metal nanostructures. For this reason, specific condition of coupling between the plasmon
resonance and the optical response of molecules should be taken into account. Efficiency
can be controlled by molecule nanoparticle separation, nanoparticle size, and geometry.
The geometry and size of the nanoparticle determine the properties of the localized surface
plasmons it supports.

Two of the most common application in which local field enhancement is applied, are
Raman and fluorescence spectroscopy. In both cases, metal nanostructures allow one to
achieve approximately single molecule detection.

In Surface Enhancement Raman Spectroscopy (SERS), as better explained in Chap. 6,
two effects contribute to enhance the Raman signal: the chemical and the electromagnetic
effects. The former is due to specific interaction between the molecule and the metal and
allows to reach not more than factors of 10-100. The latter is due to the enhancement of

the laser and Stokes fields and should reach factors up to 10%.*°
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In Fluorescence Spectroscopy, metal nanoparticles can influence the fluorescent
emission of nearby molecules in several ways: by enhancing the optical intensity incident
on the molecule through near field enhancement, by modifying the radiative decay rate of
the molecule, and by increasing the coupling efficiency of the fluorescence emission to the
far field through nanoparticle scattering. While fluorescence from a molecule directly

d’20, 21

adsorbed onto the surface of a metallic nanoparticle is strongly quenche at a distance

of a few nanometers from the nanoparticles, its fluorescence can be strongly enhanced.??%*

Recently, Tam et al®

have shown that fluorescence enhancement of indocyanine green, a
low quantum yield molecular fluorophore, is strongly influenced by the plasmon
resonance energy of the nanoshell and its scattering efficiency. Fluorescence enhancement
is optimized by increasing particle scattering efficiency while tuning the plasmon
resonance to the emission wavelength of the fluorophore.

Also molecular nonlinear optical response should be enhanced in proximity of metal
nanostructures. For example, Wenseleers et al?® have observed strong enhancement of the
two-photon absorption of chromophoric polymer and thiol-bound chromophores when
they are deposited on silver nanoparticle fractal clusters. Measurements on cluster films
coated give spatially-averaged enhancements of 1000 for the polymer and 20000 for the
molecule. They also demonstrated, using two-photon fluorescence microscopy, that the
enhancement factor is spatially inhomogeneous, confirming the strong localization of
collective plasmon modes in fractal metal clusters. Peak-enhancement factors of 10000
and 160000 were observed for the polymer/cluster and the thiol chromophore/cluster
systems, respectively.

In all these examples, an increased planning and understanding of the plasmonic
properties of nanostructures should make possible to design nanoparticle-molecule

complexes that optimally enhance the optical properties of any given molecule.

23



Chap. 2 — Surface plasmon in metallic nanostructures and field enhancement

References

(1) Link, S.; EI-Sayed, M. A. Int. Revews in Physical Chemistry 2000, 19, 409-453.

(2) Sonnichsen, C. Plasmons in metal nanostructures, Muenchen University, 2001.

(3) Raether, H. In Surface Plasmons on Smooth and Rough Surfaces and on Gratings;
Springer-Verlag: 1986; .

(4) Kelly, K. L.; Coronado, E.; Zhao, L. L.; Schatz, G. C. J. Phys. Chem. B 2003, 107,
668-677.

(5) Link, S.; EI-Sayed, M. A. J. Phys. Chem. B 1999, 103, 8410-8426.

(6) Mie, M. Ann. Phys. 1908, 330, 377-445.

(7) Evanoff, D. D.; Chumanov, G. J. Phys. Chem. B 2004, 108, 13957-13962.

(8) Berciaud, S.; Cognet, L.; Tamarat, P.; Lounis, B. Nano Lett. 2005, 5, 515-518.

(9) Lawandy, N. M. Appl. Phys. Lett. 2004, 85, 5040-5042.

(10) Oldenburg, S. J.; Averitt, R. D.; Westcott, S.; Halas, N. J. Chemical Physics Letters
1998, 288, 243-247.

(11) Hirsch, L. R.; Gobin, A. M.; Lowery, A. R.; Tam, F. R.; Drezek, R. A.; Halas, N. J.;
West, J. L. Annals of Biomedical Engineering 2006, 34, 15-22.

(12) Wang, H.; Brandl, D. W.; Nordlander, P.; Halas, N. J. Acc. Chem. Res. 2007, 40, 53-
62.

(13) Miller, M. M.; Lazarides, A. A. J. Phys. Chem. B 2005, 109, 21556-21565.

(14) Palpant, B.; Prével, B.; Lermé, J.; Cottancin, E.; Pellarin, M.; Treilleux, M.; Perez, A.
Physical Review B 1998, 57, 1963-1970.

(15) Link, S.; El-Sayed, M. A.; Schaaff, T. G.; Whetten, R. L. Chemical Physics Letters
2002, 356, 240-246.

(16) Hodak, J. H.; Martini, I.; Hartland, G. V. J. Phys. Chem. B 1998, 102, 6958-6967.

(17) Logunov, S. L.; Ahmadi, T. S.; El-Sayed, M. A.; Khoury, J. T.; Whetten, R. L. J.
Phys. Chem. B 1997, 101, 3713-37109.

(18) Huang, W.; Qian, W.; El-Sayed, M. A.; Ding, Y.; Lin Wang, Z. J. Phys. Chem. C
2007, 111, 10751-10757.

(19) Kneipp, K.; Kneipp, H.; Manoharan, R.; Itzkan, I.; Dasari, R. R.; Feld, M. S.
Bioimaging 1998, 6, 104-110.

(20) Jebb, M.; Sudeep, P. K.; Pramod, P.; Thomas, K. G.; Kamat, P. V. J. Phys. Chem. B
2007, 111, 6839-6844.

24



Nonlinear optical processes in molecular systems at the interface with metal nanostructures

(21) Dulkeith, E.; Ringler, M.; Klar, T. A.; Feldmann, J.; Javier, A. M.; Parak, W. J. Nano
Lett. 2005, 5, 585-589.

(22) JZhu, J.; Zhu, K.; Huang, L. Physics Letters A 2008, 372, 3283-3288.

(23) Li, C.; Liu, X.; Yuan, M.; Li, J.; Guo, Y.; Xu, J.; Zhu, M.; Lv, J.; Liu, H.; Li, Y.
Langmuir 2007, 23, 6754-6760.

(24) Liebermann, T.; Knoll, W. Colloids and Surfaces A: Physicochem. Eng. Aspects
2000, 171, 115-130.

(25) Tam, F.; Goodrich, G. P.; Johnson, B. R.; Halas, N. J. Nano Lett. 2007, 7, 496-501.

(26) Wenseleers, W.; Stellacci, F.; Meyer-Friedrichsen, T.; Mangel, T.; Bauer, C. A.;
Pond, S. J. K.; Marder, S. R.; Perry, J. W. J. Phys. Chem. B 2002, 106, 6853-6863.

25



Chap. 2 — Surface plasmon in metallic nanostructures and field enhancement

26



Nonlinear optical processes in molecular systems at the interface with metal nanostructures

CHAPTER 3

Synthesis and functionalization of gold

nanostructures

In this chapter, we describe the different methods used to synthesize and functionalize

gold nanostructures. The interest is mainly directed to the preparation of nanoparticles
with a tunable plasmon band in the visible and near infrared regions, such as nanorods
(NRs) and nanoshells (NSs), capable to enhance linear and nonlinear optical properties of
molecules through the strong electromagnetic field developed on the particle surface, in
resonance conditions.
Although gold spherical nanoparticles (NPs) present a plasmon resonance which is not
widely tunable, we decided to start with their synthesis in order to use them as a model for
the functionalization. Gold NPs synthesis, both in water! and in organic solvents?, is well
know and quite simple. This allowed us to start quickly with their functionalization and, at
the same time, to study the more complicated synthesis of NRs and NSs at the same time.

We functionalized gold nanostructures with various molecules, differing for their linear

and nonlinear optical properties.
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3.1. Nanostructures

We synthesized the following gold nanostructures: nanoparticles in water and toluene,
nanorods, nanoshells.

All reagents were used as purchased without further purification: tetraethyl
orthosilicate (TEOS), tetrakis(hydroxymethyl)phosphonium chloride (THPC, 80%
solution in H;0), hydrogen tetrachloroaurate-(I111) hydrate (HAuCl,), sodium citrate
(Na3zCeHs07:2H,0), potassium  carbonate, sodium borohydride, dodecanethiol,
cetyltrimethylammonium bromide (CTAB), silver nitrate (AgNO3) were from Sigma-
Aldrich; polyvinylpyrrolidone (PVP, MW 40000), 3-aminopropyltrimethoxysilane
(APTMS), tetraoctylammonium bromide (TOAB), ammonium hydroxide and
formaldehyde were from Fluka; sodium hydroxide was from Carlo Erba. Similarly, all
solvents were used as received: toluene (Aldrich) and absolute ethanol (J.T. Baker);
deionized water (18 MQ) was provided by a Milli-Q system.

3.1.1. Growth and stabilization mechanisms

Nanostructures can be synthesized with various methods which can be grouped into
two categories: thermodynamic equilibrium approach and kinetic approach.® In the
thermodynamic approach, the synthesis consists in nucleation of small nanoparticles and
subsequent growth. In the Kinetic approach, formation of nanoparticles is achieved by
either limiting the amount of precursor available for the growth or confining the process in
a limited space such as in micelle synthesis. We are not interested in discussing in details
the kinetic approach that is described in the literature.’

Colloidal chemistry belongs to the thermodynamic approach. In this case, the
mechanism of nuclei formation in dilute solutions is usually described according to the
nucleation theory of fluctuation. This requires the formation of a supersaturated solutions
of metallic gold atoms, some of which coalesce into a nucleus when the statistical
fluctuation of their concentration reaches values sufficiently large to allow the formation
of a stable particle.

Assuming that the laws of thermodynamics are still valid for systems whose dimensions
are subnanometric, then the theory of nucleation predicts that early nuclei can form only
when the change in Gibbs free energy is less than zero. The expression of the change in

Gibbs free energy contains two terms, one negative proportional to the cluster volume (or
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the number of atoms that compose it) and a positive one resulting from the energy spent
for the formation of solid-solvent interface:
AGy(R) = AGy(R) + AGs(R) (3.1)
The surface term is proportional to the energy of solid-liquid interface ys. and the square
of the radius of the cluster:
AGs(R) < 4mR?yq,
The volume contribution, however, is proportional to the cube of the radius and the

difference in chemical potential between the liquid phase and solid phase:

4 C
AGy(R) x —=mR3kgTIn (—)
3 Co

where C is the concentration of species in solution before the nucleation, Cy is the
equilibrium concentration and the ratio C/Cy is known as supersaturation and is the driving
force for nucleation. For C/Cy=1, the volume contribution to the change in Gibbs free
energy vanishes, the driving force for nucleation fails and the formation of clusters is
thermodynamically disadvantaged. Differentiating eq. 3.1 with respect to the radius, and
minimizing, we obtain the minimum size (critical radius) and the critical energy which

must have a nucleus to grow and to reduce the overall free energy:

L and  AGe o — L 3.2
kBTln(C%) ¢ [kBTln(C—CO)]Z (3:2)

Eqg. 3.2 shows that the critical radius Rc and the barrier energy AGc are inversely

Re «

proportional to the supersaturation. Consequently, the higher the supersaturation, the
lower the energy barrier to overcome in order to form clusters.

The growth, however, occurs through generation of species that diffuse to the surface
of the nuclei and, subsequently, are adsorbed. The growth process can then be controlled
by diffusion or by surface processes (layer by layer growth or polynuclear growth). If the
process is under diffusion control, the slow stage of reaction is in reaching the surface of
the particle by the species and this allows obtaining monodisperse nanoparticles.
Otherwise if the growth mechanism is controlled by surface processes, the slow stage of
reaction is in absorbing species and this may lead either to a growth layer by layer or to a
polynuclear growth. In the first case, growing species are embedded in a layer. Once the
layer is completed, then a further layer starts to grow up. In the second case, the surface
processes are so fast that the growth of the second layer occurs before the first one is

completed.
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Another consideration has to be taken into account about the surface energy. Liquid
and amorphous solids have isotropic microstructures and thus isotropic surface energy.
However, for a crystalline solid like gold, different crystal facets possess different surface
energy and nanostructures with not exactly spherical shape are synthesized. For example,
nanorod synthesis exploits the selective attachment of CTAB to some gold crystalline
facets to orient the growth along one single axis.* ® In some other cases, as it will be
shown for nanoshells, complicated shapes have been prepared due to a polynuclear growth
mechanism and to the effect of crystal facets energy.

Gold nanostructures synthesized with colloidal method, like spherical particles or
nanoshells, present a negative surface charge that stabilizes them. Because of this charge
density, electrostatic forces develop between the surface of the solid and the charged
species in solution near the surface. Due to a combination of electrostatic forces, forces of
entropic origin and Brownian motion, the concentration of counter-ions is higher near the
surface of NPs and decreases with increasing distance from the surface. This non
homogeneous distribution of ions near the surface can be described with the Electrical
Double Layer theory.® Around the charged particle, a first layer of counter-ions, called
Stern layer, is formed where ions are tightly bound to the surface and the potential
decreases linearly with increasing distance. Instead in the second layer, called Gouy layer,
ions diffuse and the potential decreases exponentially. Electrostatic repulsion between two
particles derives from the surface charge which is attenuated by the presence of the double
layer (Figure 3.1).

Electrostatic Repulsion

il / A N -

|

Figure 3.1: electrostatical stabilization of colloidal nanoparticles.

van der Waals
|~ Attraction

When two particles are far apart, there is no overlap between the two double layers and the

electrostatic repulsion between the two particles is zero. Otherwise, when the two particles
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approach, they start to repel each other because of double layers overlap. The double layer
thickness decreases with increasing concentration and valence of the counter-ion, and

increases with increasing dielectric constant of the solvent.

3.1.2. Gold nanoparticles

In the literature, there is a huge number of recipes for the synthesis of gold
nanoparticles, both in water and in organic solvent, but the most popular ones are the
synthesis developed by Turkevitch in 1951," in water, and the Brust-Schiffrin method, in
organic solvent, published in 19942 We used both these methods to prepare gold
nanoparticles in toluene and water. These systems were used as a model for the

functionalization of gold nanoshells and nanorods.
3.1.2.1. Gold nanoparticles in water

In the well known Turkevitch® synthesis, HAUCI, is reduced by sodium citrate in water.
Sodium citrate works both as reducing and stabilizing agent. By varying the ratio between
HAuUCI, and citrate and the reduction temperature, it is possible to prepare particles of
different size and monodispersity and to red shift the plasmon band starting from
approximately 520 nm. Briefly, in our standard synthesis, 10 ml of 10 M water solution
of HAUCIy is boiled. To this solution, we add 1 ml of 0.04 M solution of sodium citrate in

water.
3.1.2.2. Gold nanoparticles in toluene

The Brust-Schiffrin method® produces, in toluene, gold NPs of 1-3 nm in diameters in
large amount and stable. The synthesis is quite simple, HAuCl, in water is transferred by
TOAB into toluene. After the addition of the desired amount of dodecanethiol, HAuCl, is
reduced by NaBH,.

These NPs are, in general, stabilized by dodecanethiol but it is possible to functionalize
them with other thiols either through place exchange reaction” ® between different
molecules or synthesizing them directly with the desired thiol group.®
In my opinion, the important limit of this synthetic route, besides the polydispersity, lies in
the dimensions of the produced NPs, which are too small to present the surface plasmon
resonance band. We are not interested in a precise NP size, but the particle should be large
enough to show the plasmon band. The proportion thiol:HAuCI,4, used in the synthesis
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controls the size of the AuNPs and a 1:6 ratio leads to the maximum average diameter of
5.2 nm' * To this aim, the Brust-Schiffrin synthesis has been repeated without the
addition of thiol and the NPs were stabilized by TOAB. Varying the ratio between
HAUCI, and TOAB it is possible to obtain larger NPs.*

We tried to prepare large NPs by this route, but they resulted less stable and so we

1315 in which thermal

decide to heat treat NPs. In the literature, there are some works
processing in solid and in solution is described as a mean to increase NPs size and to
reduce size dispersion. For example, Maye et al*®, after purifying NPs from thiol excess,
heated the NPs dissolved in toluene at 110°C or in molten salt at 150°C. Instead, in Schadt
et al work™, solid NPs, inserted in a reaction tube, were placed in a preheated oven set at
149°C.

Our heat treatments were performed on NPs in solution, previously purified from the
excess of dodecanethiol. The first type of annealing process consisted in a 1/10 reduction
of solution volume by evaporation of the solvent from NPs’ solution using a rotary
evaporator with a thermal bath at 90°C. In this way, we obtained NPs with a small peak in
the UV-visible spectrum at 505 nm, corresponding to the plasmon band. In the second
one, we evaporated part of the solvent with a hot plate at 150°C to obtain NPs with a
plasmon band at 518 nm. For both procedures, control of NPs size and reproducibility is

quite difficult.

3.1.3. Gold nanorods

Gold NRs have been prepared by the group of Prof. Agostiano, Dept. of Chemistry at
the University of Bari. | spent a month there to collaborate on the functionalization of
these nanoparticles. The synthesis of gold NRs is a two-step process; first we prepared
some seeds in solution and then we let them grow preferentially along one axial direction,
thanks to a rod-like micellar environment.

Growth and seed solutions were prepared according to the protocol described by Jana et
al.* Au seeds, smaller than 3 nm, were prepared by mixing equal portion of an aqueous 0.2
M CTAB solution and a 0.5 mM HAuCI, solution, followed by the injection of 10 mM
NaBH, solution (0.6 mL) as reductant. Au seeds were then added to the growth solution
composed by an aqueous solution of 0.08 M CTAB (3 mL) with 0.01 M AgNO; (0.03
mL). The growth solution was treated with 0.024 M HAuCl, (0.25 mL) and 0.08 M
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ascorbic acid before the injection of the seed solution. In this way, we obtained 2.7 aspect
ratio NRs, with a longitudinal plasmon band at 720 nm.

Before functionalization of NRs with organic solvents soluble dyes, NRs were
transferred from water to toluene using the method described by Jebb et al.*®* A mixture of
2:3:4 water:dodecanethiol:acetone was able to transfer the nanorods into the organic layer.
It took approximately 5 hours for the nanorods to migrate from water to the dodecanethiol

layer.

3.1.4. Synthesis and deposition on glass substrates of gold nanoshells

The synthesis of NSs (SiO,@Au) is a multi-step process (Figure 3.2) realized in water

following the procedure developed by Pham et al.!”

HAUCI, + THPC + TEOS
NaOH
Gold NP
® ©@®
0 00 Q-l-b APTMS
000 Functionalization
Gold
Decoration

O
.

Figure 3.2: simple scheme describing the synthesis of gold nanoshells.

First of all, we synthesized the silica cores via the Stéber method.'® The synthesis is
quite simple, we mixed, in 50 ml of ethanol, different volumes (1.5-6 ml) of ammonium
hydroxide 28%, the catalyst, and 1.5 ml of TEOS to obtain silica nanoparticles (NPs) of
20-250 nm in diameter. By increasing the amount of ammonium hydroxide, it is possible
to prepare bigger silica nanoparticles. As shown in Figure 3.3, the radius of silica
nanoparticles, measured with Dynamic Light Scattering technique, grows linearly with the
amount of ammonium hydroxide following the empirical low:

y(nm) = —(24 + 6) + (24 £ 3)x(ml) (3.3)
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Choosing accurately the volume of catalyst employed in the synthesis, we can obtain silica
NPs of the desired size.

In the second step, we functionalized silica NPs with 3-aminopropyltrimethoxysilane
(APTMS). These molecules, extending their amine groups outward as a new termination
of the nanoparticle surface, act as a binding site for small colloidal gold particles (of about

2 nm dia.) prepared separately.'’

