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Introduction

Nano-Optics is a subfield of Optics which describes the behavior of light at the nanoscale. The
recent experimental exploration of nano-optics profoundly impacts modern society. Thanks to
the maturation of various technologies including lasers, nano fabrication, electron beam mi-
croscopy, near field optical microscopy, colloidal chemistry and so on, nano-optics has provided
a new class of novel photonic structures, including quantum dots, used as nanosources of light,
nano diamonds, which permit mapping of local magnetic fields and density of states, high Q-
factor resonators, which can serve as ultra sensitive detectors, surface plasmon waveguides,
which can allow for ultra compact planar optical circuitry, nano-antennas, which are used to
harvest and radiate light efficiently, gold nano particles, which can allow for novel cancer treat-
ment techniques, and many more. Traditional optical elements, such as lenses or mirror present
a limit, related to the localization of the field set by the Abbe diffraction limit, which could a
priori prevent using optics at the nanometer scale. One way to confine light at the nanoscale
is to couple the radiation with materials characterized by high dielectric permittivity. Among
these materials, a particular interest has been devoted to metallic nanostructures; in this case, the
interaction of electromagnetic wave with conduction electrons of the metal leads for a specific
wavelength to a coherent collective electron oscillation, known as Localized Surface Plasmon
Resonance (LSPR). This phenomenon enables to strongly confine and enhance the electric field
at the surface of the metal on a scale much shorter than the wavelength of the impinging light. In
the far field, such resonant excitation results in both a strong absorption and a scattering of light.
The study of these phenomena and their applications is goal of Plasmonics. The frequency of
the plasmonic resonance strongly depends on particle size, shape and dielectric function of the
surrounding medium and an active control of the LSPR of nanoparticles represents a crucial step

toward the realization of nanodevices with this aim, many approaches have been studied, which
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include optical, magnetic, thermal and mechanical methodologies. In this thesis, the possibility
to control the LSPR by exploiting the properties of a particular class of soft materials as Liquid
Crystals (LCs) is discussed, which can be easily modified by using electrical, magnetic, thermal
and mechanical stimuli. For this reason, the peculiar properties of liquid crystals foster new
possibilities in plasmonics: The combination of the intrinsic tunability of soft matter with the
plasmonic properties of metal nanostructures provides novel and intriguing features of systems,

commonly referred to active plasmonics characteristics.

The thesis is organized as follow:

e Chapter 1 deals with the physics behind the LSPR. The major differences between mas-
sive (bulk) and nanostructured gold are showed. The interaction of metals with electro-
magnetic wave is described by using the Drude model. However, this model presents
limitations when applied at the nanoscale; for this reason the Mie and the quasi-static

approximation result to be more suitable for the plasmonic studies.

e Chapter 2 focuses on the physics of soft matter in order to give a quick background of
concepts used in the next chapters. Two examples of applications are reported: the first
one shows that Cholesteric Liquid Crystal can be exploited as key-element in a pressure
sensitive device; in the second one, the recent advances in the LC alignment for display

applications are reported.

e In chapter 3 Plasmonics meets soft matter. A preliminary study on systems made of gold
nanospheres and gold nanorods immobilized on a substrate and layered with Nematic LC

is presented.

e Chapter 4 shows that it is possible to use a particular kind of LC, the DNA, to transfer

organization to GNRs, by exploiting a self-assembly process.

e Chapter 5 deals with the physics of plasmonic heating. First the energy conversion from
electromagnetic wave to heat is investigated; then, the dynamics of photo-induced heating
is discussed. Finally, an experimental-theoretical approach to investigate the heat gener-

ated from a huge number of random distributed gold nanoparticles is presented.
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e In chapter 6 and 7, it is described how LCs can be used to detect the temperature variation
around nanoparticle by exploiting in one case the birifrengence of Nematic LC and in the

second case the tunability of the selective reflection band of Cholesteric LC.

e In chapter 8 a survey on the possible application of the heat generated by the nanoparticles

in the treatment of cancer disease is reported.