140
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Figure 3.3: empirical trend of silica NPs radius with the volume of ammonium hydroxide 28%

Finally, the gold-decorated silica nanoparticles (50 ul — 1 ml) are used as nucleation
sites for the reduction, by an aliquot of formaldehyde (0.6 ml), of an aged growth solution
(8 ml) prepared with 25 mg of potassium carbonate in 100 ml of water and 1.5 ml of a 1%
chloroauric acid. Nanoshells are stabilized by adding some PVP to the solution. By
varying the ratio between the growth solution and the amount of gold-decorated silica
particles, we achieved different thickness for the Au shell covering the silica core surface.
As the amount of silica nanoparticles decreases, keeping the volume of the growth
solution constant, gold is first reduced onto the colloidal adsorbates, subsequently the
nucleation sites grow and begin to coalesce and form islands before achieving full
coverage of the shell.

At least in theory, by using the above procedure we should be able, to cover cores of any
size with a gold film of varying thickness. We limited the synthesis to silica NPs with
three core radius (Ry): 50 £ 10 nm; 95 £ 15 nm and 158 + 30 nm. The gold shell thickness,

instead, varied between 10 and 50 nm.
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The growth of a continuous, uniform Au layer on the dielectric core is the critical step
in the synthesis of nanoshells, giving rise to their unique geometry-dependent plasmon
resonant properties.”® For the electromagnetic response of plasmonic nanoparticles to
agree quantitatively with theory, it is critically important that the shell layer formation on
the nanoparticle surface has a continuous and uniform morphology. The aqueous phase
synthesis of gold nanoshells depends on the reduction of tetrachloroauric acid in the
presence of a reducing agent. Several reducing agents have been reported for the synthesis
of metallic nanoparticles and typically have a significant influence on the morphology of
the final nanoparticle product.?* Also associated with the use of certain reducing agents,
have been variations in shell layer morphology due to specifics of reagent preparation.
Both colloidal solutions and reductant solutions are known to change slowly over time,
resulting in the growth of nanostructures with morphologies deviating from those achieved
with freshly prepared solutions. These slow variations are most likely due to changes in
equilibrium concentrations of the various ionic constituents or of dissolved gases and are
quite challenging to monitor, as is their precise influence on shell layer growth.

All these elements make nanoshells synthesis a very sensitive process, which requires
much care in operating and quite often, also in the literature,”* leads to inhomogeneous
and incomplete shell formation.

Gold NSs were deposited onto glass and ITO slides to measure their morphology and to
prepare substrates suitable for SERS (Chap. 6) and Kelvin Probe (Chap. 7) measurements.
In order to prevent particle movements during the AFM characterizations, glass substrates
were functionalized with APTMS.*

All substrates were cleaned prior to silanization. The cleaning process involves a
sequential sonication in different solvents: 10 minutes in deionised water, 10 minutes in
acetone, 10 minutes in isopropyl alcohol, 10 minutes in acetone and finally, 10 minutes in
deionised water again. APTMS monolayers were formed by dipping a sodalime glass into
a 1 vol% solution in ethanol for 1 hour. Then the substrate was rinsed by sonication in
toluene for 40 seconds. This process of dipping and sonication was repeated a second time
to ensure full monolayer coverage.

Silanized substrates were characterized by contact angle measurements, that confirmed
literature values.”” The contact angle of a freshly silanized surface was 47° + 2°, but aging

the sample in closed polypropylene vials (in air) caused an increase of the angle value to
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64° £ 3° This might be due to the absorption of hydrophobic impurities from the
atmosphere that change the surface wettability.

The substrates were immersed in the NSs solution for ~12 hours, then rinsed with water to
remove an excess of the particles and finally dried by N, flow. By changing NSs solution

concentration, it is possible to obtain slides coverage ranging from 10 to 99%.

3.2. Functionalization

The literature reports a large number of examples of gold nanostructures
functionalization and usually the mechanism exploited to attach the dye changes
depending on the molecular structure of the latter. Sometimes, the dye is used as
stabilizing agent and so it is inserted in the reaction mixture before the nanoparticle is
formed.>  # In this case, ad hoc synthesis reaction should be developed depending on the
stability and solubility of the molecule. In other cases, the dye is attached after
nanoparticle synthesis using an exchange place reaction®®,

We followed both cases and we always used excess dye in a ratio of 10000 molecules
per particle, then we had to take particular care in the purification step of the final products
to be sure to remove all the non bound dye. Depending on the molecule structure, the dye

binds on the metal surface strongly with the thiol group or electrostatically with the amino

group.

3.2.1. Spiropyran

In the family of photochromic molecules, one of the most studied system is spiropyran
(SP) because of the reversible photochemical cleavage of the C-O bond in the spiropyran
ring.%® Upon UV light exposure, the hydrophobic SP isomerizes to the polar merocyanine
(MC) form of the dye, which has a deep purple color; irradiation with visible light (white
or in the 450-550 nm range) converts the MC open form into the colorless, nonpolar
closed SP isomer. In Figure 3.4, the chemical structures of the spiropyran and of its open
form merocyanine are shown. The closed and open forms of the dye present different
properties (polarity, water affinity, optical properties) that could be used in holography,

to modify surface wettability,®" * for sensing.*
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Figure 3.4: thiol terminated spiropyran (left) and merocyanine (right) structures.

Recently, SP and other similar photochromic* dyes have been used to functionalize
silica and metal nanoparticles, with the aim to control particles aggregation through the
different polarity* and molecule affinity® of the open and closed forms of the dye.

Thiol functionalized spiropyran dye was synthesized by Prof. Maggini group, at the
Dept. of Chemical Science, of the University of Padova. We used it to functionalize NPs

and NRs in toluene.
3.2.1.1. Spiropyran and gold nanoparticles

We synthesized gold NPs in toluene with the Brust-Shiffrin method* and annealed
them, as described in paragraph 3.1.1.2, using the rotary evaporator. We obtained a 3 x
10" NP/ml concentrated solution of small NPs with a plasmon band at approximately 505
nm.

To functionalize the NPs, we used in a place exchange reaction. We mixed a SP
solution (0.012 g of SP in 2 ml of toluene) with 1 ml of NPs solution and we let stir all the
night. The day after, we precipitated functionalized NPs mixing the organic solution with
methanol and keeping it for one day at -15°C. In this way, NPs, which are less stable in cold
methanol, precipitate whereas the SP molecules, not bound to NPs, stay in solution. SP-NPs are

stable for months.
3.2.1.2. Spiropyran and gold nanorods

We synthesized gold NRs in water and we transferred them in toluene as described in
paragraph 3.1.2. NRs were purified by dodecanethiol in excess before functionalization
through place exchange reaction. We dissolved in 2 ml of NRs toluene solution, 1 mg of
SP and we let stir all the night. The day after, we centrifuged NRs to purify them from the
excess SP. Centrifugation reduced NRs stability and provoked their aggregation.

37



Chap. 3 — Synthesis and functionalization of gold nanostructures

3.2.2. PEP-C3and PEP-C12

PEP is a push-pull molecule composed by a n-deficient and a m-excessive heterocycle
as the acceptor group A and the donor group D, respectively.”” This kind of system, being
dipolar, presents a relevant hyperpolarizability and good nonlinear optical properties, such
as high two-photons absorption cross section. Our group, in collaboration with the group
of Prof. Abbotto of the Dept. of Material Science at the University of Milano-Bicocca
which synthesized the molecules, has thoroughly investigated the linear and nonlinear
optical properties* of this class of push-pull systems for application on optical limiting
and upconverted lasing devices.*

To improve the hyperpolarizability and in so doing the nonlinear optical properties,
chemists modify the electron withdrawing and donating power of acceptor and donor
groups, respectively, choosing more or less polar substituents. A new way proposed to
further enhance the nonlinear optical responses is to exploit the local field on the surface
of metal nanoparticles. To this end the group of Prof. Abbotto prepared a thiol-acetyl
terminated PEP molecule, spaced by two different length alkyl chains, with 3 or 12 carbon
atoms. The idea is to modify the effects on the linear and nonlinear optical properties
depending on the distance between the dye moiety and the surface of the metal
nanostructure.

In Figure 3.5, the chemical structures of the PEP molecules with different alkyl chain

length are shown.
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Figure 3.5: thiol-acetyl terminated PEP with 3 (left) and 12 (right) carbon atoms chain length.

We functionalized NPs, NRs and NSs with PEP. PEP is well soluble in ethanol; its
solubility is a little lower in water, especially for PEP-C12-SH (the one with the long alkyl
chain). The acetyl group prevents oxidation of the thiol group but it is useful to remove it

prior to functionalize gold nanostructures. In fact, it is well known from the literature that

38



Nonlinear optical processes in molecular systems at the interface with metal nanostructures

thioacetates react slowly with gold surfaces and organize in a less ordered SAM.* To
deprotect the thiol group, we prepared a 10° M solution of both PEP in ethanol and we
added 10 pl of NH4OH. *°

3.2.2.1. PEP and gold nanoparticles

We tried to functionalize NPs with deprotected PEP-C12-SH, without appreciable
results, in two different ways. In the first one, we mixed 2 ml of NPs prepared previously
with the Turkevitch method with 0.5 ml of a 10 M water solution of PEP-C12-SH. The
problem was that NPs are electrostatically stabilized and PEP is positively charged. The
presence of charged molecules provoked NPs aggregations well before thiol binding was
accomplished. In the second method, we tried to prepare NPs using PEP-C12-SH as
stabilizing agent. We mixed 1 ml of a 10 M solution of HAuCI,; with 5 ml of a 10 M
solution of PEP both in water prior to add the reducing agent (NaBH,) but in this case,
HAuUCI, oxidized the pyridine group of PEP.

3.2.2.2. PEP and gold nanorods

We synthesized gold NRs in water as described in paragraph 3.1.2 and we dissolved 10
mg of deprotected PEP (the same method is used for both the dyes) in 2 ml of NRs
solution; we let stir all the night. The day after, we centrifuged NRs to purify them from
the excess PEP. Centrifugation reduced NRs stability and provoked their aggregation.

In Figure 3.6, infrared (IR) spectra of PEP-C3-SH (blue), CTAB (green), NRs (red) and

PEP-C3-SH functionalized NRs (black) are reported.
In the IR spectrum of naked NRs (red), are clearly visible the vibrational modes
characteristic of CTAB. At 2918 and 2850 cm™, there are the methylene C-H stretching
modes and at 1480 cm™ there are the alkyl bending vibrations. When we functionalized
NRs with PEP-C3-SH (black line), in the IR spectrum new vibrational modes emerge that
we associate to PEP-C3-SH (blu line): at 1604 cm™ C=C aromatic stretching and at 1288
(not visible) and 1182 cm™ C-N stretching.

The same signals are visible in Figure 3.7 in the IR spectra of PEP-C12-SH (green),
NRs (red) as for PEP-C3-SH functionalized NRs (black). After functionalization, in the IR
spectrum of NRs new vibrational modes emerge, at the same wavenumbers as for PEP-C3.
In this case, the IR spectra are more noisy, probably because less dye molecules are bound
to NRs.
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Figure 3.6: IR spectra of PEP-C3-SH (blue trace), CTAB (green trace), naked NRs (red trace) and PEP-
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Figure 3.7: IR spectra of PEP-C12-SH (green trace), naked NRs (red trace) and PEP-C12-SH bound to
NRs (black trace).

3.2.2.3. PEP and gold nanoshells

We synthesized gold NSs in water as described in paragraph 3.1.3. We mixed 4 ml of
PVP stabilized NSs with 200 pl of a ethanol 10 M solution of deprotected PEP and we

let it stir all the night. The day after, we centrifuged NSs to purify from the excess of PEP.
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3.2.3. Rhodamine B

Rhodamine B (RhB) is one of the most commonly used dye. It is fluorescent (quantum
yield in water 37%) and has good nonlinear optical properties. It is often used in literature
to functionalized gold and silver nanostructures to demonstrate quenching or enhancement
of fluorescence.*” *®

In Figure 3.8, the chemical structures of the RhB molecule is shown. RhB does not
possess a thiol group but interacts electrostatically with the metallic surface through the

amino and carboxylic groups.

Figure 3.8: Rhodamine B molecular structure.

3.2.3.1. Rhodamine B and gold nanoshells

We synthesized gold NSs in water as described in paragraph 3.1.3. We mixed 4 ml of
PVP stabilized NSs with 200 pl of a water 5x10™ M solution of Rhodamine B and we let
stir all the night. The day after, we centrifuged NSs to purify from the dye excess.
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CHAPTER 4

Morphology

In this chapter, we describe the morphological characterization of gold nanostructures.
We extensively studied nanoshells (NSs) morphology both with AFM (Atomic Force
Microscopy) and TEM (Transmission Electron Microscopy). AFM and TEM
microscopies give us complementary information not only about nanostructure’s size but
also about surface morphology.

The TEM characterization of naked and functionalized nanorods (NRs) is also performed.

4.1. AFM

Atomic force microscopy (AFM) belongs to the family of the Scanning Probe Microscopy
(SPM) techniques.! In SPM, a 3-D scanning of a sample surface is performed using a
special probe which locally interacts with the surface. The probe is placed near the surface
(d < 50 nm). Depending on the specific type of interaction between the probe and the
surface, different kind of microscopy can be distinguished, such as Atomic Force
Microscopy (AFM), and Scanning Kelvin Microscopy (SKM), which are the two
techniques used in this thesis.

In AFM (for SKM see Chap.7), we measure interatomic force, usually Van der Waals

force, between the atoms on the sample surface and atoms on the tip of a special probe
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made by an elastic cantilever with a sharp tip at the end (Figure 4.1). The force applied to
the tip by the surface, results in bending of the cantilever. The cantilever deflection is
detected by a laser beam focused on its back surface and reflected onto the area of a quad-
photodiode. The cantilever deflection causes a displacement of the reflected beam over the
four different sections of the quad-photodiode, allowing a precise detection of cantilever
movements. The probe (or the sample) is moved on top of the sample (or under the probe)
by a piezoelectric transducer (called scanner). Vertical movements are guided by a
feedback system which keeps the surface-probe interaction fixed. These movements are
recorded and used to determine the surface height. An electronic system measures the
surface-probe interaction at every (x,y) point in the sample. The interaction strength
depends on the sample-probe distance. By mapping the strength in the (X,y) points, we can

reconstruct an image of the sample surface.

laser
cantilever hotodiode
holder %

X

*\! cantilever | feedback

cantilever chip

sample

v

scanner image
recording

Figure 4.1: AFM scheme of the working system.

AFM instruments typically operate in three ways: contact mode (short range forces),
non contact mode (long range forces) and semi-contact mode (Figure 4.2).

In the contact mode (Figure 4.2a), the tip touches the sample surface and the cantilever
deflection is caused by the repulsive forces between the tip and the sample. There are two
operation modalities for contact mode:

- constant force, the feedback system drives the piezoelectric actuator to keep the
cantilever bending fixed;
- constant height, the tip height is kept constant and the different force strengths between

tip and surface are recorded.
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In non contact mode (Figure 4.2b), the cantilever, vibrating with a small amplitude,
experiences the influence of a non-uniform force field near the sample surface. This
interaction modifies the resonance frequency of the cantilever and physical information
about the surface is obtained from these variations. This mode of operation is less
detrimental to the sample but has worse lateral resolution.

In the semi-contact or tapping-mode (Figure 4.2c), the cantilever oscillates at its
resonance frequency, like in non contact mode, but the tip touches the surface in an
intermittent way. The tip moves in a field of both attraction and repulsion forces. Away
from the surface the lever makes free oscillations, while, when there is an interaction with
the surface, the oscillations amplitude is reduced until a set value (set-point) is reached. In
this case, the piezoelectric actuator moves the cantilever in order to keep the oscillation
amplitude fixed, reflecting the differences in the surface morphology. The surface
morphology can be reproduced through the actuator movements. The advantages of this

procedure are low sample damaging and good lateral resolution.

VA ~50-1000 A
sample o sample

gE  mEfzhiatandate ¢)
Figure 4.2: scheme of the AFM working modalities: a) contact; b) non contact; c) semi-contact.

By mapping the phase of the cantilever oscillation during the semi-contact mode scan, it is
possible to obtain, in addition to topography, information about surface properties such as
composition, adhesion, friction, viscoelasticity. Phase Imaging gives valuable information
for a wide range of applications, in some cases giving contrast where none was anticipated

from the material properties.

Atomic force microscopy (AFM) was performed with an NT-MDT (NT-MDT-Europe
B.V., Nuenen, the Netherlands) instrument operating in air in the semi-contact mode with
a 3-um scanner. The operational scheme of the instrument is the classic scanning by
sample in which the sample moves and the cantilever oscillates in a fixed position. The
probe tip has a typical curvature radius of 10 nm, a cantilever resonant frequency of 200

kHz, and a force constant of 5.5 N/m. We characterized, both in topography and phase

47



Chap. 4 — Morphology

contrast mode, gold NSs deposited on glass and ITO slides. These measurements gave us
information about the silica nanoparticles and NSs size, metallic film coverage
morphology, growth process and slides coverage.

Measurements have been performed in collaboration with Dr. Piero Schiavuta and Dr.

Francesco Marinello at Nano Fabbrication Facility — NanoFab (Venice).

4.1.1. Nanoshells growth process

The growth process of gold shell on silica nanoparticles is well described in the work of
Oldenburg et al? in which TEM images show the nuclei growth and coalescence. Briefly, a
subsequent reduction of an aged mixture of chloroauric acid and potassium carbonate by a
solution of formaldehyde, where the gold-decorated silica nanoparticles are used as
nucleation sites for the reduction, results in an increasing coverage of gold on the
nanoparticle surface. We exploited AFM phase contrast images to confirm this mechanism
and give greater details in the morphology of the gold shell produced in our lab (Figure
4.3). A phase contrast image of a 100 nm diameter silica colloid decorated with gold
nanoparticles is shown in Figure 4.3a. The seed colloid adsorbates increase in size as
reduction proceeds. During the reduction, colloids begin to coalesce on the nanoparticle
surface (Figure 4.3b) until, finally, the apparent formation of a continuous metallic

nanoshell on the dielectric nanoparticle surface can be observed (Figure 4.3c).

Z.range: 23.31 Deg

0 354 707
g 7 =

Figure 4.3: AFM contrast images: a) silica nanoparticle (R = 50 nm) covered by some large

nuclei; b) nuclei on the silica nanoparticle grow and start to coalesce; ¢) complete shell.

4.1.2.Silica nanoparticles and nanoshells size

In this section, we present some images of NSs with different core and shell thickness.
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In Figure 4.4, we show two examples of silica nanoparticles of different size. Through the
topography images (Figures 4.4a e 4.4c) we evaluate the diameter (D) and the distribution
of the two silica nanoparticles: for the small one D = 189 + 10 nm , for the large D = 315
30 nm. The error is likely underestimated, because we were able to average only on a
small number of nanoparticles but from the topography images it is clear that smaller or
larger nanoparticles are present, especially for larger silica nanoparticles batch. Silica
nanoparticles tend to organize in a hexagonal close-packed structure but nanoparticles of
different size create some defects in the packing. From the phase contrast images (Figures
4.4b and 4.4d), we can see that small nanoparticles present a quite smooth surface, instead
the larger ones are inhomogeneous and present some branches that contribute to create

defects on the packing and make size distribution broader.
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Figure 4.4: AFM a) topography and b) phase contrast images of silica nanoparticles of 189 nm
diameter; c) topography and d) phase contrast images of silica nanoparticles of 315 nm diameter.

In Figures 4.5 and 4.6, we compare different NSs thickness for the same core size (R; =
95 nm in Figure 4.5 and R; = 158 nm in Figure 4.6). The NSs distribution appears quite
broad especially for thicker shells. In fact, as we can see in figures 4.5b and 4.6b, NSs
with a thicker coverage become more irregular because of the growth mechanism. Once
nuclei grow and coalesce to form the film, further reduction of HAuCl, takes place on the

shell creating larger domains and broader size distribution. Thin coverage (Figures 4.5d
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and 4.6d) are instead homogeneous and coalescence of nuclei in small uniform domains is
clearly visible. If the core surface is irregular, as for large silica nanoparticles, shell will

grow irregular as well.
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Figure 4.5: topography (top) and phase contrast (bottom) images of NSs with inner R; = 95 nm
and outer radius: a) and b) R, =138 £ 13 nm; ¢) and d) R, =108 £ 6 nm; ¢) and f) R, = 95 £5nm.
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Figure 4.6: topography (top) and phase contrast (bottom) images of NSs with inner R; = 158 nm
and outer radius: a) and b) R, =198 + 19 nm; ¢) and d) R, =175 £ 7 nm.
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The surface morphology of single particle influences the NSs aggregation. Particles
covered by an irregular shell, as NSs with a thick coverage, aggregate randomly. Instead,

more regular particles self-assemble in a hexagonal close-packed structure.