Chapter 1

Introduction to the Optical Properties

of Gold Nanoparticles

1.1 Introduction

In this chapter the most important phenomena that form the basis for a study of surface plasmon
resonance are summarized. In the first part, a brief review of the major difference between mas-
sive (bulk) and nano-structured gold is presented, followed by a description of Drude model,
which describes the optical response of metals. The limit of this model is presented for the
case of nano-objects like gold nanoparticles. The chapter closes with the theoretical descrip-
tion of the Localized Plasmon Resonance by means of two exhaustive approaches: quasi-static

approximation and Mie theory.

1.2 Differences between massive (bulk) and nanostructured gold

Gold possesses a unique combination of physical and chemical properties at both the macro-
scopic and the microscopic scales. At the macroscopic scale, gold is known for its unique yel-
low colour, for its chemical stability and high redox potential. The chemistry of gold (54'°6s")
is determined by the easy activation of the 5d electrons and its propension to acquire a further

electron to complete the 65 level (and not to lose the one it has [7, 8]). The optical absorption
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1atom 2 atoms crystal

intraband
transitions

interband
transitions

Ev |: [, p— dband

FIGURE 1.1: Sketch of the electronic structure of gold: for a single atom, the electronic levels
are discrete, as shown above. For a gold dimer Au—Au, the levels tend to split. For a crystal,
this lifting of degeneracy widens and forms a continuum of levels: the d band emerges from the
d electrons of all the gold atoms and is completely filled with electrons. The conduction band is
formed from the 6s and 6p orbitals and is partially filled (conduction band).With this structure,
light can excite two kinds of transitions: intraband transitions and interband transitions.

of gold in the visible region of the spectrum is due to the relativistic lowering of the gap between
the centre of the 5d band and the Fermi level (see Fig. 1.1). A good indication of this relativistic
effect is the very low value of the interband transition energy for gold if compared to silver.
The interband threshold represents the energy required to excite electrons from the top of the 5d
band into the 6sp conduction band. In the case of gold, its value is 1.84 eV, which means that
red light is able to excite this transition. In the case of silver, the interband transition is in the
UV range so that the visible light is almost not affected after reflecting on a silver surface [9].
Gold crystallises in the face-centred cubic (fcc) structure; the bond between atoms is a metallic
one, with electrons free to move throughout the crystal structure; the nuclei can be considered as
fixed and surrounded by a sort of “fluid” of free electrons. This model explains some properties
of the metal, as its high electrical and thermal conductivity; in fact, since these electrons are not

linked to any particular atom, they are highly mobile [10].

When the size of the gold sample is progressively decreased, significant changes in physical
properties and chemical reactivity are observed; they become especially noticeable when the
size falls below about 100 nm. Such particles, often named nanoparticles (NPs), present a
high the surface/volume ratio, which is responsible for some changes in the structural character.
In fact, changes in the electronic structure affect the optical response of NPs and the metallic
behaviour of them [11]. Among the remarkable properties of gold nanoparticles (GNPs), the
collective behaviour of their conduction electrons, which gives rise to the plasmon resonance, is

a dramatic one.
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1.3 Electromagnetism of metals

For a long time the most know properties of metals were the high electrical and thermal con-
ductivity. After three years from Thompson’s discovery of the electron, scientists became more
interested in studying the mechanisms of interaction between metals and electromagnetic fields.
Around 1900, Paul Drude, a German physicist, used new concepts to postulate a classical model
that well explained several phenomena related to the interaction between radiation and metals.
This model links optical and electric properties of a metal through the behavior of electrons.

The assumptions of Drude’s model are:

e Metals are made of heavy, static, positively charged ions immersed in a cloud of light,
negatively charged, easily mobile electrons; they form an electron gas that follows the

Maxwell-Boltzmann statistics;
e The electron-electron interactions can be neglected.

e The only considered interaction are the electron-ion collisions.