4.2. TEM

The origin of each mode of TEM analysis, is the Coulomb interaction between an electron
beam and the atoms in the sample, which generates a series of signals useful to
characterize materials.® We must distinguish between elastic and inelastic scattering. The
former is used to construct images (including electron diffraction), while the latter gives
rise to the spectroscopic analysis. From scattered and transmitted electrons, Auger
electrons and X-ray, we can obtain information about:
- morphology and lattice image (bright field BF, dark field DF and high-resolution
HRTEM images);
- crystal structure and symmetry (selected area electron diffraction SAED)
- composition (Energy Dispersive X-ray Spectroscopy EDS, Electron Energy Loss
Spectroscopy EELS).
Generally, a Transmission Electron Microscope consists of three basic parts (Figure
4.7): the source of electrons, the system objective lens and the sample-block display with

projectors, screens and EELS spectrometers.

Yirtual Source

=.  First Condenser Lens

—=. Second Condenser Lens

Condenser Aperture

Sample

—=. Objective Lens

I O0jective Aperture
Selected Area Aperture

+ Projector Lens

Main Screen | phosphar)

Figure 4.7: schematic structure of TEM.
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The "virtual source™ represents the electron gun, which is the source of electrons. This is
based on field emission (FEG), i.e. the electrons are extracted after applying a potential
difference on a tungsten filament. This type of source provides a more temporal and
spatial coherence of the electron beam. The beam is then homogenized by a diaphragm
placed immediately after the filament. The whole system needs a vacuum that is greater
than 10°® Pa for the source, while it is reduced to 10° Pa along the column (to avoid spread
of the beam and contamination of the sample) and 10 Pa close to the screen that collects
the image. The beam is then focused by two condenser lenses which are used to vary the
geometry of the beam from parallel to convergent, depending on the type of analysis
desired.

Magnetic lenses are used to focus and deflect the electrons. They consist of toroidal coils
with an applied current, generating a magnetic field with a cylindrical symmetry and the
axis directed parallel to the direction of the electron beam. By varying the intensity of
current through the toroidal coils, electrons are deflected by the magnetic field. Like all
lenses, even the magnetic ones have aberrations that affect the resolution available:
spherical aberration, due to non-paraxial ray; chromatic aberration, due to dispersion in the
electron beam energy; astigmatism due to the inhomogeneity of the magnetic field. The
objective lens collects the rays of electron beam scattered and diffracted by the sample and
focuses them on the focal plane, where it is possible to collect the diffraction image.
Beyond the focal plane, rays are recombined, interfering with each other, to generate the
image of the sample on the image plane. The intermediate and projector lenses magnify it
on the screen. Directly facing the sample, there is an Energy Dispersive Spectrometer
(EDS) which analyses the energy of the X-ray produced by the interaction of the electron
beam with the sample. Another accessory, that may be present on a TEM, is an Electron
Energy Loss Spectrometer with magnetic prism which analyses the energy of the electrons

that have crossed the sample.

Structural and compositional characterization of NSs was performed, in collaboration
with the group of Prof. Mattei (Dept. Physics at the University of Padova), by TEM at
CNR-IMM (Bologna, Italy) with a field-emission gun (FEG) microscope (FEI Tecnai F20
Super Twin) operating at 200 kV equipped with an EDAX energy-dispersive X-ray
spectrometer (EDS) and a Gatan STEM controller for performing scanning transmission

electron microscopy (STEM). For NRs, we used TEM at the National Nanotechnology
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Laboratory (NNL, Lecce, Italy). It is a Jeol model JEM-1011 microscope, operating with
an acceleration voltage of 100 kV.

4.2.1. TEM characterization of nanoshells

Nanoshells with an inner and outer radius of R; = 95 £ 4 nm R, =110 £ 4 nm, measured
by AFM, were also characterized by TEM. A TEM Bright-Field (BF) micrograph of the
silica particles is shown in Figure 4.8a: the silica nanoparticles exhibit a mean diameter
<D> = 167 nm with a standard deviation of the size distribution ¢ = 12 nm (see Figure
4.8b), i.e. corresponding to an average nanoparticle radius Rtgm = 84 + 6nm. In the BF
image of silica nanoparticles functionalized by 3-aminopropyltrimethoxysilane (APTMS)
(Figure 4.8c), it is visible an organic layer with a thickness of about 10 + 15 nm. Some
organic shells form necks around NPs. The presence of C on the projection of the core-
region of the particles (Table 4.1) is due both to the organic shell covering the particles

and to the carbon film on which the SiO, particles are deposited for TEM analysis.
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Figure 4.8: a) BF-TEM image and b) size distribution of the silica nanoparticles; ¢) BF-TEM
image of the SiIO,@APTMS NPs.

The atomic ratio O/Si found by EDS compositional analysis is about 2.2 + 0.2 (Table 4.1).

Table 4.1: EDS compositional results obtained focusing the electron

beam on the core and on the shell region of a silica nanoparticles.

Region: Core Shell
Element | Atomic % | Atomic %
C (K) 74 99
O (K) 18 1
Si (K) 8 0
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This can be an indication of a slightly less dense silica, as sometimes it is found for the
Stober synthesis. The silica core radius measured by AFM is slightly larger than that
measured by TEM: this 10% discrepancy can be ascribed to the different spatial resolution
and sensitivity of the two techniques but also to a possible shrinking effect of the not-fully
densified NPs under the TEM electron beam.*In Figure 4.9, we show the BF micrographs
of silica nanoparticles covered by gold nuclei. In this sample SiO,/Au composite particles
are present having a total mean diameter <D> = 175 nm with a standard deviation of the
size distribution ¢ = 10 nm. The silica cores are covered by well defined Au NPs (see
Figure 4.9b ) having mean dimension of about 2 nm. The atomic ratio Au(L)/Si(K) on the
particles found by EDS compositional analysis (see Table 4.2) is about 0.03,
corresponding to a density of Au NPs on SiO, particle surface of about 0.07 NPs/nm?
(assuming the bulk density for Au and a slightly less dense SiO5).

LC—U Ll o 10inng

 F—

Figure 4.9: BF-TEM images at different magnifications of the silica nanoparticles covered with

Au nuclei of about 2 nm size.

Table 4.2: EDS compositional analysis on

silica nanoparticles covered by gold nuclei.

Element | Atomic %
C (K) 73.9
O (K) 18.8
Si (K) 7.1
Au (L) 0.2

Figures 4.10 a and b show the BF-TEM images of gold NSs with a spherical shape and
a mean diameter <D> = 220 nm with a standard deviation of the size distribution ¢ = 15
nm, perfectly comparable with the value obtained by AFM. Few smaller or irregularly

shaped NSs are also visible in Figure 4.10a. The contrast analysis of the TEM image
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(Figure 4.10b) indicates that the Au shell covering the silica particles is not continuous,
i.e., its thickness is not homogeneous. HR-TEM analysis (Figures 4.10 ¢ and d) confirmed

that the Au shell is polycrystalline, as can be expected from the colloidal-nucleated growth
of the fabrication process (Chap. 3).

a).

Figure 4.10: TEM images of gold NSs at different magnification. a) e b) BF images (in b the
contrast is reversed to enhance the shell visibility); c) and d) High-Resolution TEM images in

which the Au (111) crystalline planes are well visible.
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Figure 4.11: a) Scanning TEM Dark-Field images of a NS. The Au shell, giving a brighter
contrast, is well visible. b) Au(L) and Si(K) compositional profile for a NSs obtained by

scanning a 1nm (FWHM) electron beam on the red line showed in S-TEM Dark-Field image.
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The Au surface appears very rough or bumpy. Therefore the definition of the size has been
done by radially averaging the image intensity, so as to average the roughness effect.
Figure 4.11a show a Dark Field-Scanning TEM image of a nanoshell while in Figure
4.11b the corresponding EDS line-scan for Au and Si X-ray signal across the particle
shown in the Z-contrast image. The total atomic ratio Au(L)/Si(K) in the core-shell

particles found by EDS compositional analysis (see Table 4.3) is about 3.5.

Table 4.3: EDS compositional analysis on

silica nanoparticles covered by gold shell.

Element | Atomic %
C (K) 61

0 (K) 12

Si (K) 6

Au (L) 21

We performed also some TEM measurements on large NSs with inner radius Ry = 158
nm, confirming both AFM analysis and TEM results obtained on small NSs. Figure 4.12
shows the BF-TEM image of some large NSs. They are not spherical and present a more
inhomogeneous size distribution comparing with the small particles (as demonstrated by
AFM characterization). The Au shell covering the silica particles is not continuous and

there are several holes on the film.

b i | = L

Figure 4.12: BF TEM image of gold large NSs.

The irregular morphology of gold shells observed in the TEM images is very

interesting. In fact, in the literature, several works report stronger electromagnetic local
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field in irregular and tip shaped metal nanostructures comparing to symmetric and
spherical particles.>” Both SERS signals® and two-photon absorption® are amplified if
molecules are located in “hotspots” of nanoparticles aggregates. “Hotspots” are due to the
interaction of the particles in clusters leading to a concentration of the plasmon amplitude
into interstitial spots among a few particles, producing giant local fields in subwavelength
sized areas, called “hotspots”.

Moreover, local field on sharp tips are also demonstrated to be strong. For example, Kelly
et al® calculated, using DDA method, the electromagnetic field enhancement on the
contours external to the Ag trigonal prism and they estimated it to be over 500 times the
applied field.

In the light of these considerations, we predict a stronger local field on these rough and
bumpy surfaces comparing to uniformly covered nanoshells and a larger enhancement of

linear and nonlinear optical properties of molecules functionalizing the nanostructures.

4.2.2. TEM characterization of nanorods

TEM measurements have been performed on naked and functionalized NRs. In Figure
4.13, micrographs of NRs transferred in organic solvents® and stabilized by dodecanethiol
(DDT) (Figure 4.13a) and NRs stabilized by dodecanethiol and spiropyran (SP-C6-SH)
(Figure 4.13b), both after 20 hours, are shown.

a) b)
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Figure 4.13: BF TEM images a) NRs in dodecanethiol; b) NRs stabilized by dodecanethiol and

—= —o
spiropyran.

NRs stabilized by DDT have the long axis Riong axis = 32 + 4 nm and the short one Rshort axis
= 12 + 4 nm. After the place exchange reaction between DDT and SP-C6-SH, NRs
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maintain the same size within the experimental error: Riong axis = 32 £ 4 nm and the short
one Rshort axis = 13 £ 3 nm. Both NRs are well separated and exhibit minimal changes in
shape and size as a result of thiol interactions.

In Figure 4.14, BF images of naked (Figure 4.14a) and PEP-C12-SH functionalized
(Figure 4.14b) NRs are shown. Naked NRs have the long axis Riong axis = 30 £ 4 nm and the
short one Rshort axis = 10 £ 3 nm. After the functionalization with PEP-C12-SH, NRs there
seems to be a slight reduction in NRs size, even if within the experimental error: Riong axis =

27 t 5 nm and Rshortaxisz 9 t 3 nm.
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Figure 4.14: BF TEM images a) NRs in water; b) NRs functionalized by PEP-C12.

NRs morphological changes are more evident for NRs functionalized with PEP-C3-SH
(Figure 4.15).
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Figure 4.15: BF TEM images a) naked NRs; b) NRs functionalized by PEP-C3.

Naked NRs (Figure 4.15a) have the long axis Riong axis = 26 £ 4 nm and the short one Rghort
axis = 11 £ 2 nm. In contrast, the TEM image obtained with the PEP-C3-bound NRs sample
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shows rods with distorted structures. This indicates that the surface modification of the
NRs with PEP-C3-SH leads to the destruction of their protective capping layer, provoking
the loss of the rod-like shape to assume shapes ranging from ellipsoidal to spherical.

This effect is not new in the literature; for this kind of nanostructures, reshaping in
spherical nanoparticles, under laser pulse illumination, is common.'® In this case,
reshaping is not due to melt of gold, but it is due to etching of the surface by PEP-C3-SH
during the penetration of the dye molecules inside the double CTAB layer, as observed for
the place exchange reaction between DDT and Ru(bpy)s**-C5-SH.®
Etching of the surface of gold nanoparticles by different length thiols was previously
demonstrated by Wilcoxon and Provencio.™* In their work they observed that the corrosion
process is more effective for short thiol chains. Starting from this finding, we can explain
why the phenomenon is strong for PEP-C3-SH and hardly visible for PEP-C12-SH, but
this is not enough to justify the absence of etching for NRs functionalized by spiropyran.
In this case, we have to add two considerations. In the literature it is reported that addition
of electrons to gold nanorods with aspect ratios ranging from 2 to 4 has been found to
change the morphology as a result of surface charging effects.'? The redox nature of the
PEP moiety, compared to the one of spiropyran group, is likely to make the thiol
interaction more reactive for the PEP substituted thiols and induce surface corrosion for
these compounds. The second, simple consideration is that, as shown in the IR spectrum in
Chapter 3, less SP-C6-SH units are bound to NRs in comparison with PEP-C12-SH and
PEP-C3-SH, therefore the etching effects should be lower for SP-C6-SH.
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CHAPTER 5

Linear optical properties of gold

nanostructures

In this chapter, we describe the linear optical properties of nude and functionalized gold
nanostructures. We compare surface plasmon band position for different shape
nanoparticles using UV-visible spectroscopy and we focus on the effect on the emission

properties of molecules functionalizing nanoparticles.

5.1 UV-visible absorption

The intense colour of colloidal gold nanostructures is due to their surface plasmon
absorption." Depending on the particle properties, as shape, dimensions or surrounding
environment, the surface plasmon band changes its wavelength position. For example gold
spherical nanoparticles (NPs) are red, gold nanorods (NRs), because of the longitudinal
plasmon peak, are blue or violet depending on the aspect ratio and gold nanoshells (NSs)
should be red, blue, violet, green and so on depending on the inner and outer radius ratio.

In general, the surface plasmon band is rather narrow (about 100 nm) but may become

broad if nanoparticles are non uniform in size and shape®* or if they aggregate.”
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In the next paragraphs, we show UV-visible spectra of nude and functionalized gold

nanostructures.

5.1.1 Gold nanoparticles

Gold NPs present a plasmon resonance which is not widely tunable. Usually the

plasmon peak wavelength ranges between 510 and 580 nm, depending on the particle size.
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Figure 5.1: UV-visible absorption spectra of gold NPs: a) in water; b) in toluene, with two

different annealing treatment (rotary evaporator annealing in black, hot plate in red).

In Figure 5.1, UV-visible absorption spectra of gold NPs in water and in toluene are
shown (the synthesis is described in Chap. 3). The NPs in water present a narrow band
peaked at 524 nm. For NPs in toluene annealed in rotary evaporator and with hot plate, the
plasmon oscillations are strongly damped and a weak and broad absorption band is peaked
at 505 (black trace) and 518 nm (red trace), respectively. This behavior can be
phenomenologically explained considering that, on reducing the cluster size, the mean free
path is limited. If the electrons scatter with the surface in an elastic but totally random
way, the coherence of the overall plasmon oscillation is lost." A second explanation to the
plasmon band weakening and broadening is given by the chemical interface damping
(CID) model.®” In this model, the empty LUMOs of the acceptor molecules on the particle
surface are coupled to the free electrons in the conduction band of the metal. After
excitation of a plasmon resonance, electrons transfer between the levels becomes possible
and this causes, again, loss of coherence in the plasmon oscillation.

With the hot plate annealing treatment, we obtain larger NPs comparing with the rotary

evaporator one, so the plasmon band is red shift and less broad.
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5.1.1.1. Gold nanoparticles functionalized with PEP-C12-SH in water
The UV-visible characterization of PEP-C12-SH functionalized NPs gives some

informations about NPs stability after molecules attach and chemical modifications of

reactants.
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Figure 5.2: a) UV-visible absorption spectra of: nude NPs (black trace), PEP-C12-SH in water
(red trace), PEP-C12 functionalized NPs (green trace). b) UV- visible absorption spectra of:
HAuUCI, (black trace), PEP-C12-SH (red trace), PEP-C12 and HAuCI, after mixing (green trace).

In Figure 5.2a, the UV-visible absorption spectra of NPs before and after
functionalization with PEP-C12-SH are shown. NPs were purified from the dye excess by
centrifugation and the precipitate collected and dissolved in water. The NPs are
characterized by a plasmon band at 527 nm whereas PEP-C12-SH in water presents an
absorption band at 428 nm (in ethanol the band is red shifted to 450 nm). The UV visible
spectrum of functionalized NPs is not the simple sum of the two spectra, but it is broad
and presents three peaks: at 428 the one associated to PEP-C12, at 544 and 720 nm two
plasmon bands due to aggregation. According to the Electrical Double Layer theory
(Chap. 3), the positive charge on the pyridine ring reduces the thickness of the protective
double layer before the dye attaches on the NPs surface and so NPs aggregate.

In Figure 5.2b, we demonstrate chemical degradation of PEP-C12-SH because of the
reaction with HAuCl, (prior to adding NaBH, as reductant). HAuCl, in water is
characterized by two peaks at 220 and 294 nm. After mixing with PEP-C12-SH, the two
peaks disappear and the dye band broadens and shifts to 442 nm.

Considering these results, we ruled out the possibility to functionalize gold NPs with
PEP-C12-SH.
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5.1.1.2. Gold nanoparticles functionalized with spiropyran in toluene

In Figure 5.3, the UV-visible absorption spectra of closed and open form of spiropyran

in toluene and methanol are shown. Spiropyran ring aperture is obtained by illuminating
the sample solution with a common tungsten lamp. In toluene (Figure 5.3a), spiropyran
closed form is more stable, due to the low solvent polarity. It presents a peak at 334 nm.
When it is illuminated for 5 minutes, a weak peak appears at 602 nm which is
characteristic of the open merocyanine form (inset in Figure 5.3a). The peak disappear
very quickly when the illumination is turned off.
In methanol (Figure 5.3b), the merocyanine form is promoted, due to the solvent polarity.
The peak at 334 nm red shifts to 338 nm and a new peak at 533 nm, the one associated to
the open form, emerges without illumination. When the solution is illuminated for 20
minutes, the peak at 533 nm slightly increases but less than in toluene, indicating that most
of the dye is present, in methanol, in the merocynine form also without illumination (inset
in Figure 5.3b).
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Figure 5.3: UV-visible absorption spectra of spiropyran-merocyanine forms: a) in toluene (black
trace) and after illumination with a lamp for 5 minutes (red trace); b) in methanol (black trace)
and after illumination with a lamp for 20 minutes (red trace). In the inset, a detail of the peak

associated to the merocyanine form.

In Figure 5.4, the UV-visible absorption spectra of NPs before and after
functionalization with spiropyran are shown.
Dodecanethiol stabilized NPs are characterized by a plasmon band at 508 nm. When NPs
are mixed with spiropyran, the plasmon band slightly red shifts to 512 nm and broadens
due to a change in dielectric constant of the medium. After purification, the spiropyran

absorption peak at 334 nm is visible, confirming the NPs functionalization.
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Figure 5.4: UV-visible absorption spectra of: nude NPs (black trace), NPs with spiropyran

excess (red trace) and purified (green trace).

5.1.2 Gold nanorods

Gold NRs synthesized in water, due to their asymmetric structure, present two plasmon
bands. One, at 520 nm, arises from the electrons coherent oscillation along the short axis
(transverse mode) and it is equivalent to the plasmon oscillation in a spherical particle of
the same size. The second band arises from the electrons coherent oscillation along the
long axis (longitudinal mode). The longitudinal plasmon wavelength is strongly tunable

and it red shifts on increasing the rod length.
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Figure 5.5: UV-visible normalized absorption spectra of NRs prepared in the same conditions

but in different batches.