By following the kinetic theory of gases, electrons in the gas move in straight lines and make
collisions only with the ion cores. The probability for an electron to make a collision in a
short time dr is dt /T, where 7 is the mean time between collisions, called relaxation time. This
quantity, which is typically of the order of 10~'* s at room temperature, is related to an other
important quantity, y=1/7 that represents the collision frequency and have, thus, values of the

order of 100THz.

Drude’s model successfully determined the form of Ohm’s law in terms of free electrons and
the relation between electrical and thermal conduction [12], but failed to explain electron heat
capacity and the magnetic susceptibility of conduction electrons. Failures of the model are the
result of the limitations of the classical model (and Maxwell-Boltzmann statistics in particular)

[13].

In fact, in microscopic physics, it is common to express Ohm’s law in terms of conductivity that

is intrinsic to the substance that the wire is made of. In this framework, Ohm’s law writes as:

J=GE (1.1)
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where E represents the Electric Field, J the Current Density, and o the conductivity of the
material. We consider a wire of cross sectional area A, where an electrical current flows, which
consists of N electrons per volume unit, all moving in the same direction with velocity v. The
number of electrons flowing through the area A in time dr is given by dN = NAvdt, while the
charge crossing A in dt is dQ = —edN = —NevAdt, so that J = —Nev. In the absence of electric
fields, electrons move randomly inside the conductor due to their thermal energy, but when an
electric field is applied, electrons are affected by the force F = —¢E that pushes them to move
all in the same direction, with an average speed that is given by:

v=——E (1.2)
m

Thus, substituting in J = —Nev, relation (1.2) yields

j= g (13)

Comparison with (1.1) gives the DC-Drude conductivity:

Net
m

(1.4)

The Drude model can also predict a current as a response to an oscillating electric field with
angular frequency @. This can be achieved by considering that the equation of motion for an
electron of the electron gas subjected to an external electric field E, is obtained by solving the
equation:

mX+myx = —eE (1.5)

where m is the effective mass, and 7Y is the already mentioned collision frequency that produces

the damping. This expression can be rewritten as:

. P
= 2 —¢E 1.6
p 7 ¢ (1.6)

where p = mX is the momentum of an individual free electron. If E assumes the form E =

Ege ', we consider as a solution of (1.6) the expression: p(¢) = poe '®'; by substituing we
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obtain:
—iopy = —% K, (1.7)
= f% = - _Gl?mE — 6(0)E (1.8)
Thus the AC-Drude conductivity is given by:
o(®) = 1 _‘?m (1.9)

A useful application of the Drude model is the description of the propagation of electromagnetic

waves in metals by considering a complex dielectric function €(®) that shows the dispersive

properties of the substance. In order to derive the expression of €(®) we consider the expression

mX+myx = —eE

(1.10)

that takes into account the oscillations of the free electron gas induced by the electric field E(z).

i

A solution of (1.5) is given by x(7) = xpe™

X0 =0 —

0% +iyo)

The electric displacement D and the macroscopic polarization P are given by:

D=¢E+P=¢¢cE

P= —Nex

respectively, where N is the number of electrons per unit volum. Thus,

N 2
DZE()E—42 ¢ . E
m(w? +iyo)
and
2
)
g(w)=1- £

@ which, replaced in (1.5), yields:

(1.11)

(1.12)

(1.13)

(1.14)

(1.15)
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that represents the dielectric function in the Drude model, where ), is the plasma frequency of

the free electron gas and is defined by:

Nez 1/2
0, = (8()m> (1.16)

From (1.15) it can be easily derived that the real and imaginary components of this complex

dielectric function, written as €(@) = € (®) + & (w), are given by:

w7
(@)= —2° 118
2O = o1+ 02 1) (119

The complex dielectric function £() is related to the complex refractive index of the medium

il =n(®) + ix() through the relation: 7 = /€,. Explicitly this yields:

R S (1.19)
& = 2nk (1.20)
n2:%+%\/812+822 (1.21)

- % (1.22)

K is called extinction coefficient and determines the absorption of optical electromagnetic waves
propagating through the medium; it is linked to the absorption coefficient o of Beer’s law, which
describes the exponential attenuation of a beam intensity /(x) propagating through the medium

via I(x) = Ipe~*. Indeed, since E o< exp (i27ix) and then [ o< E? o< exp (22 (n + ik)x) we have:

a(w) = ZK(?)(O (1.23)

Relations (1.17) and (1.18) enable to study the electromagnetic response of metals (related to

the plasma frequency ®),) by distinguishing the three cases © > ®,, ® < ©,, ©® = ).

» In the case @ > w,, 7 is positive because £(®) is real and positive, €(w) — 1, this implies
that the electromagnetic wave propagates through the metal that appears transparent. For noble

metals, it is necessary to take into account that the response of the material in this region is
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FIGURE 1.2: Real and imaginary components of the dielectric function for a free electron gas
(dash) fitted to experimental data of the dielectric function of gold (dot).

dominated by free s electrons, since the filled d band close to the Fermi surface causes a highly

polarized environment [14]. This contribution to the polarization related to the ion cores can be

considered by adding the term P.. = (€. — 1)E to (1.12). This effect is therefore described by
a dielectric constant &, (usually 1 < &, < 10), and we can write:

2
)
e(w) = &. P

- 1.24
0’ +iyw (1.24)
The validity limits of the free-electron description (1.24) are illustrated, for the case of gold, in

Figure (1.2). It shows the real and imaginary components € and &, of the dielectric function of

a free electron gas, fitted with experimental data of the dielectric function of gold [15].

In the visible frequency range the applicability of the free-electron model clearly breaks down,

due to the occurrence of interband transitions, leading to an increase in &.

» For frequencies @ < w,, we distinguish two subcase: @7 > 1 and 07 < 1.

In the case @7 > 1, we are in the condition of frequency very close to @, and, as we have seen

at the beginning of this discussion, metals totally reflect the electromagnetic waves; in this range

the real and imaginary parts of the dielectric function become:

(02
g(w)=1- aTZ (1.25)
&(w)~0 (1.26)

respectively. As we can see from these equations the permittivity is real, which implies that there
is no absorption; metals retain their metallic character, of perfect conductor. This behavior is

common among different metals but not for noble metals, in which the response is again affected
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by the interband transitions.
In the case @7 < 1, we are in the condition of frequency very far from @), and the real and

imaginary parts of the dielectric function become:

er(0)=1-01° (1.27)

glE,

&(w)~ (1.28)

respectively. In this case, & > €1, and the real and imaginary parts of the refractive index have

=2 =y 2 1.29
" 2 20 (1.29)

In this region, metals are mainly absorbing, with an absorption coefficient given by

a comparable magnitude:

c2

5 12
a(o) = KOO _ (mpra)) . (1.30)

Remembering the DC-Drude conductivity (1.4) and the expression for the plasma frequency w),

the expression of o becames 6y = (o[%feo and then

o= o (131

This coefficient is closely related to the skin depth, which represents the depth of penetration of

the wave in the metal:

2 2
§="="= (132)
o K® Oy Loy

» In order to complete the study of the response of metals to an electromagnetic field, it is
necessary to consider the particular case @ = ®,. To understand what happens in this case, it is
necessary to introduce the fundamental relation that links conductivity and dielectric function in
the Fourier domain. The relation can be derived by starting from Maxwell’s equations (details
of calculations in [14]) and writes:

io(K, o)

e(K,w)=1+
E

(1.33)
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We consider the traveling-wave solution of Maxwell’s equations in the absence of external stim-

uli. Combining the curl equations:

JB
oD
VXHZJext‘i‘W (1.35)

leads to the wave equation, that in the Fourier domain becomes:

2
K(K-E) - K’E = —¢(K,0) 2 E (1.36)
C

where ¢ = is the speed of light in vacuum. Looking at this equation, two cases have to be