In Figures 5.5 and 5.6, the normalized UV-visible spectra of NRs in water are shown to
determine the synthesis reproducibility and the stability of the NRs. The seeded growth of
Au nanorods is a convenient synthesis with respect to both yield and uniformity. However,
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it must be noted that the resonance wavelength of NRs produced with the same reagents
ratio, after a time interval, varies from batch to batch and appears to be quite sensitive to
nucleation and stirring conditions. We have observed that nanorod batches, prepared and
isolated under apparently identical conditions, can differ in their optical resonances by 2-
20 nm (Figure 5.5).

Moreover, the longitudinal plasmon resonance drifts toward shorter wavelengths by as
much as 50 nm over a period of hours to days. For example, freshly synthesized NRs
presents a longitudinal plasmon band at 707 nm and a transverse one at 520 nm (Figure
5.6a). After three months, the plasmon shifts to 673 nm. The blue shift of the longitudinal

plasmon band reaches a plateau in three months (Figure 5.6b).
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Figure 5.6: a) UV-visible normalized absorption spectra of NRs over a period of three month
(black t = 0; red t = 8 days, greent = 21 days, blue t = 30 days, orange t = 3 months); b)

longitudinal plasmon maximum wavelength as a function of time.

A likely explanation for this evolution was given by Zweilfel at al.2 They considered that
the unreacted Au ions were not freely dispersed in solution but were adsorbed instead onto
the surfaces of CTAB micelles. For this reason, also in samples purified from the reaction
solution, this effect is still observable. Gold ions, trapped in CTAB micelles, reduce on the
nanorods surface modifying the structure.

After transfer in toluene using dodecanethiol (DDT), the UV-visible absorption
spectrum of NRs modifies again (Figure 5.7). When NRs are suspended in dodecanethiol,
we observe weakening of the longitudinal plasmon absorption peak. In addition, a red shift
and broadening of about 150 nm in the absorption band can also be seen (red trace in
Figure 5.7).
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Figure 5.7: UV-visible absorption spectra of NRs in water (black trace), DDT-NRs in toluene
(red trace), DDT-NRs in toluene purified from dodecanethiol excess (green trace), DDT-NRs in

toluene purified from dodecanethiol excess after 12 hours (blu trace).

Earlier studies of interaction of gold particles with thiols have established the response of
plasmon absorption to surface modifications.” Despite the broadening effect and red shift
in the absorption, both longitudinal and transverse plasmon absorption features are
retained, confirming the absence of dramatic morphological changes upon their binding to
dodecanethiol. After purification, a further broadening of the plasmon band is visible, due

to aggregation of NRs. NRs are still stable after 12 hours.

5.1.2.1. Gold nanorods functionalized with PEP-C3-SH and PEP-C12-SH in

water

In Figure 5.8, UV-visible spectra of NRs functionalized with PEP-C3-SH and PEP-
C12-SH in water are shown and compared with the spectra of nude NRs and PEP-C3-SH
and PEP-C12-SH in water. PEP-C3-SH in water presents a peak at 431 nm instead for
PEP-C12-SH the maximum absorption is slightly blue shifted at 428 nm, indicating a
dependence on the aliphatic chain length. NRs are characterized by two bands, the
transverse plasmon at 529 nm and the longitudinal one at 678 nm.

The appearance of the 427 - 430 nm bands confirms the binding of the two dyes to the
gold nanorods. After NRs functionalization with both molecules, the longitudinal plasmon
resonance changes. NRs with PEP-C3-SH and PEP-C12-SH present a red shift and
broadening of both transverse and longitudinal plasmon band. The latter shifts to 784 nm
for NRs with PEP-C3-SH and to 774 nm for the others. Despite the apparent retention of
both longitudinal and transverse features, TEM analysis (Chap. 4) confirmed the presence
of morphological changes upon the dyes binding, especially for NRs functionalized with
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PEP-C3-SH. Moreover, the spectra of PEP functionalized NRs are quite similar to the
spectrum of PEP-C12-SH functionalized NPs (Figure 5.2a). Probably the red shifted peak
should not be univocally associated to longitudinal mode but it is due to aggregation of
reshaped and shortened NRs, after functionalization and stabilization with charge

molecules.
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Figure 5.8: a) UV-visible absorption spectra of nude NRs in water (black trace), PEP-C3 (red
trace) and PEP-C3 functionalized NRs (green trace); b) UV-visible absorption spectra of nude
NRs in water (black trace), PEP-C12 (red trace) and PEP-C12 functionalized NRs (green trace).

5.1.2.2. Gold nanorods functionalized with spiropyran in toluene
In Figure 5.9, the UV-visible spectrum of NRs functionalized with spiropyran in
toluene is shown and compared with the spectra of DDT functionalized NRs and

spiropyran in toluene.
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Figure 5.9: UV-visible absorption spectra of DDT functionalized NRs (black trace), spiropyran

in toluene (red trace) and spiropyran functionalized NRs (green trace).
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Spiropyran presents a band at 335 nm and NRs are characterized by two bands, the
transverse plasmon at 590 nm and the longitudinal one at 980 nm. Both plasmon band are
red shifted and damped compared with the UV-visible spectrum of NRs in water, as
previously reported.

After functionalization with spiropyran and purification from dye excess, the appearance
of the 334 nm band confirms the binding of spiropyran to gold nanorods. The binding of
spiropyran affects the plasmon absorption band. The characteristic transverse and
longitudinal plasmon absorption bands of rods are both red shifted. The former shifts to
581 nm, the latter to 800 nm. These changes are due to the longitudinal band sensitivity to

surface interactions and morphological changes.

5.1.3 Gold nanoshells

Gold NSs synthesized in water possess a plasmon band which is tunable anywhere
across the visible or infrared regions of the spectrum simply by adjusting the relative size
of the dielectric core and the thickness of the gold overlayer. Depending on the particle
size, further bands, due to the presence of surface plasmon multipolar resonances, should
emerge.

Different size NSs were prepared varying both in core radius and shell thickness. We
synthesized silica NPs with three core radii (Ry): 50 £ 10 nm; 95 £ 15 nm and 158 + 30
nm. The gold shell thickness, instead, varies between 10 and 50 nm.

In Figure 5.10, we show the UV-visible absorption spectra of NSs with an inner radius of
50 nm and shell thickness varying between 0 and 50 nm. By varying the ratio between the
gold ions growth solution and the amount of gold-decorated silica particles, we achieved
different shell thickness.

All the spectra in Figure 5.10a are characterized by a broad plasmon peak with a long

shoulder at longer wavelength. As described previously,®*

the peak broadening of the
spectra can arise from: (1) the polydispersity of the core particles,® (2) the roughness of the
shell surfaces, (3) the presence of particles with incomplete shells,** (4) the overlap of
multipole surface plasmon resonances (e.g., quadrupole and octupole) arising from the
large NS particles, (5) particle aggregation.

The position of the plasmon band maximum depends on the shell thickness and thereby on
the amount of gold-decorated silica nanoparticles used in the preparation. As shown in

Figure 5.10b, the plasmon wavelength red shifts linearly by increasing the particles
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concentration till the amount of gold ions in solution is not enough to cover completely the
core surface. In this case, the plasmon band shifts to shorter wavelength, resembling the

plasmon band of gold nanoparticles or of nanoparticle aggregates.
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Figure 5.10: a) UV-visible absorption spectra of NSs with a inner radius of 50 nm and shell
thickness varying between 0 and 50 nm; b) dependence of the plasmon band maximum

wavelength on the concentration of gold-decorated silica nanoparticles concentration.

The plasmon resonance wavelengths of the NSs with inner radius of 50 nm are tunable
over about 150 nm but larger diameter nanoshells are significantly more tunable.
In Figure 5.11, the extinction spectra of NSs with 95 (a) and 158 nm (b) inner radius and

different shell thickness are shown.
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Figure 5.11: a) UV-visible absorption spectra of NSs with a inner radius of 95 nm and shell
thickness of 43 nm (black trace), 27 nm (red trace), 14 nm (green trace), 2 nm (blue trace); b)
UV-visible absorption spectra of NSs with a inner radius of 158 nm and shell thickness of 40 nm

(black trace), 17 nm (red trace), 14 nm (green trace), 13 nm (blue trace).
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It is difficult to completely appreciate the plasmon red shift with increasing core radius
because the spectra are very broad. Considering the morphological characterization shown
in Chap. 4 and the models used in the literature to described plasmon resonance for core-

shell structures,**2

it is clear that NSs with an incomplete coverage full of apexes do not
possess a narrow band and their extinction spectra should not be predicted by these
models.

When we deposited NSs on functionalized glass slides, the UV-visible spectra of the
particles slightly modify, depending on the level of organization of NSs on the substrates.
In Figure 5.12, we show extinction spectra of different NSs in solution and deposited on
the substrate. One sample presents an inner and outer radius of 50 and 60 nm, with not
spherical shape and an irregular shell. The surface morphology appears similar to the one
shown in Figure 4.5a, Chap. 4. The other NSs are 110 nm in size, with a core radius of 95
nm and a homogeneous size distribution (like Figure 4.5c, Chap. 4).

Irregular NSs (black trace in Figure 5.12 a and b) present the same broad extinction
spectrum in solution and after deposition, due to a random aggregation present both in
solution and in solid state. Instead larger and homogeneous particles aggregate in a
different way when they are deposited on the substrate. In fact, the peak at 714 nm blue

shifts to 685 nm and the broad shoulder extends to longer wavelengths.
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Figure 5.12: a) UV-visible absorption spectra of NSs with an inner and outer radius of 50 and
60 nm, respectively (black trace) and 95 and 110 nm (red trace) a) in water b) deposited on glass

substrates.

As described in Chap. 4, the surface morphology of single particle influences the NSs
aggregation. Particles covered by an irregular shell aggregate randomly, instead, more

regular particles self-assemble in a hexagonal close-packed structure. As reported in the
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literature, >

the plasmonic properties are strongly dependent on interparticle interactions.
In fact, in aggregates, the oscillating electrons in one particle feel the electric field due to
the oscillation of the free electrons in a second particle, which can lead to a collective
plasmon oscillation of the aggregated system. The coupled-particle SPR occurs at a
frequency that is shifted from the single-particle localized SPR frequency. For example,
the aggregation of gold nanoparticles in water results in a red-shift of the plasmon
extinction wavelength maximum from that of isolated gold nanoparticle, as also evidenced
by a visual color change from red to purple. The frequency and intensity of the assembly-
induced plasmon shift depends on the degree of aggregation as well as the orientation of
the individual particles within the aggregate. Park et al'> observed a red or blue shift of the
longitudinal plasmon resonance in nanorods end to end or side by side assembly,

respectively.

5.1.3.1 Gold nanoshells functionalized with PEP-C3-SH and PEP-C12-SH in

water

In Figure 5.13, the UV-visible spectra of NSs functionalized with PEP-C3-SH and
PEP-C12-SH in water are shown and compared with the spectra of nude NSs and PEP-C3-
SH and PEP-C12-SH in water. PEP-C3-SH in water presents a peak at 430 nm instead for
PEP-C12-SH the maximum absorption is slightly blue shifted at 428 nm.
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Figure 5.13: a) UV-visible absorption spectra of NSs in water (black trace), PEP-C3 (red trace)
and PEP-C3 functionalized NSs (green trace); b) UV-visible absorption spectra of NSs in water
(black trace), PEP-C12 (red trace) and PEP-C12 functionalized NSs (green trace).

NSs are characterized by a band at 1300 nm and a small shoulder at about 780 nm. The
plasmon band is narrower and well defined compared with the spectra shown previously

and it better matches theoretical predictions developed for nanoshell of similar size
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(Figure 5.14). It is possible clearly assign the peak at 1300 nm to the dipolar plasmon band
and the shoulder at 780 nm to the quadrupolar oscillations, which are present in larger

nanoshells.
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Figure 5.14: calculated spectra of the efficiency of absorption (red dashed), scattering (black dashed)

and extinction (green solid) for NSs with dimensions R; = 120 nm and R, = 140 nm (adapted from ref. 16).

The appearance of a very small shoulder at 427-430 nm confirms the binding of the two
dyes to the gold nanoshells. After NSs functionalization with both molecules, the NSs
become less stable in water and the plasmon resonance broadens and damps.

5.1.3.2 Gold nanoshells functionalized with Rhodamine B in water

In Figure 5.15, the UV-visible spectra of NSs functionalized with Rhodamine B (RhB)
in water are shown and compared with the spectra of nude NSs and RhB in water.
RhB in water presents a peak at 553 nm. NSs are characterized by a band at 1300 nm and
a small shoulder at about 780 nm. After functionalization, NSs are stable, compared with
NSs functionalized with PEP but in the spectrum of NSs functionalized with the dye, there
is no clear evidence of Rhodamine B.

This is simply understood considering the concentration of gold nanoshells and how
many molecules should bind to the particles surface.*’
The concentration of NSs is Cys~10° NP/ml.
The surface area of one NS SAyg = 4mR? =2x10™" m?,
The diameter of a Rhodamine B molecule is approximately 1 nm.

The surface area of one molecule of RhB is SAgp,z = 4mR? =3x107% m?,
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The number of RhB molecules for NSs is SAys/SAgns~ 40000 molecules for NSs.

SANs
SARnB

Total concentration of RhB molecules Cyg X /N, ~107 M.

Considering that the absorption molar coefficient of RhB in water is ¢ = 90400 M™ecm™,
for the Lambert-Beer relation we should measure an absorbance of about 10, which is

under the detection limit.
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Figure 5.15: UV-visible absorption spectra of NSs in water (black trace), RhB (red trace) and

RhB functionalized NSs (green trace).

5.2 Fluorescence

Photoluminescence from bulk gold was first observed by Mooradian.'® It was found
that the emission peak was centred near the interband absorption edge of the metal and
therefore was attributed to direct radiative recombination of the excited electrons in the sp
band with the holes in the d band. However, the quantum efficiency of the
photoluminescence from bulk noble metals is very low, typically of the order of 10™.
The luminescence was found to be enhanced by several orders of magnitude on rough
metal surfaces and on gratings.® The rough metal surface can be regarded as a collection
of randomly oriented hemispheroids of nanometre size dimension on a smooth surface.
These hemispheroids show a surface plasmon resonance and therefore the incoming and
outgoing electric fields are amplified by the local field induced around the hemispheroids
by the plasmon resonances.*
A similar enhancement has been found by EI-Sayed group for the luminescence of gold

21
I

nanorods® and by Wilcoxon et al** for very small spherical gold clusters (less than 5 nm).

In both cases, the quantum yield is increased to 10*-107.
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Gold nanostructures should be defined as non luminescent even when compared with a
slightly fluorescent molecule, So we consider that emission observed in our samples
comes only from the dyes attached to the nanostructure.

The commonly used method to calculate the quantum yield, is by using the following

expression:*

0= ()G 6.
where Q is the quantum vyield, 1 is the integrated intensity, OD is the optical density, and n
is the refractive index. The subscript r refers to the reference fluorophore of known
quantum vyield. In this expression it is assumed that the sample and reference are excited at
the same wavelength, so that it is not necessary to correct for the different excitation
intensities of different wavelengths.
The problem in calculating quantum yields in this way is to define univocally the optical
density of the dye bound to metallic nanostructure. In fact, at the excitation wavelength
(375 nm), both PEP and NRs absorb, so we cannot assume a priori that a photon absorbed
by NR will contribute to the emission of the dye bound to NR. For this reason, the
quantum vyield calculated from Eq. (5.1) may be overestimated or underestimated if we
consider that all the photons adsorbed by the system PEP-NR or only photons absorbed by
PEP, respectively, contribute to the emission of the dye.
We decided not to use the fluorescence quantum yield to verify an enhancement or
quenching of emission by PEP bound to NRs. In the following sections, we show
fluorescence spectra of PEP-C3 and PEP-C12 and we try to study the interaction between

molecules and nanorods using fluorescence decay time.

5.2.1 Fluorescence spectra of PEP-C3-SH and PEP-C12-SH

PEP-C12 and PEP-C3 are not strongly fluorescent, as shown in Figure 5.16.

Emission spectra are obtained exciting at 375 nm and opening almost completely both the
excitation and emission slits because of the low fluorescence signal. PEP-C3 and PEP-C12
maximum emission wavelength is 525 nm.

In Figure 5.17, emission and absorption spectra of functionalized NRs are shown. PEP
bound to NRs is still less fluorescent comparing with the unbound dye but this is likely
due to less concentrated solution. We recorded emission spectra exciting at 426nm (the
maximum absorption wavelength) and opening almost completely both the excitation and
emission slits.
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Figure 5.16: a) absorption (black trace) and emission (gray trace) spectrum of PEP-C3 in water; b)

absorption (black trace) and emission (gray trace) spectrum of PEP-C12 in water (Ae.=375 nm).
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Figure 5.17: a) absorption (black trace) and emission (gray trace) spectrum of PEP-C3 bound to
NRs in water; b) absorption (black trace) and emission (gray trace) spectrum of PEP-C12 bound
to NRs in water (Aexc = 426 nm).

5.2.2 Fluorescence decay times of PEP-C3-SH and PEP-C12-SH free and bound to

nanorods

Fluorescence decay time measurements are performed with a Horiba Jobin Yvon
spectrofluorometer (Model Fluorolog-321), using a laser diode at 375 nm wavelength,
80ps pulse duration and 1MHz repetition rate. Time decay longer than 400 ps can be
detected. Fluorescence lifetime is measured with the time-correlated single-photon
counting (TCSPC) method. TCSPC relies on the principle that the probability distribution
for the emission of a single fluorescence photon is equivalent to the actual intensity versus
time distribution for all photons emitted (Figure 5.18).% The experiment starts with the
excitation pulse that excites the samples and sends a signal to the electronics. This signal
is passed to a time-to-amplitude converter (TAC), which generates a voltage ramp that is a

voltage that increases linearly with time on the nanosecond timescale. A second channel
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detects the pulse from the single detected photon. The arrival time of the signal is
accurately determined using a constant function discriminator (CFD), which sends a signal
to stop the voltage ramp. The TAC now contains a voltage proportional to the time delay
(At) between the excitation and emission signals. As needed, the voltage is amplified by a
programmable gain amplifier (PGA) and converted to a numerical value by the analog-to-
digital converter (ADC). To minimize false readings the signal is restricted to a given
range of voltages. If the signal is not within this range the event is suppressed by a
window discriminator (WD). The voltage is converted to a digital value that is stored as a
single event with the measured time delay. A histogram of the decay is measured by

repeating this process numerous times with a pulsed-light source.
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Figure 5.18: electronic schematic for TCSPC.??

In Figure 5.19, time decays of PEP-C3 and PEP-C12 are shown at different time
ranges. As expected, the two dyes present the same dynamics, with two characteristic
times: a short one of 6.2 + 0.5 ns and a long one of 61 + 2 ns.

When the dye is bound to NRs, the interaction between the molecules and the
nanoparticles causes a change in the PEP dynamics (Figure 5.20). For example, PEP-C3
bound to NRs, decays faster. The shorter time reduces by 2 ns (t = 4.0 £ 0.5 ns) instead
the longer one remains unchanged. Nanorods quench PEP fluorescence activating other
faster decay channels. Quenching and enhancement of dye fluorescence are well described
in the literature.*** A fluorophore in the excited state should be described as an
oscillating dipole and can induce oscillations of the electrons in the metal.?? The electric
field created by the metal can interact with the excited fluorophore and alter its emission.
This interaction is almost certainly bidirectional so that light-induced oscillations in the
metal can affect the fluorophore. The interactions of fluorophores with metallic surfaces

can have a number of useful effects, including increased/decreased quantum vyields,
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increased photostability, increased distances for resonance energy transfer, and decreased

lifetimes.
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Figure 5.19: fluorescence time decay of PEP-C3 (black dot) and PEP-C12 (void dot) at a) 220

ns range time and b) 55 ns range time. Solid lines correspond to fitting.

The interaction between molecules and a metallic surface depends on the relative
distance.? For a very short separation distance between the chromophore dipoles and the
metal surface a substantial ‘radiationless’ de-excitation with a corresponding reduction of
the radiative lifetime and the fluorescence intensity is found: the fluorescence is
‘quenched’, dissipating the excitation energy in the metal as heat, as shown for PEP-C3
bound to nanorods (Figure 5.20a). The aliphatic chain length (about 0.5 nm) is too short to
avoid this kind of interaction.
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Figure 5.20: a) fluorescence time decays of PEP-C3(black dot) and PEP-C3 bound to NRs (void
dot); b) fluorescence time decays of PEP-C12 (black dot) and PEP-C12 bound to NRs (void dot).

Solid lines correspond to fitting: free dye (red line), bound dye (green line).
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For intermediate separation distances the optically excited chromophores can effectively
couple back to the plasmonic states of the metal substrate. An optimum separation
distance for this resonance energy transfer was found to be ca. 4-20 nm.?” Considering
these distances, we can assume that an aliphatic chain composed of 12 carbon atoms
(about 1.6 nm) is not long enough to prevent quenching of fluorescence. The decay time
of PEP-C12 bound to nanorods is still faster (t = 5.2 £ 0.5 ns) than the one of the free dye
but it is less fast than PEP-C3. For larger separation distances, no immediate modification
of the radiative emission of the excited state of the chromophore exists anymore.
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CHAPTER 6

Nonlinear optical properties of gold

nanostructures

In this chapter, the nonlinear (NL) optical properties of nude and functionalized gold
nanostructures are described. Z-scan technique is used to characterize nonlinear absorption
of nude nanorods (NRs) and nanoshells (NSs). Pump and Probe method and Surface
Enhanced Raman Spectroscopy (SERS) are used to study the interaction between

molecules and nanoshells.

6.1 Laser system

Z-scan and Pump and Probe experiments are performed with a femtosecond amplified
laser system by Spectra Physics. It comprises a Titanium-Sapphire oscillator (Tsunami)
pumped by the second harmonic of a Nd:YVO, laser (Millennia) and amplified by a
regenerative optical amplifier (Spitfire) pumped by the second harmonic of a Q-switched
Nd:YLF laser (Merlin). The laser beam from the oscillator is a train of femtosecond pulses
at 82 MHz repetition rate, each of approximately 80 fs duration and energy of few nJ. The
oscillator is tunable within the range 750-840 nm but in all experiments the wavelength is
set at 806 nm. The pulses are subsequently amplified inside the Spitfire, whose
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performance is based upon the Chirped Pulse Amplification. The pulses entering the
amplifier are first stretched in time, then undergo amplification up to almost 100.000 times
and finally are sent to the compressor which restores the initial temporal duration. The
output pulses of the laser system have the following features: wavelength of 806 nm with
10 nm bandwidth, repetition rate ranging from 1 Hz to 1 kHz, average time duration of
150 fs and energy for single pulse in the order of 1 mJ.

During the experimental measurements, the beam properties — time duration, energy
and beam waist — were periodically verified. In particular, the time duration is
determined by means of an external autocorrelation experiment in a BBO crystal, the
energy content is sampled with a pyroelectric detector (Molectron J3-0,5m) and the

spatial shape of the beam is measured with a CCD camera (Pulnix TM-7CN).

6.2 Z-scan

Through the z-scan technique, it is possible to measure characteristic constants
associated with NL optical phenomena (i.e. NL refractive index and NL absorption
coefficient) simply measuring variations in transmittance. The method relies on the idea
that these NL optical effects depend on the irradiance of the incident beam.'

With this technique it is possible to obtain the NL refractive index n'; and the NL
absorption coefficient B through the analysis of the dependence of the signal from the
incident beam irradiance, which is continuously varied in a tight focus geometry as shown
in Figure 6.1. In this configuration, a laser beam is focused by a lens (L1) of suitable focal
length onto a sample mounted on a translation stage and reaches its maximum irradiance
at the focus. The stage is moved around the focal region along the beam propagation
direction (Z axis) from the side of the detector toward that of the focal lens (negative
values of Z correspond to locations of the sample between the focusing lens and its focal
plane, positive values correspond to the sample positioned between the detector and the
focal plane). Starting the scan from a distance far away from the focus, the beam
irradiance is low and nonlinear optical (NLO) effects are negligible; hence, the
transmittance remains rather constant. As the sample is brought closer to the focus, the
beam irradiance increases, leading to sizeable NLO phenomena. The experiment records
the transmittance of the incident beam as a function of the sample position along the z

direction of propagation of the focusing beam.
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In the “closed aperture” method, a suitable aperture A is placed in the far field before
the collecting lens L2, so that it is possible to detect variations in the intensity of the
transmitted beam due to NL refraction as well as NL absorption phenomena. This method
is commonly employed for the n', measurement. In the “open aperture” method such
aperture is not present and the whole transmitted beam is detected. Since in this way the
variations of the beam transmittance derive from NL absorption effects, the open aperture
method allows to measure . If B < 0, open aperture z-scan will produce a peak-shaped
curve, indicating photo-induced transparency due to saturable absorption whereas if § > 0,
open z-scan will produce a valley-shaped curve, indicative of multiphoton absorption
and/or reverse saturable absorption. In this work only measurements in the open aperture
configuration were performed, so in the following treatment only this method will be

described.
L1 Sample L2

4
Figure 6.1: tight focus geometry in a z-scan experiment. L1, L2=convex lens, A=aperture

Photodiode

(present only in the “closed aperture” configuration).®

6.2.1 Technique and fundamental relations of open aperture z-scan

The starting point to examine the propagation behaviour of an electric field in a
nonlinear medium is Maxwell’s equations.> For a dielectric non-magnetic medium,
combination of the Maxwell’s equations gives the following wave equation for the electric

field in the time-domain:

VXV x E(0) = % E(0) 0P (@) 6.1)
where E(w) is the electric field and P(w) is the total polarization (in terms of their Fourier
transform), c is the light speed and g is free-space permeability.

If one assumes that:
(i) at frequency o linear processes can be neglected and only third order phenomena

contribute to NL response;

85



Chap. 6 —Nonlinear optical properties of gold nanostructures

(i) SVEA (slowly-varying envelope approximation) can be applied, so that the second
derivative of the field can be neglected;
(iii) the incident field can be decomposed in monochromatic plane-waves travelling along
z direction;
(iv) considering a single beam technique;
the differential equation describing the optical loss at frequency becomes:

b iw;

Ey =—- X(g)(—wﬁ Wy, —wy, 1) E; - |E1|2 (6.2)

9z 1™ 2¢n,
Furthermore, remembering that the intensity for a running wave with frequency «; is:
L = eoem |y | (6.3)
Eq. 6.2 will give:
21y =—BI} (6.4)
with the B as NL absorption coefficient.

In general, the z-scan response can be rigorously interpreted for any kind of beam by
integrating Eq. 6.4 with suitable boundary conditions. However, for simplicity, further
approximations are usually applied to obtain expressions that can be easily employed in
the interpretation of the experimental data.

An usual assumption is that the laser beam has a Gaussian profile in time and space, the
latter characterized by a beam waist wy in the focal plane along the z direction.

Moreover, if the sample length L is small enough that changes in the beam diameter
within the sample due to diffraction or NL refraction are negligible, then the “thin” sample
approximation can be applied. This implies that L<< z, where z; is the diffraction length
of the Gaussian beam.

Under these assumptions, the normalized transmittance after the sample is given by:

—_1 [t . —12
T(z) = N J_ dtin[1+ q¢(2) - exp(—12)] (6.5)
where
BloLe
q0(z) = ﬁ

B being the NL absorption coefficient, L, = (1~ e“")/«, is the effective interaction length
with the sample thickness of L, oo is the linear absorption coefficient, Iy the peak
irradiance in the focal plane,

In general, for a Gaussian beam profile in time and in space the irradiance is calculated by:

IWem™2) = 2EQ) (6.6)

- 3/2w(s)wE (cm?)
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where E(J) is the pulse energy, wp is the beam waist and w is the time parameter related to
FWHM by the relation: FWHM = 2vIn2w;.
If |go| < 1, the logarithm function in Eq. 6.5 can be expanded in a Taylor series and the

result integrated term by term, giving (Sheik-Bahae model?):

T(2) = Tinmo 220 6.7)

m+1)3/2

Usually only few terms of the infinite sum need to be retained for an accurate result.

Although z-scan is a very simple technique, it presents some limitations in measuring
NLO properties of metal nanoparticles and other materials in general. First of all, the
absorption by the sample of a laser pulse train can cause heating of the sample. Thermal
phenomena may mask electronic properties of the material since they can produce very
intense nonlinearities. It is thus necessary to work with short pulses, for example
femtosecond pulses instead of nanosecond ones, at low repetition rates to reduce thermal
effects. The second limitation is due to the fact that the time scale of the experiment is set
by the pulse duration. Transient phenomena that die out too quickly may at most reach a
steady state that is too weak to detect. On the other hand, phenomena occurring on a time
scale much longer than the pulse width do not have time to set in. Therefore, z-scan
experiments provide an effective measurement of the NLO response dominated by

phenomena occurring on the same time scale as the duration of the laser pulse employed.

6.2.2 Experimental set up of open aperture z-scan

In Figure 6.2, the experimental set up for open aperture z-scan experiments is shown.

Laser source

(100 Hz)

<Je RP

g P

w o Sample =+ F
Oscilloscope 0 T fa
L————— i
Photodiode F2. L2 . L1

Delay Line

Figure 6.2: experimental set up for open aperture z-scan experiments. RP=half waveplate,

P=polarizer, L1, L2=convex lens, F1, F2=neutral density filters."
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The beam wavelength is set at 806 nm and the repetition rate at 10, 20 or 200 Hz to avoid
thermal effects in the sample. The linearly polarized laser beam is focused with a 200 mm
focal length lens (L1) and the sample is moved across the focus by means of a 15 cm
computer controlled micrometric translation stage (delay line, Newport M-1LS150cc). The
beam waist at the focus was typically 22 + 5um. The pulse energy is suitably attenuated
by means of neutral density filters (F1). For fine tuning of the input laser irradiance, an
attenuating system formed by a half waveplate (RP) followed by a polarizer (P) is
employed. The input pulse energy in the experiments shows typical values in the range
100-500 nJ. After the sample, the transmitted beam is recollected by a second lens (L2)
and, after suitable attenuation (neutral density filters F2), it is detected by a Si photodiode.
The signal is averaged by an oscilloscope and then processed by a PC acquisition

program.

6.2.3 Z-scan measurements on metallic nanostructures

NL optical properties of noble metal NPs in solution®’

and embedded in a glass
matrix®? have been investigated by the open aperture z-scan technique because of their
large third-order susceptibility and the ultrafast response times. In general, when excited
near the SPR band, metal NPs behave as a saturable absorbers owing to the bleaching of
the ground-state plasmon band. In some cases, at higher pump intensity, gold nanorods®,
platinum® and silver’® NPs change their behavior from saturable absorber to reverse
saturable absorber (i.e., absorption increases at high input intensities) due to free carrier
absorption. Open aperture z-scan measurements can be performed either under one-photon
resonant conditions or by shining light in a transparent region of the material. In the latter
case, the data provide information on instantaneous two- or multi-photon absorption
processes. Metal nanostructures have been excited by 532 nm nanosecond and picosecond
laser pulses (gold, silver and platinum NPs) or 805 nm femtoseconds laser pulses (gold
nanorods and twin linked gold NPs), depending on the SPR band wavelength. By fitting
the experimental results, it is possible to obtain the NL absorption coefficient; the data
obtained are strongly dependent on the experimental conditions (nature of the sample as
well as pulse characteristics). Very different nonlinearity values are published for gold
nanoparticles® ® 112 from —102 cmW™ for gold nanorods in a silica matrix excited by a

22 ns pulses at 532 nm'2, to ~10™° cmw™ for gold nanoparticles in water excited by 30 ps
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pulses at 532 nm°. For this reason, comparing NL absorption coefficient for different
nanostructures should be meaningless when the experimental condition are not the same.
Nude nanorods (NRs) and nanoshells (NSs) are characterized by z-scan technique. For

312 and so we dedicate only a small

NRs there are some experiments reported in literature
section. A more complete analysis is described for nanoshells, for which this is the first

time that NLO properties have been investigated.
6.2.3.1 Z-scan measurements on gold nanorods

In the literature, different examples of z-scan measurements on nanorods, both in
solution and glass matrix, are reported.® ' We performed an experiment similar to the one
presented by Helim et al> on NRs prepared in water and using a Ti-Sapphire laser as
excitation source. The laser pulse, in this case, is at 806 nm wavelength (not completely
resonant with the longitudinal plasmon which is located at 720 nm), with 150 fs duration
and repetition rate of 20 and 200 Hz. As shown in Figure 6.3, NRs in solution behave as
saturable absorbers at both 20 and 200 Hz repetition rate and in all the range of pulse
energies employed. The amplitude of the saturation signal increases with energy but not
with the repetition rate, excluding accumulation effects. However, a peculiar phenomenon
is observed which has never been reported in the literature: the saturation peak is strongly

asymmetric. The asymmetry is so strong that it is impossible to fit the data with the Sheik-

Bahae model.
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Figure 6.3: Open aperture z-scan measurements at a) 20 Hz and b) 200 Hz of NRs.

In Figure 6.4 the NLO response of NRs at the same energy (365 nJ) and reversing the
direction of the stage motion along the beam (from positive to negative values of z or

viceversa) is shown. The asymmetry reverts on approaching the focal plane either from the
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side of the laser source or from that of the detector. This is a clear indication that a
residual effect of NL refraction or NL scattering does not contribute to the phenomenon

since it would be unaffected by the reversal of the stage motion.

Normalized transmittance

z (mm)

Figure 6.4: Open-aperture z-scan measurements of NRs at 20 Hz repetition rate and at 365 nJ with
regular (black dot) and inverted (empty dot) translation stage motion.

The saturation peak asymmetry is due to a reshaping of the NRs under femtosecond
illumination."® Time diffusion of NRs covered by CTAB in water is too long to constantly
supply fresh nanoparticles into the illumination area, during z-scan measurement. As the
sample approaches the focus and the intensity increases, gold nanorods reshape causing
the nonlinear optical response changes because they have not enough time to diffuse out of

the beam waist.
6.2.3.2 Z-scan measurements on gold nanoshells

Z-scan measurements are performed on gold NSs in solution and deposited on glass
substrates with a 170 fs long pulses centered at 806 nm with a repetition rate of 20 or 200
Hz. Typical pulse energies, after suitable attenuation, were in the range 100-600 nJ. Two
different size NSs are studied: with a inner and outer radius R; =50 = 10 nm and R, =60 *
20 nm; with a inner and outer radius R;=95+ 4 nm, R, =110 + 4 nm.

As shown in Figure 6.5, all the NSs in solution samples behave as saturable absorbers at
both 20 and 200 Hz repetition rate and in all the range of pulse energies employed. The
amplitude of the saturation signal increases with energy at both repetition rates. However,
a peculiar phenomenon is observed on increasing energy and/or repetition rate: the

saturation peak becomes increasingly asymmetric. The asymmetry is not so strong to
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avoid to fit the data with the Sheik-Bahae model. Comparing the z-scan traces for the
same samples at the same energies but at different repetition rates, saturation is larger at
200 Hz. This is probably due to thermal effects.

The NSs size influences the femtosecond laser pulse response. Although the UV-visible
spectra are broad and it is quite difficult to locate a unique or a central wavelength of the
surface plasmon resonance (see Chap. 5), the saturation is clearly enhanced for NSs with
R, = 110 nm. For example, comparing, in figure 6.5, z-scan traces at the same pulse
energy (210 nJ) and repetition rate (20 Hz) for NSs with R, = 60nm (black full square) and
NSs with R, = 110 nm (green full triangle), saturation is 8% for the former and 20% for

the latter even if the concentration of larger NSs is lower than the concentration of smaller

ones.
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Figure 6.5: Open-aperture z-scan measurements at a) 20 Hz and b) 200 Hz repetition rate of the NSs R, = 60
nm in solution, ¢) 20 Hz and d) 200 Hz repetition rate of NSs R, = 110 nm in solution. The solid lines

indicate theoretical fit.

The peak asymmetry is made evident by plotting the fit residues for NSs R, = 60 nm and
R, = 110 nm at two energies and both repetition rates. The residues show a sigmoidal
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trend, negative values are associated to calculated values greater than experimental data,
and viceversa. Increasing energy causes an enlargement of the sigmoid and of the peak to
peak difference at both the repetition rates.

In Figure 6.6, the NLO response of NSs R, = 110 nm at the same energy and reversing
the direction of the stage motion along the beam (from positive to negative values of z or
viceversa) is shown. The asymmetry reverts on approaching the focal plane either from the
side of the laser source or from that of the detector. This is a clear indication that a
residual effect of NL refraction or NL scattering does not contribute to the phenomenon

since it would be unaffected by the reversal of the stage motion.
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Figure 6.6: a) Open-aperture z-scan measurements at 20 Hz repetition rate and b) fit residual trend of gold
nanoshells R, = 110 nm in solution, at 299 nJ with regular (black dot) and inverted (empty dot) translation

stage motion. The solid lines indicate theoretical fit.

The saturation peak asymmetry is due to a reshaping of the NSs under femtosecond
illumination.** ** Time diffusion of NSs covered by PVP in water is too long to constantly
supply fresh nanoparticles into the illumination area, during z-scan measurement. As the
sample approaches the focus and the intensity increases, gold nanoshells reshape causing
the nonlinear optical response changes because they have not enough time to diffuse out of
the beam waist. However, the gold coverage is not completely destroyed because the NSs
response continues also after reshaping. UV-visible spectra of NSs, exposed to laser
irradiation for times comparable to those used by Aguirre et al**, do not change after laser
irradiation and apparently, a complete shell is not required to maintain absorption in the
near infrared.

We also measured the NLO properties of NSs with R, = 60 nm and R, = 110 nm

deposited on glass substrates at 20 Hz (Figure 6.7). Again, the behavior is that of a
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saturable absorber but because of the inhomogeneous NSs coverage of glass substrates,
the peak is large and its intensity depends on the area illuminated. Far from the focal
position, the response of the two samples should be linear; however, especially for smaller
NSs which form larger and disordered aggregates, the normalized transmittance deviates

significantly from one.
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Figure 6.7: Open-aperture z-scan measurements at 20 Hz repetition rate a) of gold nanoshells R, = 60 nm
and b) of the gold nanoshells R, = 110 nm deposited on glass slides, at different pulse energies. The solid

lines indicate theoretical fit.

Comparing with z-scan measurements in solution (Figure 6.5¢), the saturation peak for
NSs with R, = 110 nm deposited on glass substrates (Figure 6.7b) is in general more
symmetric also at high energies. Apparently, NSs deposited do not reshape during laser
pulses irradiation. Large NSs deposited on glass substrate aggregate in a hexagonal close-
packed structure which causes a red shift of the plasmon band shoulder from 900 to 1100
nm, due to the coupling of the plasmon oscillation mode of each particle with the
neighboring NSs. Even if the excitation is at 806 nm for both samples in solution and
deposited on glass, in the first case we are irradiating a single isolated particle, in the
second case we irradiate a particle surrounded by and interacting with other NSs. Both the
above factors may contribute to making less efficient the reshaping mechanism

responsible for the peak asymmetry.
6.2.3.3 Analysis of z-scan curves for gold nanoshells

The relaxation dynamics of plasma excitations in metallic systems has been
investigated extensively.****!" Briefly, the laser pulse causes an interband or intraband

electron transition in the NS, depending on the excitation wavelength and intensity. The
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electrons, thus excited, have a non equilibrium distribution different from the Fermi-Dirac
statistics for fermions.*® Through electron-electron scattering, the electron gas thermalizes
and riches a new Fermi distribution with a higher electron temperature within 500 fs. After
electron thermalization and partly during that process, electrons lose their energy further
by thermal equilibration with the lattice through electron-phonon interactions. A
thermalization time for the electronic gas through electron-phonon coupling of 3 ps has
been obtained for different size and shape gold nanoparticles. Phonon-phonon relaxation
processes follow: thermal energy will be dumped into the solvent causing the dielectric or
surrounding medium to change, thereby influencing the plasmon resonance frequency of
the NSs.