1
VE&Ho
distinguished: the case of transverse waves, K- E = 0, yielding the generic dispersion relation:

2 o°
K> =e(K,0) (1.37)

where £(K, ) is given by equation (1.33), and the case of longitudinal waves, for which (1.36)
implies that

e(K,0) =0 (1.38)

indicating that longitudinal collective oscillations can only occur at frequencies corresponding
to zeros of €(w). The meaning of this oscillation can be elucidated by considering the dispersion

relation of traveling wave obtained by using equation (1.25) in (1.37):
o® =0, +K*c? (1.39)

Figure 1.3 shows the plot of the dispersion relation for the traveling wave given by equation
(1.39): there is clearly no propagation of electro-magnetic waves below the plasmon frequency
(w < @,), while for ® > @, waves propagate with a group velocity v, = j—? < c; the special
case @ = ), can be interpreted in the following way. In the small damping limit K = 0 and
£(w,) = 0; this implies that D = 0 and the electric field becames a pure depolarization field
E= ;—;’). This leads to a collective longitudinal oscillation of the conduction electron gas with
respect to the fixed background of positive ion cores in a plasma slab. A collective displacement

u of the electron cloud leads to a surface charge density 6 = +Neu at the slab boundaries
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FIGURE 1.3: Dispersion relation of free electron gas.

Neu

e inside the slab. Thus, the displaced electrons

and yields a homogeneous electric field E =

experience a restoring force, and their movement can be described by the equation of motion

Nmii = —NeE. Inserting the expression for the electric field leads to
N2 2
Nimii = —~—* (1.40)
&
ii+ wyu =0 (1.41)

Thus, the plasma frequency @, represents the natural frequency of a free oscillation of the elec-
tron sea and the quanta of these charge oscillations are called Plasmons or Volume Plasmons
(VP). Due to the longitudinal nature of the excitation, VP do not couple to transverse electro-

magnetic waves, and can only be excited by particle impacts.

The Drude model is a good start for describing the dielectric functions of metals. However
when a precise model is needed, the Drude model is by far too simplified because it only takes
into account the free electrons (intraband transitions) and completely dismisses the contribution
from the bound electrons (interband transitions). The latter play an important role for gold.
This is illustrated in Fig. 1.2 where the complex dielectric function is plotted. The accurate
measurement of this function is crucial for reasonably modelling the optical response of AuNP.

One of the preferred measurements was performed by Johnson and Christy in 1972 [15].
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FIGURE 1.4: Sketch of the mechanism of the Surface Plasmon Resonance in a spherical gold
nanoparticle.

Electric field

1.4 Localized surface plasmon resonance in nanoparticles, LSPR

If particles have sizes much smaller than the wavelength of light and smaller than the penetration
depth O of the field (i.e. particle size around 20nm), the electron cloud of the particle is entirely
probed by the electric field. The whole assembly of electrons is polarized, and this creates

surface charges that accumulate alternately on opposite ends of the particle (Fig. 1.4).

This oscillating polarization of the particles creates an electric field opposed to the excitation
field and results in a restoring force. This oscillation is partially damped. The damping occurs
through two channels: creation of heat and light scattering. All this can be described as a dipolar
oscillator characterized by a resonance frequency called Localized Surface Plasmon Resonance
(LSPR). This denomination is generally accepted although this localized plasmon oscillation
is not primarily a surface effect, but a bulk effect taking place in the very small and confined
volume of metallic nano-objects. The main properties of LSPR can be understood within the

dipolar model and can be summarized as follows:

e The plasmon resonance appears in the uv, visible or near-infrared range of the spectrum
for gold or silver nanoparticles. A light beam going through an assembly of homoge-
neous nanoparticles is partially absorbed at the plasmon resonance frequency so that the
emerging beam displays a spectrum with a sharp absorption at m,. At the same time, the
nanoparticles exhibit light scattering with a cross section much larger than a conventional

dye [16].

e The LSPR strongly depends on the environment close to the particle surface.
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e When excited at the resonance, the dipole radiates a near-field electromagnetic wave,
whose amplitude can be enhanced by a factor up to 10. This plasmon amplification is

widely used for enhancing the sensitivity of biosensors.