According to the above analysis, we believe that the z-scan results arise from the
bleaching of the ground-state plasmon band which leads to saturable absorption. Working
with higher energies and repetition rates increases the bleaching effect because more
energy is provided to the system and a higher temperature is reached. Within a single fs
pulse only the rise in electronic temperature should matter. However accumulation effects
at higher repetition rate could cause a small increase of lattice or thermodynamic
temperature to become of relevance.

Considering the time scale of the thermalization, we can also explain the asymmetry of
the saturable absorption peak, which increases both with energy and repetition rate. In the
literature the reshaping effect and disruption of NSs by femtosecond pulsed laser
irradiation is well known.'* > Depending on the laser pulse energy, on the radiation
exposure time and on the shell thickness, it is possible to make a hole in the shell, to
completely melt it and produce gold nanoparticles or even to remove the dielectric silica
core. During z-scan measurements, as the sample is brought closer to focus, the beam
irradiance increases and the shell reshapes but is not completely destroyed by pulses in the
range of energy we have used, as shown by the fact that the system continues to behave as
a saturable absorber.

The results of the fitting by the Sheik-Bahae model yield p values in the order of —10™**
cmW ™ but they exhibit a significant dependence on the size of the NSs and on the pulse
repetition rate and energy. The minimum value (1.1x10™ cmW™) is obtained for NSs
with R, = 60 nm excited with 210 nJ energy pulses at 20 Hz whereas the higher one
(9.6x10™* cmwW™) is evaluated for NSs with R, = 110 nm excited with 408 nJ energy

pulses at 200 Hz. The measured order of magnitude is in sharp contrast with the literature
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data reporting values ranging from —107 to —10™° cmW™.*"*® However, those data have
been obtained by using laser pulse durations of nanoseconds or picoseconds and repetition
rates up to 1 KHz to measure z-scan data on nanoparticles of different size, shape and state
of aggregation. As noted above, the difference in pulse duration alone can justify order of
magnitude differences in the obtained B values since different processes, occurring in the
time scale of the laser pulse, are probed. Add to this the possible occurrence of thermal
effects with nanosecond pulses or at high repetition rates and the marked discrepancies
with the literature data cannot come as a surprise.

In trying to identify data that are more significant to extract reliable B values for NSs
excited at 806 nm, we selected those measured at 20 Hz for NSs with R; = 95 nm; R, =
110 nm because of the regular shape of the samples and the minimization of possible
thermal effects. The estimated [ values are shown in Figure 6.8 as a function of pulse
energy. One notices a significant increase of the absolute value of (negative) B with
increasing pulse energy. This is, in itself, evidence of the fact that third-order processes,
assumed as the only responsible of the nonlinear transmission in the Sheik-Bahae model,
are not sufficient to account for the observed behavior. Consideration of the excitation
processes that can take place in gold and contribute to the NL absorption of at 806 nm

(1.54 eV) allows us to propose a simplified, tentative explanation.
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Figure 6.8: Estimated (3 values for R, = 110 nm nanoshells in solution as a function of pulse energy.

The nonlinear propagation equation including a term of order higher than that

originating from the third order response reads

a _ 1 pr2 _ 73
o= al — BI- -yl (6.8)
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In order to account for saturation effects, Eq. (6.8) should be coupled with rate equations
describing the evolution, during the pulse duration, of the electron distribution within an
energy range spanning from 1.54 eV below to 1.54 eV above the Fermi level, Er. The
most significant processes contributing to the relevant electron dynamics include (Figure
6.9): (i) intraband absorption of one photon to promote electrons from below to above the
Fermi level: this should be the dominant contribution to absorption saturation; (ii)
interband one-photon absorption from the d-band, lying 2.4 eV below the Fermi level, to
the conduction band: this process partially replenishes the electrons up to 0.9 eV below
Er; (iii) interband two-photon absorption from the d-band to feed electrons up to 0.7 eV

above Ef, thus contributing to saturate the intraband absorption across the Fermi level.
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Figure 6.9: Schematic diagrams of processes contributing to the relevant electron dynamics: a) intraband
absorption of one photon to promote electrons from below to above the Fermi level; b) interband one-photon
absorption from the d-band, lying 2.4 eV below the Fermi level, to the conduction band; c) interband two-

photon absorption from the d-band to feed electrons up to 0.7 eV above Eg.

Furthermore, the third process also gives a direct contribution to NL absorption. These
three processes can be accounted for in a very simplified fashion by introducing effective
absorption cross sections designated as Gintra, Gu1ph, and cuzpn for the intraband, one-photon
interband and two-photon interband absorptions, respectively, and by assuming
rectangular pulse of duration much shorter than the electron-electron relaxation time. This
latter is a clear oversimplification that however allow us to write down a very simple

expression for the propagation equation

% = —0intraNel + [2(inera)*Ne = GineraGaipnNa — Ga2pnNa]l? + GineraGazpnNal®
(6.9)
By comparison with Eqg. (6.8) we see that
B = —[Z(Uintra)ch — OintraOa1phNa — UdehNd] and ¥y = —0intra0a2pnNa  (6.10)

Therefore, the condition that must be fulfilled in order to have saturated absorption is
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(Uintra)zNC > (O-intrao-dlph + O-deh) Nd/z
The negative value of B (Eq. (6.10)) contributes to the saturation of the absorption and,
since it derives from a three-photon absorption, it accounts for the observed intensity

dependence of the effective value of B that we have measured.

6.3 Time-resolved transient absorption spectroscopy

While Z-scan is used as frequency-domain technique, providing information on static
properties of a molecular system (absorption coefficients, cross sections, transition dipole
moments, etc.) as a function of wavelength, the time-resolved transient absorption (TA)
spectroscopy allows studying the time evolution of the excited states and the lifetimes of

short living species by measuring the time dependent TA signal.

6.3.1 Technique and fundamental relations of Pump and Probe

In a typical pump and probe (P&P) experiment two ultrashort laser pulses are directed
onto a sample in which they spatially overlap. The first pulse (“pump”), more intense,
excites the sample and induces optical changes that are monitored through the absorption
changes of a second weaker pulse (“probe”) as a function of the time delay At between
pump and probe pulses. If one assumes that the coherent interactions are very fast with
respect to population relaxation processes and the time width of the applied laser pulses,
then the probe intensity will depend only on the time-dependent population terms. Under
this assumption, the absorption of the probe pulse before and after the application of the
pump beam will be different, because the resulting depopulation of the ground state will
lead to bleaching of the ground state absorption while the population generated in the
excited states will cause excited state absorption (ESA) and stimulated emission. Before
pump pulse application, the attenuation of the weak probe beam with incident intensity o
travelling through a sample with length L and molecular density N, can be expressed by

the Lambert-Beer law:

[(0) = Iyexp(—agNL) (6.11)
whereas after application of the pump beam, the corresponding relation is:
1(8) = loexp{=0GLIN = No(O)] + Zi Ny () (Gem,i — 0r,:)L} (6.12)

with }3; N;(t) = N,(t), where the sum is over all populated excited states i, Nj(t) are the

population density of the excited state i at the time t and N¢(t) denotes the total excitation
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density at the same time. 1(e0) and I(t) display the probe beam intensity after the sample, in
the absence or presence of the pump pulse respectively. The cross section for ground state
absorption, ESA and stimulated emission are denoted by o, ok, cem, respectively.
Combining Eq. 6.11 and 6.12 yields:

% =1+ % = exp{L[aGNe (t) + X, N;(t) (aem’i — O'E’L')]} (6.13)

and extracting the natural logarithm:
In [1 + I(tz(_oigw) = L[agN(t) + X Ni(©) (Gem,i — 05,) ] (6.14)
If the change in transmission upon pumping the sample is small, i.e.

I1(t) — I() = AI(t) - 0, then:

IO-1()] _ M)
In [1 + (o) 1~ I(e)

and /(o) = I,, so that

AI(t)

@ =~ L[O'GNe (t) + Zi Nl(t) (O-em,i - O-E,L')] (615)

Moreover, it is easy to demonstrate the relation between Al /I(o0) and the optical density

variation (AOD) or transmittance variation (AT) induced by the pump at time t:

0
1(e0)

When ina P&P experiment AOD (or AT) is measured as a function of the delay time At

= AT = —2.302A0D (6.16)

at a fixed probe wavelength X,, we obtain a typical trace in which at At < 0 (the probe
reaches the sample before the pump) the signal is zero because the probe is not affected by
the pump; at At = 0, when the two pulses are exactly superimposed in time, a sudden
change (either positive or negative) of the signal is registered, while for At > 0 (the probe
reaches the sample after the application of the pump) the registered signal will vary as
function of At. From the fitting of these time dependent signals, with a proper Kinetic
model, the time constants characterizing the relaxation processes of the system can be
determined. Moreover, if the decays are measured at several Ay, it iS possible to plot AOD
at fixed At as a function of A, obtaining the TA spectrum. Therefore the P&P technique
allows exploring not only the dynamics of a medium, but also its ESA properties. In both
cases, Eg. 6.14 shows that AOD is positive when ESA dominates, while it is negative

when ground state bleaching and/or stimulated emission dominate.

6.3.2 Experimental set up of P&P

Figure 6.10 shows the experimental set up employed for P&P measurements.
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Figure 6.10: Experimental set up for P&P technique. P=half waveplate for verticalize the polarization of
the laser beam; BS=beam splitter; L1, L2, L3=convex lens; SW=sapphire window; D=diaphragm;
F1=neutral density filters; F2=colored glass filters; F3=longpass or shortpass filters; BBO=doubling crystal;
RP=half waveplate; PC=cubic polarizer; SM=spherical mirror.

The fundamental laser beam at 806 nm is separated by a 4% beam splitter (BS) into two
paths: the weaker one is used to generate the probe beam, while the other one is used as
pump pulse. The pump is frequency doubled, using a BBO doubling crystal, and set at 403
nm; coloured glass filters (F2) allow removing the fundamental beam from the duplicated
one. The intensity of the pump pulse is modulated by means of neutral density filters (F1)
until it reaches typical values in the range 150-200 pJem™. While the pump goes through a
fixed optical path, the probe passes through a computer controlled motorized delay line
which allows a continuous modulation of the delay time At from zero up to 1 ns between
the arrival of the two pulses on the sample. After the delay line, the probe beam is focused
(L2) into a sapphire window (SW) to generate WLC from 440 to 1100 nm (probe beam),
which is collected and collimated by a second lens (L3).

Since the WLC still contains a large amount of the fundamental beam at 806 nm, that in
the P&P experiment can give undesired heating of the sample as well as NL absorption
effects, shortwave or longwave pass filters are suitably employed (F3) to remove this
contribution. The beam waists of the pump and probe beams are still set so that wp1~ 5
Wo2. The pump and the probe beams are then focused inside the sample (inside a 1mm-

thick quartz cell) by a spherical mirror. After the sample, the pump pulse is blocked, while
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the probe is focused into an optical fibre coupled with a monochromator allowing single
wavelength measurements. The signal, at each selected wavelength, is then detected by a
photodiode (Si for wavelengths in the visible region and InGaAs in the NIR), averaged by
an oscilloscope and finally processed by a PC program.

In order to avoid contributions from relaxation promoted by rotational diffusion, all
experiments employ linearly polarized pump and WLC beams and the angle between their
polarization vectors is set at approximately 55° (magic angle), by means of a high energy
broadband polarizing cube (PC) placed on the WLC beam and an half waveplate (RP) on
the pump beam. Some experiments are also performed with the angle between pump and
probe polarization vectors set at 0° (VV) or 90° (VH).

A mechanical chopper, set at 500 Hz, is placed on the pump beam, while the probe beam
is kept at 1 kHz. A digital Lock-In amplifier (Stanford Research SR830), triggered by the
mechanical chopper, averages directly the difference of the probe beam intensity with and
without the pump beam. A homemade PC program moves the delay line and measures the

average signal from the Lock-In amplifier.

6.3.3 P&P measurements on metallic nanostructures

Electron-phonon interaction is the most important energy relaxation process in metal
nanostructures and determines many important properties such as thermal conductivity
and electoral conductivity. For this reason, several efforts are done for studying
nanostructures ultrafast dynamics.'* '* '

For gold nanostructures, independently from the size and shape, three processes
characterize ultrafast dynamics: electron-electron scattering (about 500 fs), electron-
phonon coupling (about 2-5 ps) and phonon-phonon interaction (>30 ps).

Electron-electron scattering is usually of the same time scale as the pulse excitation and so
it is quite difficult to measure. Since electron-electron scattering and electron-phonon
coupling are not completely sequential processes, deviations from a linear dependence at
early times are visible.'® The delayed rise in the signal intensity corresponds to the internal
thermalization of the electron gas and it is detectable only at low pump power. Electron-
phonon coupling and phonon-phonon interaction are the two processes responsible of the
plasmon bleach recovery. The former gives a relaxation time of 2-5 ps and it is dependent
on the pump power® and on the lattice crystallinity*'(see Chap. 2). The latter relaxes in

more than 50 ps.
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Recently, some studies on the ultrafast dynamics of functionalized nanostructures has
also been performed.”>* The experiments are realized in two different way, considering
changes on the nanoparticle or on the molecule dynamics. Westcott et al** studied the
effect on the nanoshells dynamics of the interaction with some polar molecules. This
provokes increasing or diminishing of the nanoshell electron-phonon relaxation time
depending on magnitude of the induced dipole moment of the molecule. Wiederrecht et
al”, instead, studied the coupling between the exciton of a molecular J-aggregate and the
electron polarization of noble metal nanoparticles.

Nude and functionalized nanoshells (NSs) are characterized by pump and probe
technique to observed changes in the dynamics because of the interaction between
nanoshells and Rhodamine B (RhB).

6.3.3.1 P&P measurements on gold nanoshells nude and functionalized with
Rhodamine B

P&P preliminary experiments on naked and RhB-covered nanoshells were planned, at

the beginning, with the aim to study changes in the RhB dynamics because of NSs
interaction. P&P measurements are performed using a 403 nm pump pulse with 1.65x1.35
mm average beam waist and an intensity of 150-200 pJem™. The wavelength range of the
white-light femtosecond probe pulse is from 450 to 1100 nm. The signal at 550 nm, to
study RhB bleaching decay, is selected with a spectrograph.
Figure 6.11 compares the decays measured for naked NSs (black) and RhB-covered NSs
(red) for three different relative polarization of pump and probe: magic angle (54.7°), both
pump and probe vertical polarized (VV = 0°), pump vertical polarized and probe with
horizontal polarization (VH = 90°). The symbols represent the experimental points,
whereas the solid lines the corresponding fit. On the y-axis, the differential transmittance
ATIT is reported. AT(t) is defined as T(t)with pump — T ()without pump, SO it IS positive when the
presence of pump beam leads to an increase of the transmittance (bleaching). Usually,
literature works report —AT/T on the y-axis of the decay, so that the bleaching is
conventionally represented by a dip in the transient spectrum.

As shown in Figure 6.11, the relaxation dynamics of NSs functionalized with RhB is
completely different from the dynamics of RhB molecules (Fig. 6.11d). The dye alone
decays very slowly, about 1 ns, instead the system NSs-RhB decays in picoseconds. The

dynamics is similar to the one of naked NSs and it can be associated to electron-phonon
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relaxation but it is faster. Independent of the relative pump and probe polarization, the NSs
time decay is 4.9 ps instead the NSs-RhB time decay is 3.7 ps.

NSs present a relaxation process analogous to the nanoparticles and nanorods one,
reported in literature.™® The pump excitation causes an instantaneous change in the
distribution of the conduction electrons of the metal shell. The non-thermal distribution is
rapidly relaxed by scattering between electrons in a time which is comparable to the laser
pulse duration. A new equilibrium distribution around the Fermi level at higher
temperature is obtained in this way. The new equilibrium distribution is thermalized

through electron-phonon scattering, in few picoseconds.

ATIT

Delay time (ps) Delay time (ps)

AT/T
AT/T

0 100 200 300 400
Delay time (ps) Delay time (ps)

Figure 6.11: P&P measurements of naked NSs (black) and RhB-covered NSs (red) for three different
relative polarization of pump and probe: a) magic angle, b) VV = 0°, ¢) VH = 90°. In d) RhB transient
bleach decay.

RhB modifies the NSs dynamics and reduces the electron-phonon scattering time.
Physically, the electronic perturbation induced by RhB introduces an additional channel
by which hot electrons can decay. In this picture, the interaction between the molecules
and the metal perturbs the electronic potential resulting in a local change in the screening
of the Coulomb interaction between electrons, modifying the relaxation.
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To better understand this effect, further measurements are planned using a 403 nm pump
pulse and probing at 806 nm. We will also characterize molecules more polar than RhB to
see if the perturbation phenomena are stronger.

In Figure 6.11c, it seems that there are some oscillations. This result should be
confirmed, but in literature, some authors discussed about it.'* ?* They explained these
oscillations considering that as the electronic temperature decays there is a concomitant
increase in the temperature of the lattice. This rise in the lattice temperature causes the
particles to expand. For example,”® for Au particles larger than ca. 8 nm, the increase in
the lattice temperature is faster than the lowest-frequency acoustic phonon mode of the
particles. Thus, the lattice cannot instantaneously respond to the temperature increase.
This creates a situation where the acoustic phonon modes can be impulsively excited.

As for the perturbation phenomena, also in this case further measurements, in a reduced
time scale, have to been performed. We can argue that RhB should also modify the

oscillation period due to electrostatic interaction.

6.4 Surface Enhancement Raman Spectroscopy (SERS)

Molecular vibrations and therefore molecular structure can be probed by the Raman
scattering process.”® Raman spectroscopy, owing to its ability to recognize typical
molecule fingerprints, provides a unique approach for solving analytical problems.
However, Raman scattering has an extremely small cross section, typically 10 to 10%°
cm? per molecule, with the larger values occurring only under favorable resonance Raman
conditions. The small Raman cross sections require a large number of analyte molecules to
achieve adequate conversion rates from excitation laser photons to Raman photons.
Therefore, usually, Raman spectroscopy has been considered a technique for structural
analysis, rather than a method for ultrasensitive trace detection or even as tool at the level
of single molecules. However, Raman scattering literally appears in a new light when it
takes place in the local optical fields of metal nanostructures. The favorable optical
properties of these metal nanostructures, based on their surface plasmon polaritons,
provide the key effect for the observation of enhanced Raman signals for molecules
attached to them, the effect of surface-enhanced Raman scattering (SERS). Large
enhancement factors of up to 14 orders of magnitude provide for the small Raman cross

section and transform Raman spectroscopy from a structural analytical tool to a
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structurally sensitive single-molecule and nanoscale probe. At present, SERS is the only

way to detect a single molecule and simultaneously probe its chemical structure.

6.4.1 Technique and fundamental relations of SERS

It is generally agreed that two effects contributes to the observed total enhancement of
many orders of magnitude, the “electromagnetic” field and the ‘“chemical first layer”
ones.?®
Figure 6.12 presents a schematic of normal and surface enhanced Raman scattering. In
normal Raman scattering, the total Stokes Raman signal Inrs is given by:

Iygs(vs) = NI(VL)O}Bree
where of,, is the Raman cross section of free molecules, I(v,)is the excitation laser
intensity and N the number of molecules in the probed volume (Fig. 6.12a). Because of the
extremely small Raman cross sections, at least 10° molecules are necessary to generate a
measurable normal Raman scattering signal. In a SERS experiment (Fig. 6.12b), the
molecules are attached to a metallic nanostructure (single nanoparticles, nanorods,
aggregates, nanoshells, etc). The surface enhanced Stokes Raman signal lsggs is given by
Isgrs(vs) = N'T(w )AL P |A(vs) 1205

and it is proportional to the Raman cross section of the adsorbed molecule of;,, the
excitation laser intensity I(v,), and the number of molecules which are involved in the
SERS process N’. |A(v;)| and |A(vs)|represent field enhancement factors of the laser and

Stokes fields, respectively.

a b)
— o0 ) —
s o © —>
I(v) ® o 1) IAW)I?
I(v) I(vs)- |A(vs)I?