1.5 Theoretical Description of the Localized Plasmon Resonance

When a light beam impinges on a particle, the optical electric field puts into oscillation the
electrical charges of matter (conduction electrons and protons). As a consequence, there is
an absorption of part of the impinging radiation and an emission of a secondary radiation, a
phenomenon known as scattering. In order to describe both effects, it is necessary to write down
the expressions of electromagnetic fields E,H starting from Maxwell’s equations. The most
famous exact solution of Maxwell’s equations, for the case of small particles with arbitrary
radius and refractive index, has been obtained in the framework of the Mie theory [17, 18],
developed by Gustav Mie in 1908 with the aim of explaining the different colors exhibited, in
absorption and scattering processes, by small colloidal particles of gold suspended in water. In
a linear, isotropic, homogeneous and non-radiative medium in which small particles are present,
an incident plane wave, that is constituted by electric and magnetic fields (E, H), has to satisfy

the following wave equation:

V2E+n*k*E =0 (1.42)

VZH + n?k*H = 0 (1.43)

where k is the wave vector and n is the refractive index. If we define the vector M =V x (ry),
where y is an arbitrary scalar function and r the position vector, that in our case indicates the

radial coordinate, it is possible to show that this satisfies the equation:

VM + 2 kM = V x (V2 + n?ky) (1.44)

in this case M satisfies the vectorial wave equation when y satisfies the scalar wave equa-

tion (V2w +n’k?y). The vector N, that is possible to define as 7kN = V x M, has the same
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properties. By solving the scalar wave equation with the appropriate boundary conditions, it is
therefore possible to obtain two fields which satisfy the vectorial wave equations. In particular,
calling u# and v two independent solutions of the equation that gives rise to scalar fields M,, , N,

, M, , N,, one can identify the electric and magnetic fields by:

E =M, +iN, (1.45)

H = m(—M, +iN,) (1.46)

For a system that has spherical symmetry, it is possible to solve the problem in spherical coordi-
nates. Exploiting the fact that the spherical waves constitute a complete and orthonormal set of
functions, and any other function can be developed as a sum of spherical waves, the basic idea
of the Mie theory is to rewrite the incident plane wave as a superposition of spherical waves
(through a series expansion) inside and outside the sphere and impose boundary conditions on
the surface to obtain the coefficients of the development. In particular, we can write that inside

the sphere:

. i 2n+1
_ ot —a,(—i)" P 0)j,(k 1.47
u=e cos(j)nz::l an(—i) i 1) > (cos0) ju(kr) ( )
v = sing Y —bu(—i)" 2L Pl (c0s0) ju(kr) (1.48)
n=1 " n(n—|—1) " In .

where P! are the associated Legendre functions and j, are the spherical Bessel functions of the

first kind. In spherical coordinates the wave equation is factored and has solutions of the type:

Wi = coslPPL(cosO)z, (mkr) (1.49)

W = sinl o PL(cos0)z, (mkr) (1.50)

where n and [ are integer numbers, z, are the spherical Bessel function.
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By imposing the boundary conditions on the surface of the sphere and introducing the parameter

x= % we obtain the scattering coefficients:

_ Vlmx) g (x) — myn (mx) y, (x)
e ll/,’,(mx)g,,(x) —ml,l/n(mx)gr’l(x) (1.51)
s (mx) Y (x) — my, (mx) v (x)
by = my! (mx) g, (x) — my, (mx)g! (x) (1.52)

where Y and ¢ are the Riccati-Bessel functions. The scattering cross section is related to a,, and

b, by the relation:

2T &
G:ﬁZ(\an 1>+ b, |?) (1.53)
n=1

For small particles (< 60nm), it is sufficient to restrain the multipole expansion to its first term,
that correspond to a dipolar case. This is indicated as “dipolar approximation”, also called the

quasi-static or Rayleigh limit [19].