Figure 6.12: Comparison of a) normal and b) surface enhanced Raman scattering.

“Chemical first-layer” effects include enhancement mechanisms of the Raman signal,
which are related to specific interactions, i.e., electronic coupling between the molecule

and metal, resulting in an “electronic” enhancement.”’ Chemical SERS enhancement is
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expressed as an increased Raman cross section of the adsorbed molecule compared to the
cross section in a normal Raman experiment. Possible electronic SERS mechanisms
involve a resonance Raman effect due to a new metal molecule charge-transfer electronic
transition or a dynamic charge transfer between the metal and molecule, which can be
described by the following four steps: (a) photon annihilation, excitation of an electron
into a hot electron state, (b) transfer of the hot electron into the LUMO of the molecule,
(c) transfer of the hot electron from the LUMO back to the metal, (d) return of the electron
to its initial state and Stokes photon creation. The magnitude of chemical enhancement has
been estimated to reach not more than factors of 10-100.

The electromagnetic or field enhancement factors (|A(v,)| and |A(vs)]|) arise from
enhanced local optical fields, near the metal surface, due to excitation of surface plasmon
resonances. In fact, the light from the laser beam excites the surface plasmons that radiate
a dipolar field. The coherent interaction of the incoming electric field with the dipolar
field leads to a redistribution of the electric field intensities near the nanostructure surface
and a molecule adsorbed on the metal feels an enhanced excitation. In the same way, the
Raman scattered field is enhanced. SERS enhancement is particularly strong when both
laser and scattered field are in resonance with the surface plasmons and this is quite
common because the width of the surface resonance is larger than the frequency shift
between the laser and the scattered lights. Therefore, the laser and Raman scattered fields
increase by about the same amount and the signal power scales with the fourth power of
the local optical field enhancement.”® The enhancement depends on the type of metal and
on the nanostructures. Electromagnetic field enhancement has been calculated for isolated
single colloidal silver and gold spheroids and for coupled nanoparticles.?® Closely spaced
interacting particles seem to provide extra field enhancement, particularly near the gap
sites between two particles in proximity, resulting in electromagnetic SERS enhancement
factors up to 10°. Theory also predicts strong enhancement of electromagnetic fields for

sharp features and large curvature regions> and on nanoshells structures.®"*

6.4.2 Experimental set up for SERS

The Surface Enhanced Raman Spectroscopy (SERS) measurements are performed with
a Renishaw micro-Raman instruments employing a 50x microscope objective.
The instrument, directly interfaced to a confocal microscope (Leica DMLM), has low-

power laser sources and a computer management tool. Laser sources available are the 488
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nm of an Argon laser and the 632.8 nm of the He-Ne laser (which is the one used to excite
the sample). The key characteristics of this system are: high stability and optical efficiency
(> 30%), possibility of continuous scanning for extended spectral ranges, high spatial
resolution and a completely integrated software with Windows XP.

In Figure 6.13, a schematic image is shown. The He-Ne laser has a maximum output of 17
mW at 632.8 nm while the Argon laser has a maximum intensity of 48 mW at 488 nm.
The laser beam covers a path defined by mirrors driven by stepper motors whose position
has been stored for each laser line used. At the beginning of its route, the laser beam is
attenuated through a series of filters with different optical density, interchangeable via
software. After the input mirrors, Beam Expander lenses are mounted to expand the nearly
point source input radiation into a parallel beam of about 6mm in diameter (equal to the
back microscope aperture). By varying the distance of the two components of the Beam
Expander, the spot size changes and it is possible to control the focus position of the
microscope. Between the two blocks of the Beam Expander, there is a pin-hole, used for
self-alignment by software or as a diaphragm for confocal microscopy, which allows

greater spatial resolution in depth.

Interock
s N Laser He-Ne
// 4” Laser Ar
Grating
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/
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Figure 6.13: Experimental set up for Micro Raman.

The beam is then reflected by the notch-filter to the sample. The microscope allows the

focusing of the incident beam with a precision of about 2 microns. The Podule, located
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near the microscope, includes a beam splitter that sends the beam on the sample and from
the sample to the camera, by which it is possible to see the sample on a screen, or on the
CCD. Inside the Podule, a monocrystalline silicon reference is located which is used for a
rapid calibration of the instrument.

The illumination of the sample with visible light is obtained with a source inside the
Podule. The microscope has four objectives 5x, 20x, 50x (Olympus) and a 20x with a
long focal (Leica), all assembled under the same support so that the focus is kept, going
from one objective to another. The laser spot on the sample is about 2 um using the 50x
objective, 5 um for 5x and 20x. The sample holder plate moves with a 1 um resolution.
The light, collected in backscattering by the same objective, is filtered through the notch-
filter that cuts almost all elastically scattered light, transmitting only the Raman emission
of the sample. The introduction of holographic notch-filters, for filtering the exciting
radiation, has allowed to use monochromators extremely compact with great gain of
sensitivity and simplicity of the apparatus. In any case, cut-off capability of a notch-filter
is limited to about 80 cm™, against few cm™ for a system based only on gratings. The cut
is optimized in the Stokes, while in the anti-Stokes the usable area comes from about 100
cm™ to more than 200 cm™. The radiation scattered and collected by the objective of the
microscope, after been filtered by two notch filters, passes a series of lenses for each
specific wavelength and then reaches the diffraction grating with 1800 lines/mm, a new
specific lens and thus the CCD.

The detector is made of a CCD (Charge-Coupled Device) of 400 pixels, each of size 22um
x 22pum, mounted on a spectrograph with planar focus. Each pixel consists of a silicon
diode that generates a current when hit by electromagnetic radiation. Columns of pixels
are the channels within which electrons, in a given range of energy, are collected. The
sensor can analyze a range of wavelengths, or alternatively should be centered around a
given value of Raman shift. CCD detector can be used also to capture two-dimensional
images of the sample through the technique of Raman Global Imaging, using all 400
pixels of the CCD.

6.4.3 SERS measurements on gold nanoshells functionalized with benzenethiol
TEM measurements on nanoshells (Chap. 4) showed that such nano-objects did not

present a complete gold shell but rather an incomplete and rough-edge layer. Such

structure should be quite interesting for SERS analysis. In fact, it is reported in the
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literature that nanoshells present a SERS enhancement as large as 10'°.3% Moreover, such
shell geometry can be appealing to exploit the huge enhancement in the local field that
take place in apex.*® In order to explore the potentiality of the nanoshells in SERS,
preliminary study on NSs deposited on aminopropyltrimetoxysilane functionalized glass
substrates are performed. A 29% nanoshells glass slides coverage is estimated from AFM
images. In general, all estimates of enhancement factors based on the comparison of SERS
intensity with normal Raman intensity suffer from the fact that the number of target
molecules really involved in the SERS process is unknown. At the moment, we have not
solved this problem and we are not able to estimate precisely the amount of NSs under
illumination nor the number of molecules for covered a single NSs. For this reason, the
following SERS characterization is only qualitative.

NSs functionalized glass slides have been functionalized with a commercial
benzenethiol. Particularly, we dipped the samples in a solution of 25 pL of benzenethiol in
15 mL of methanol for 20 hours. Then we rinsed the sample repeatedly in methanol.

In Figure 6.14, microscope image of the sample area illuminated (at 632.8 nm) and the
relative SERS signal are shown. The spectra are collected at different laser excitation
powers (1.7x10 mW, 0.17 mW, 0.85 mW and 1.7 mW) with three accumulation each of

30 seconds. No degradation signs are observed even at 1.7mW laser power.
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Figure 6.14: a) Microscope image of nanoshells on glass substrate. The bright red spots indicate point of

collection of SERS signals. b) SERS signal of the benzenethiol deposited on nanoshells.

In Figure 6.14b, benzenethiol Raman bands are clearly visible: 998 cm™ is assigned to the

in-plane ring-breathing mode, 1023 cm™ to the in-plane C-H bending mode, 1073 cm™ to
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the in-plane ring-breathing mode coupled with the C-S stretching mode, and 1574 cm™ to
the C-C stretching mode.
Let us do some qualitative considerations. As estimated in Chap. 5, about 10000
molecules should attach on a single nanoshell (and this is probably an overestimated
value) but in this sample only half of nanoshell surface is available because of the glass
substrate deposition. The laser spot size is 2 um and so the illuminated area is ca. 4 pm?,
of which only 29% is covered by nanoshells (each nanoshell of 0.11 um outer radius
occupies c.a. 0.04 um?). In this way, c.a. 30 nanoshells are estimated to be excited. If we
consider the number of molecules for single nanoshell, it is clear that the concentration of
benzenethiol is too low to give the Raman signal in Figure 6.14b, except in case of strong
enhancement field effects.

As for P&P characterization, also in this case, further measurements will be done
because of the promising results.
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CHAPTER 7

Work function of gold nanoshells

In this chapter, work function (WF) measurements of nanoshells deposited on ITO
(Indium Tin Oxide) substrates are described. This section may appear a little far from the
main interest in studying interactions between molecules and metallic nanostructure but it
is not. Recent efforts have been concentrated on the exploitation of surface plasmon
resonances of metal nanoparticles (NPs) to improve photovoltaic devices. The large
electromagnetic field enhancement that occurs in the vicinity of the metal surface and the
dependence of the resonance wavelength on the NPs’ size and shape have been
demonstrated to increase optical absorption of incident photons and photocurrent in both
organic™ % and solid-state® * photovoltaic device structures. Also nanoshells (NSs) have
been employed in photovoltaic research field. For example by changing the NSs size, the
device may improve the solar spectrum harvesting® and, in particular, it can enhance or
suppress photocurrent® at specific wavelengths, owing to its plasmon bands.

Furthermore, metal nanostructures not only interact with molecules and polymers to
enhance absorption and emission properties, but they also modify the work function of
ITO glass substrate, the hole injecting electrode on common organic semiconductors
device.”*° Several strategies are reported in the literature to modify ITO WF with surface

8, 11

conditioning or with formation of self-assembled monolayers (SAMSs) of dipolar

molecules*®*® The interest is to control the electrode-semiconductor interface and
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especially the height of the barrier for charge injection. Both this parameters are crucial to
improve device performance and to prolong its lifetime.

WF measurements on NSs have been performed with Kelvin Probe Microscopy (KPM)
method. | spent three months in the group of Professor Franco Cacialli at University
College London (Department of Physics and Astronomy and London Centre for
Nanotechnology - LCN) working on this topic.

| also performed some studies on the sub-microscopic distribution of work functions
and potentials, using Scanning Kelvin Probe Microscopy (SKPM) method, thanks to the
implementation of a Kelvin probe mode in an atomic force microscope. These
measurements have been performed in collaboration with Dr. Piero Schiavuta and Dr.

Francesco Marinello at Nano Fabrication Facility — NanoFab (Venice).

7.1. Kelvin Probe Microscopy and Scanning Kelvin Probe Microscopy: fundamental

principles

For a better understanding of how KPM and SKPM work, it is necessary to briefly
discuss some fundamental principles behind these techniques.*’
When we talk about electrode potentials, we usually refer to the potential drop at the
metal/solution interface. However, this potential difference is not directly measurable
because the electrode potentials are referred to a standard.
First, we consider the definition of the work function: the WF is defined as the minimum
work that is required for extracting an electron from the sample to the vacuum level. It is
comprised of two parts, the chemical work and a part that takes into account the
electrostatic work to transport the charged electron through the dipole layer of the surface:

O =—u,+ey (7.1)

where . is the chemical potential (i.e. the chemical work to transfer the electron from the
infinity into the sample) and y is the so called dipole or surface potential, i.e. the potential
drop between just inside the bulk and just outside of it.
In the general case, the sample may be charged and so an additional work is required to
transfer the electron from just outside the surface to a position infinitely far away: ey, v
being the Volta potential. The Volta potential y can be directly calculated from the surface

charge and the geometry of the sample. The sum of the dipole potential y and the Volta
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potential y give the Galvani potential ¢, i.e. the potential drop between the bulk and the
vacuum level infinitely far away from the surface:

p=x+y (7.2)
The absolute electrode potential E4,s 0f a sample covered by a liquid layer, in analogy to
the definition of the work function, coincides with the minimum work to extract an

electron from the Fermi level, through the solid/liquid interface:
1

Eaps =~ + (" — %) (7.3)
where @ is the work function of the metal and y™ and y° denote the Volta potentials
outside the metal and outside the solution.

For a Kelvin probe, electrically connected to the sample M, the potential barrier for
transferring an electron from the bulk of M to a point near the surface of the solution

phase S is given by the following equation:

Eaps = 2O + @M = 95) = 20" + P — ) (7.4)
(no barrier must be overcome for an electron to go from the metal M into the probe KP).
If the work function of the probe KP is known, the measurement of the Volta potential
difference (y*"—y®), directly provides the absolute potential of the sample. The
measurement of such Volta potential differences is exactly what the Kelvin probe

technique provides.

7.2. KPM
7.2.1 Technique and fundamental relations of KPM

In principle, the Kelvin probe consists of a metallic reference plate, which is positioned
near the surface of the sample and connected to the sample by a metallic wire. In this way,
the reference plate and the sample form a capacitor.*’

After connection of the two metals the electrochemical potential fi. of the electrons in both
materials will be the same, and a charging of one sample with respect to the other causing
a Volta-potential difference between the two will be observed:
ﬁzample — _sample _ el/)sample — ’aé(p — _QKP _ el/)Kp (7.5)
where @ is the work function defined in Eq. 7.2 and y is the Volta potential.
From this, it follows:
e(lpsampze _ l/)KP) — eAl/Jé{cf'mple — PKP _ psample (7.6)
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So, an equivalent Volta potential difference is established due to the difference of the
work functions of sample and reference. The charging of the capacitor between reference
and sample can be used for the measurement of the Volta potential difference. If the
reference vibrates over the surface of the sample, i.e. the sample-reference distance is
periodically modulated as d = d + Ad sin(wt), this induces a displacement current to
flow. Assuming, for simplicity, that the capacitor is an ideal parallel plate capacitor, the
capacity C is:

C (7.7)

=& d+Ad sin(wt)
with ¢ dielectric constant of the medium; &g the electric field constant; w the frequency of
the Kelvin probe vibration; A surface area of the Kelvin probe plate.

The induced ac-current in the external circuit is:

dac

. cos(wt)
lac = Alpf{fmple & Alpf{fmple (SSOAAdw)

&2

cos(wt)
(d+Ad sin(oot))2

~ AYRE e (E€gANd W)

(for d » Ad)

If an external voltage Uqpp is applied between sample and Kelvin probe:
iae = (MY — Ugppr) 5 (7.8)
The voltage Uagp is changed until the current vanishes, and for this condition A&y . =
Ugappi s measured.
With the Kelvin Probe Microscopy, we measure the difference between the WF of the
sample and that of the probe. To obtain the WF of the sample, first the WF of a reference
surface (usually pyrolytic graphite) is measured. The difference between experimental and

tabulated value reported in literature’® corresponds to the characteristic potential of the
probe.

7.2.2 Experimental set up of KPM

Work function measurements were performed with a Besocke Delta Phi Kelvin Probe
S, using newly cleaved highly oriented pyrolytic graphite (HOPG) as reference surface.™
The sample is mounted on a support which should be moved manually inside a stainless
steel chamber. Inside the experimental chamber there is also the probe. The probe is
shown in Figure 7.1. It is mounted on a piezoelectric drive. The reference electrode, with a

sensitivity smaller than 0.1 mV, is a gold grid with a 3 mm diameter. The mean distance
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between reference electrode and sample is about 1mm, measurements are performed with
sample on ground potential.

An AC voltage is applied to the piezocrystal so that the plate starts to vibrate and a
current is induced. The current induced is passed back to the KP control, and then
converted to a voltage signal proportional to the current. A nulling routine is performed on
the detected current by applying an appropriate DC bias voltage to the probe, which is

measured by a multimiter.

Adjustable mounting clamp
(connection to any support, flange or manipulator)
Vibrating reed

Insulator Smies — Feedthrough @

Spring wire connection

, Reference Electrode |
N = Au-Grid 2,5mm Diameter

TS Feedthrough @

|
i 5 Sample on ground potential |

Variation of dimension and materials on request
~ 40 mm | Operation in any position

Figure 7.1: Kelvin probe structure. (www.besocke-delta-phi.de/kelvin_probe_s.htm)

7.2.3 KPM on metal nanostructures

Several works about Kelvin probe measurements of the WF of metallic nanostructures
are reported in the literature.?® 2 For example, Carrara et al® deposited gold and silver
nanoparticles with the electrostatic layer by layer method and they measured the work
function of the assembly. Gold nanoparticles WF is 0.2 eV higher than the one of bulk
gold (5.1 eV). This is due to the presence of citrate molecules capping gold nanoparticles,
accordingly with Turkevich synthesis.?? It is well known in the literature that molecules
can modify the WF of substrates because of their charge. Instead, the work function of
silver particles increases from 5.29 to 5.53 eV as the particle size decreased.?! These
values are approximately 0.8eV higher than for clean Ag surfaces (4.30 — 4.81 eV
depending on the crystalline facet). The origin of these remarkably high work functions
cannot be explained in terms of either citrate induced changes in the surface dipole, as for
gold nanoparticles. High resolution XPS spectra of the Ag 3d5/2 core level confirm that
as-grown silver particles exhibit partially oxidized surfaces.
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7.2.3.1 KPM on gold nanoshells

Work function measurements have been performed on NSs with an inner radius of 95 +
4 nm and shell ranging from a silica core covered only by gold nanoparticles (O nm) up to
a 45 nm thick layer. We functionalized ITO substrates with NSs by two different methods:
a) functionalization by 3-aminopropyltrimethoxysilane (APTMS) and a sequential
immersion in NSs solution (for details see Chap. 3); b) drop casting NSs on clean ITO
glasses.

In Figure 7.2, we show how the WF of APTMS functionalized ITO glasses changes
when the substrate is covered by NSs with a different shell thickness. The WF of cleaned
ITO is 4.70 + 0.05 eV which is lowered to 4.61 + 0.05 eV when we deposit APTMS on
the surface. This is due to the presence of a dipole facing inwards because of the positive
charge of the amino group. Depositing NSs on APTMS functionalized ITO induces a
further decrease of the WF value which slightly depends on the shell thickness. Thicker

shell results in lower WF.
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Figure 7.2: WF measurements of APTMS functionalized ITO substrates covered by NSs with an inner

radius of 95 nm and different shell thickness. In (o) WF measurement of APTMS functionalized ITO glass.

The WF depends also on the extent of NSs coverage. In Figure 7.3, we report two
examples of WF measurements performed on APTMS-ITO substrates covered with
different amount of NSs with a shell thickness of 16 nm. Ranging from 17% to 99%
coverage, WF varies between 4.2 and 4.4 eV. This result is unexpected if we consider that
the WF of APTMS functionalized ITO (i.e. substrate without NSs) is 4.61 eV, whereas the
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WEF of a thin gold film (hypothetically, a substrate completely covered by NSs), measured
in air, is 4.9 eV.? In contrast, the range of WF of NSs films is not in between these two

values.
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Figure 7.3: WF measurements of two sets (m and e) of APTMS functionalized ITO substrates covered by
NSs with 95 nm inner radius and 16 nm shell thickness. Different NSs surface coverage are characterized. In
(o) WF measurement of APTMS functionalized 1TO glass.

We also measured the WF of NSs with different gold shell thickness deposited on ITO
substrates not functionalized with APTMS.
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Figure 7.4: WF measurements of NSs with different shell thickness and the same coverage deposited on

clean ITO (m and 0) and on APTMS functionalized ITO substrates (o and e).
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In Figure 7.4, we compare the WF trend vs. shell thickness for NSs-ITO structures with or
without APTMS layer. The WF is, in both cases, dependent on the shell thickness: with
the APTMS layer it decreases; instead, without it, the WF increases. Moreover, in the
latter case, NSs-ITO structures present a lower WF. The WF exhibits a very slight
dependence on shell thickness, also considering the error bar. However, a strong
reproducibility was obtained on separate series of samples, using freshly made NSs.

To explain these results, some considerations about NSs surface potential should be
done. Nanoshells, and colloidal particles in general, are stabilized electrostatically (see
Chap. 3). Each colloid carries an electrical charge of the same sign which produces a force
of mutual electrostatic repulsion between adjacent particles. For NSs this charge is
negative and should contribute to modify the work function of ITO substrates.

In collaboration with the group of Prof. Baglioni, Dept. of Chemistry at the University
of Firenze, measurements of the zeta potential of NSs with a different coverage thickness
have been performed to establish a relation between the surface charge and the shell
thickness. The zeta potential is the electrical potential at the junction between the Stern
layer and the diffuse layer. If an electric field is applied, a charged particle will move with
a velocity proportional to the applied field. The particle’s mobility is related to the
dielectric constant and viscosity of the suspending liquid and to the electrical potential at
the boundary between the moving particle and the liquid. The magnitude of the surface
potential (which is on the order of millivolts) is therefore related to the surface charge and
the thickness of the double layer.

In Figure 7.5, zeta potential measurements for nanoshells with 95 + 4 nm and shell
ranging from silica core covered only by gold nanoparticles (0 nm) and 45 nm thick are
reported. NSs present a negative potential of about — 50 mV, confirming that the surface
charge is negative. For incomplete shell (particles with a shell thickness under 5 nm) the
zeta potential becomes larger, in absolute value, and reaches — 60 mV. Whereas, for silica
particle covered only by gold nanoparticles, the potential reduces (— 49 mV).

In the literature, the zeta potentials of silica nanoparticles were measured in the range of —
70 +—80 mV and APTMS-modified silica nanoparticles exhibited the zeta-potential of ca.
+ 40 mV because of the positive charge of the amino group.?* The attachment of gold
nuclei onto the silica nanoparticles was conducted by the electrostatic attractions between
gold and APTMS-modified silica nanoparticles with different charges. The zeta potential

of this system is — 43 mV.
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Figure 7.5: zeta potential measurements of NSs with 95 nm inner radius and different shell thickness.

Concluding, the zeta potential presents only a slight dependence on the shell thickness but
it is quite interesting that nanoshells exhibit a negative charge on the surface and should
allow one to explain the work function measurements.

First, let us consider the WF measurements on NSs deposited on APTMS
functionalized ITO substrates. The amino group positive charges polarize the nanoshells
and, in this way, NSs still present a dipole facing inwards the 1TO surface (Figure 7.6a).
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Figure 7.6: a) model to describe WF measurements on NSs deposited on APTMS functionalized 1TO
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substrates. b) model to describe WF measurements on NSs deposited on clean ITO substrates.

This induces a further decrease of the WF, from 4.61 eV of APTMS functionalized ITO to
ca. 4.3 eV. For clean ITO (without APTMS), negative charges near the NSs/ITO interface
should induce mirror image charges in the ITO layer (Figure 7.6b). This results again in a
dipole moment pointing inward in agreement with the experimentally found reduction of

the work function and as reported in literature.*
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To explain the work function trend with different NSs coverage of ITO slides, we still
consider that the NSs are negatively charge. High level coverage are possible when the
surface potential decreases so that repulsive forces are attenuated and NSs come closer. If
the surface potential decrease, also negative charge decreases and so the dipole created on
the ITO substrates is weaker. This induces a less pronounced reduction of the ITO work
function.

This is only a small and poor effort to develop a model that explains these unexpected
results. Further studies are needed to understand the observed behavior.

7.3. Scanning Kelvin Probe Microscopy

Scanning Kelvin probe microscopy is an additional working mode supported by some
commercial AFM systems.?® This mode measures the surface potential of the sample in
addition to the sample topography.

7.3.1 Technique and fundamental relations of SKPM

SKPM involves scanning the surface in the AFM tapping mode to determine the
topography on a line-by-line basis. After the recording of each line, the metal-coated or
doped silicon cantilever is lifted at a fixed distance from the surface, and the tip is
rescanned across the surface at this fixed height in “lift mode”. In the lift mode, the tip to
sample surface distance is set to values between 30nm and up to 3pum. On this rescan, the
tapping piezo is turned off, and an AC voltage UgsSinwt is applied to the tip, which
stimulates oscillations of the cantilever. The tip and cantilever carry a charge, which is
caused by the Fermi level adjustment between the tip and the sample, and which is
connected to the Volta potential difference Ay over the capacitor formed by them. The
magnitude of the oscillations at the stimulating frequency w, monitored by the AFM
detection scheme, is made to vanish on a point-by-point basis during the lift mode rescan
by adding to the tip a DC voltage U, that balances the Volta potential difference Ay, and
thus the charge. Hence, unlike the standard SKP, in SKPM it is not the displacement
current that is made to vanish but the first harmonic of the force exerted by an electric AC
field on the charged cantilever/tip.

The electric energy stored in the capacitor formed by tip/cantilever and sample is:*" %
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1
Weap = 5 V2C (7.9)
and the z- component of the electric force acting on the tip is
= _WWeap _ _1y,24C
F. = dz 2 4 dz (7.10)

with V = Ay — V. + U, sin wt.
Considering sin?x = %(1 — cos 2x), the total electric force is the sum of three

components (7.11):

2
Fo(omo) = — % [(Vdc Y Z %Uﬁc] % constant component;
Fo(w) = —(Vdc - Al,l)ffmple)Uac sin wt % component at frequency o;
Fe2w) = i UZ. cos 2wt % component at frequency 2w;

Hence, the force modulation at frequency « becomes zero for V. = AP, .- Thus, the

vanishing of this force component by the applied DC potential directly yields the Volta
potential difference.

In SKPM, the problem of contributions to the signal not arising from the tip area
becomes very strong. Capacity contributions from the cantilever and sides of the tip to the
overall capacity between tip and sample are relevant and the signal is expected to strongly
depend on tip-sample distance. Usually the measured potential differences on a sample do
not represent the real potential differences between tip and sample as the cantilever
contribution is difficult to exclude. The passage of the cantilever over substrate areas far
from the tip, with inhomogeneous topographic and compositional features, can
significantly influence the Kelvin signal and result in incorrect results.

In addition to the stray capacitances, which yield wrong values of the measured work
function, also faulty contrast, especially at steps, is observed. These topographical artifacts
are due to the fact that the gradient of the tip contribution is especially small at such
features, as the tip does not only “see” the flat surface but also the sides of the protrusions.
At the moment, with SKPM we can obtain a qualitative analysis of the difference in

work function between area covered or not by nanoshells.

7.3.2 Experimental set up of SKPM
Atomic force microscopy (AFM) was performed with a NT-MDT (NT-MDT-Europe

B.V., Nuenen, the Netherlands) instrument operating in air with a 3-um scanner.
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The operational scheme of the instrument is shown in Figure 7.7.
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Figure 7.7: a) scheme of first pass of Kelvin probe technique measuring surface height, b) scheme of second
|.27

pass of Kelvin probe technique measuring surface potentia
Surface potential measurements are conducted using a two pass method. In the first pass,
surface topography is measured using the standard AFM tapping mode. A schematic of
this operation is shown in Figure 7.7a. In the second pass, the tip is scanned over the
previously measured topography at 30 nm above the surface. A schematic of the second
pass is shown in Figure 7.7b. In the second pass the piezo normally oscillating the tip in
tapping mode is turned off. Instead an oscillating voltage is applied directly to the
conducting tip which generates an oscillating electrostatic force.
To measure the surface potential, a DC voltage is applied to the tip until the component at
frequency o of the electric force (see eq. 7.11) vanishes. Thus, the surface potential at that
point will equal the DC voltage applied to the tip to give zero oscillating force amplitude.
In this study silicon tips coated with platinum/iridium (NSGO03/Pt//50 NT-MDT) were
used as a conductive tip. The probe has a typical curvature radius of 35 nm, a cantilever
resonant frequency of 90 kHz, and a force constant of 1.74 N/m.

Samples were mounted in a special support and connected to ground.

7.3.3 SKPM measurements: some examples from the literature

SKPM is a recent technique and there are not many examples in the literature of its

application to nanostructureted materials. Moreover, the difficulty in estimating work
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function univocally because of the variety of parameters that affected Kelvin probe
measurements makes this technique quite sensitive.

However, we would like to mention some works which we found interesting and
promising for further developments. For example, Stiller et al®® applied SKPM to
investigate the optically induced cis—trans isomerization of self-assembled monolayers of
azobenzene containing thiols. They created, using a microcontact printing technique, an
array of circular dots of dodecanethiol with a diameter of ~10 mm on a gold surface. In the
area not covered by dodecanethiol, 4-fluoro-methyl-4-(10-mercaptodecyl-oxy)azobenzene
was assembled. These two materials have dipole moments that differ in their vertical
component and have been detected with the SKPM. Moreover, illuminating the sample
with light modulated the amplitude of the surface potential signal detected over the
azobenzene-covered areas in such a way that it was possible to observe in situ the optical
switching of these molecules with a spatial resolution in the micron range.

Also Bengtsson Bliicher et al*® used SKPM to study in situ the initial stages of
atmospheric corrosion of an Al-Mg alloy. They investigated the evolution of the Volta
potential during exposure to CO,, the resolution being in the submicrometer range. The
results showed that CO, strongly influences the atmospheric corrosion and allowed to
develop a model to describe corrosion on AIMg alloys.

Barth and Henry Kelvin®® were able to measure the difference in work function of Pd
clusters deposited on MgO (001) surface. They measured with SKPM the voltage of the
clean (001) surface of UHV cleaved MgO and of the same surface with supported
palladium nanoclusters. Kelvin images of the clean surface show a bright contrast at steps,
pits, and fragments of MgO due to negatively charged defects. Moreover, Kelvin images
of supported Pd nanoclusters exhibit a mean voltage difference of 2.4 V between Pd
clusters and the MgO(001) surface which is equal to the work function difference between
MgO(001)/Mo and Pd.

These examples, except the latter in which also quantitative measurements are
performed, suggest that SKPM should be used to obtain local information about surface
potential. With this aim, we used SKPM to study the effect of nanoshells on the work

function of ITO substrates at nanometer scale.
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7.3.3.1 SKPM measurements on gold nanoshells

The system we are studying with SKPM is quite complex. It is composed of a clean
ITO slides covered partially by nanoshells of different inner and outer radius. At the same
time, NSs are covered by a thin polyvinylpyrrolidone (PVP) film, so some area of ITO
substrate should be covered by PVP. Absolute quantitative values of work function were
not reliable for this experiments because of the variety of parameters that affected Kelvin
probe measurements but some qualitative remarks may still be done.

In Figure 7.8 SKPM measurements on NSs with a core radius of 95 nm and a shell
thickness of 43 nm are shown. The sample presents also some gold nanoparticles of about

80 nm that form during the reduction of acid tetracloroauric.
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Figure 7.8: SKPM measurement of NSs (R, = 95 nm, R, = 138 nm) deposited on ITO glass: a) topography,

b) Kelvin signal.

The topography image (Figure 7.8a) clearly shows three NSs and a lot of gold
nanoparticles. In SKPM image, gold nanoparticles appear as bright spots on a darker but
non homogeneous background. Instead NSs are darker, indicating a lower surface
potential compared with nanoparticles. This confirms macroscopic WF measurements on
gold nanoparticles and NSs. As reported in the literature, substrates covered by gold
nanoparticles have the same WF as bulk gold®®, whereas ITO slides covered by NSs have
a WF ranging between 3.9 and 4.4 eV. The background does not present a uniform
potential and especially the area around nanoshells is usually less bright, indicating a
lower surface potential. This is due to the presence of PVP which lowers the work

function of ITO substrates and it is located near NSs.
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In Figure 7.9, SKPM measurements on NSs with a core radius of 95 nm and a shell
thickness of 14 nm are shown. Also in this case, the background presents some lighter

area, which are 1TO glass not covered by PVP and nanoshells appear darker.
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Figure 7.9: SKPM measurement of NSs (R; = 95 nm, R, = 109 nm) deposited on ITO glass: a) topography,
b) Kelvin signal.

Z-range: 346.9 nm Z-range: 0.7041 v

250

%

0 1.25 250 0 1.25 250
pm pm

Line No: 225
0.08

MM )

Gl
o
E)
=

-0.06 / T T \

0.2 0.4 06 08 1.00
Paosition [um]

Figure 7.10: SKPM measurement of NSs (R; = 95 nm, R, = 109 nm) deposited on ITO glass: a) topography,

b) Kelvin signal, ¢) profile taken at the red line in images a) and b).
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In these images and in the following (Figure 7.10), some topographical artifacts are more
evident. In fact nanoshells edges are darker, as if the potential in this zone was lower. In
addition to the stray capacitances, which yield wrong values of the measured work
function also faulty contrast especially at steps should contribute. These artifacts are due
to the gradient of the tip contribution. The tip does not only “see” the flat surface but also
the sides of the protrusions and creates some contrasts that are not due to difference in
potential. If we consider the profile in Figure 7.10c, clearly a potential drop is visible at
the base of the nanoshell (put in evidence by red arrows). The potential drop is due to a
topography artifact, the sharp difference in Z between the substrate and the nanoshell. The
scan direction goes from the left to the right and so the dip on the left of nanoshell is more
pronounced than the one on the right.

Depending on the tip/cantilever used even an inversion of the potential contrast was
observed. In Figure 7.11, SKPM measurements on NSs with a core radius of 158 nm and a
shell thickness of 40 nm are shown. In this case, we can still observed some topography
artifacts but NSs appear brighter than the substrate, indicating a higher potential than the
ITO slide. This is in contrast with the KPM results, in which NSs provoke a decreasing in
the WF of ITO glasses.
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Figure 7.11: SKPM measurement of NSs (R; = 158 nm, R, = 198 nm) deposited on ITO glass: a)
topography, b) Kelvin signal.

The effect is more pronounced in Figure 7.12, in which the scan size is reduced to 2 pm x
2 um. The NS presents a surface potential higher than the background. The potential dips

on the left and on the right of nanoshell are still presented.
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Figure 7.12: SKPM measurement of NSs (R; =95 nm, R, = 109 nm) deposited on ITO glass: a) topography,

b) Kelvin signal, c¢) profile taken at the red line in images a) and b).
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Figure 7.13: SKPM measurement of NSs (R; =95 nm, R, = 138 nm) deposited on ITO glass: a) topography,
b) Kelvin signal.

To simplify SKPM images analysis, some experiments on NSs not covered by PVP and

deposited on ITO substrates are performed (Figure 7.13). The problem of NSs not covered

129



Chap. 7 —Work function measurements on gold nanoshells

by PVP is that they move during the scan and so some defects are present on the images.
As described previously, an inversion of the potential contrast was observed due to the
tip/cantilever used. But in the absence of PVP, the background potential is more
homogeneously distributed. So it is possible to confirm that the shadows in the surface
potential images of ITO substrates are due to the reduction of WF caused by PVP
deposited with NSs on ITO glasses.
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CHAPTER 8

Conclusions

The work presented in this thesis focuses on the investigation of the interaction
between gold nanostructures and molecules.

Different shape nanoparticles synthesis have been described: spherical particles in
water and in toluene, rod like particles in water and their transfer in organic solvents, gold
nanoshells in water. The interest was mainly directed to the preparation of nanoparticles
with a tunable plasmon band in the visible and near infrared regions, such as nanorods
(NRs) and nanoshells (NSs), capable to enhance linear and non linear optical properties of
molecules and polymers through the strong electromagnetic field developed on the particle
surface, in resonance conditions. Although gold spherical nanoparticles (NPs) present a
plasmon resonance which is not widely tunable, we decided to start with their synthesis in
order to use them as a model for the functionalization.

We functionalized gold nanostructures with spiropyran, PEP-C3-SH and PEP-C12-SH,
Rhodamine B.

NRs with an aspect ratio of 2.7 were synthesized in water and transferred in toluene,
which causes NRs aggregation. NRs were characterized by two plasmon resonances, the

transverse mode at 520 nm and the longitudinal one at 720 nm.
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NRs in water were functionalized with PEP-C3-SH and PEP-C12-SH, whereas NR
protected by dodecanethiol in toluene were functionalized with spiropyran. Especially
with PEP-C3-SH, functionalization provoked some morphological changes and the loss of
the rod-like shape due to etching of the surface of gold nanoparticles by thiol group, which
is stronger for short chains. Also redox PEP moiety was responsible of the morphology
changes as a result of surface charging effects. Morphological changes were not evident
for NRs covered by spiropyran because this group is less redox active than PEP moiety.
Fluorescence decay times for PEP-C3-SH and PEP-C12-SH free and bound to NRs
were measured to study the interaction between the dye and the nanostructure and to
evaluate the effects of the chain length. As expected, the two dyes presented the same
dynamics, with two characteristic times: a short one of 6.2 £ 0.5 ns and a long one of 61 +
2 ns. When the dye is bound to NRs, the interaction between the molecules and the
nanoparticles provoked a change in the PEP dynamics. Both PEP-C3 and PEP-C12 bound
to NRs, decay faster, with t = 4.0 £ 0.5 ns and t = 5.2 = 0.5 ns, indicating quenching of
fluorescence. An aliphatic chain composed of 12 carbon atom (about 1.6 nm) is not long

enough to prevent quenching of fluorescence.

NSs with a silica core R; of 50 £ 10 nm, 95 + 15 nm and 158 + 30 nm and a gold shell
thickness varied between 10 and 50 nm were synthesized in water. This synthesis was
quite complicated and allowed us to obtain nanoshells with a not complete shell,
characterized by the presence of several apexes on the surface. The complex morphology
is due to the mechanism of nucleation and growth of the shell and to the core size
dispersion and influences the optical properties. In fact a broad plasmon peak with a long
shoulder at longer wavelength characterized all the extinction spectra.

NSs were functionalized with PEP-C3, PEP-C12 and Rhodamine B. After anchoring of
PEP moieties, NSs became instable. The same effect was not observed with Rhodamine B.
To study the interaction between NSs and Rhodamine B, Pump and Probe measurements
were performed. The dye clearly modified the dynamics of naked NSs and shortened the
electron-phonon time decay from 4.9 ps (naked NSs) to 3.7 ps (RhB-NSs) introducing an
additional channel by which hot electrons can decay.

SERS measurements of NSs, deposited on glass substrates, covered by benzenethiol
were performed. Incomplete shells with sharp tips may turn out to be quite interesting for

SERS analysis due to the strong local field developed that take place at tip apexes. In fact,
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enhancement of the Raman signal was clearly observed because the concentration of
benzenethiol is too low to give Raman signal except in case of strong enhancement field
effects. We were not able to calculate the enhancement factor because we could not
estimate precisely the amount of NSs under illumination nor the number of molecules for
covered a single NSs but further measurements are planned to evaluate the enhancement

factors.

Z-scan measurements, with fs laser pulses, were performed at 20 and 200 Hz and at
different energy to study the nonlinear response of naked NRs and NSs. Both
nanostructures behaved like saturable absorber and reshaped during laser pulse
illumination. NRs reshaping process was more accentuated and the z-scan traces was
strongly asymmetric. This phenomenon prevented the use of the Sheik-Bahae model to
obtain the nonlinear absorption coefficient.

Instead, NSs z-scan traces are more symmetric, although the reshaping effect, and data,
fitted with Sheik-Bahae model, yielded an effective value of the non linear absorption
coefficient p = (-1.1 + —9.6)x10™"* cmW™ dependent on the pulse energy and repetition
rate. The absolute value of the nonlinear absorption coefficient increased both with energy
and pulse repetition rate. The effect of increasing the repetition rate is likely related to
thermal effects, also confirmed by an increase of the beam waist radius used for fitting the
z-scan data. The dependence on the energy, instead, indicated that the process is not a

third order phenomenon, but higher order contributions should be taken into account.

Work function measurements on NSs deposited ITO substrates showed that by
selectively choosing the shell thickness, ITO pre-functionalization and NP coverage, it is
possible to fine-tune the WF of the transparent electrode within the range of 3.9 — 4.4 eV.
Together with the plasmonic effects, the NSs deposition onto a transparent electrode

potentially allows for improved efficiency both for light collection and charge collection.
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