1.5.1 Optical response in the quasi-static approximation

As mentioned in the previous section, for small NPs (D << A, where D is the diameter of the NP
and A is the wavelength of the impinging light), the optical response can be calculated by means
of a simplified model using the quasistatic approximation. In this way is possible to derive
simple analytical expressions for the response of spherical nanoparticles, easily generalized to
the case of ellipsoids. If we consider a single metal NP, characterized by a dielectric function
e(w) = €(w) + i () surrounded by a medium characterized by a dielectric permittivity &,
which is acted on by an electric field E, two different scenarios may occur: 1) If (D ~ 4)
the spatial variation of the electric field inside the NP induces a very complex surface charge
distribution resulting in a multipolar configurations. 2) If (D << 1) the field inside the sphere
can be considered uniform and the charge distribution on the surface creates a singol dipole
(dipole approximation)(Fig. 1.5); the same applies in the time domain: the propagation time

inside the sphere nD/c becomes a much smaller than the oscillation period of the field 27/ w.

In this case, the complexity of the problem is reduced (by leaving out the time dependence of the
applied field) to a simple effect of polarization of a sphere in a uniform field, which is resolved

by using the Poisson equation, with appropriate boundary conditions.
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E(0)=E1(0)+i&2(w)
E(0)=E1(w)+i€2(w)

FIGURE 1.5: Sketch of the two possible cases of interaction of light with NP: for (D << A)
the field inside the sphere can be considered uniform and the charge distribution on the surface
create a singol dipole, if (D ~ 4) multipolar configuration occurs.

In general, the interaction of the electromagnetic wave with a single sphere can be treated by

considering a local field E;, that takes into account the influence of all the polarizing entities

[20]:
P,
E=E : 1.54
L + 3e0e, (1.54)
with:
Py = Vl:pps (1.55)

where ps is the dipole momentum of a single sphere, P is the polarization of the other spheres
in the system, V,,, is the volume of the NPs, p is the volumetric ratio that takes into account the
number N, of NPs in the system. For small volumes, E; can be approximate to E. It is possible
to demonstrate that the field E; inside the sphere can be related to the incident field E by the

relation:

- 3¢, o -

Outside the sphere, the field created by the charges accumulated in the sphere is equivalent to

the one created by a dipole located in the centre of the sphere, characterized by a momentum:
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£E—§,; - I
=3Vee,——=—FE =3gak 1.57

Ps 0 mg T 2e, 0 ( )

where V is the volume of the sphere and « its polarizability. The optical response of the NP is
equivalent to the one of a dipole placed into its center. The resonance occurs when the condi-
tion €(®) + 2¢€,, = 0 is verified; in this case, an enhancement of the internal electric field E; is

obtained (dielectric confinement).

By starting from the the induced field, is possible to calculate the scattering cross section of the

NP [17]:

247 2

o ’ o S—Sm
s 14

e+2¢,

24 3v2 2
= 22 (1.58)

7L4

that is proportional to the volume square and to 1/A* (Rayleigh scattering). By the real and
imaginary part of the dielectric function of the metal, it is possible to calculate the absorption

cross section [17] as:

61 _ 18ave)?

Oubs = TIm(a) - A £

& +2¢€,,|?

(1.59)

that is proportional to the volume of the nanosphere. For a metal NP characterized by a diameter
D, in a homogeneous medium, the ratio between the scattering and absorption cross sections is

proportional to the sphere volume, normalized by a factor A3:

Oy/ Oups < (D/A)? (1.60)

in the quasi-static approximation (D << 1), the scattering is negligible compared to the absorp-
tion; this implies that, for small NPs the extinction cross section is related only to the absorption
one:

Oy K Ogps = Oext (161)
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FIGURE 1.6: Extinction, scattering and absorption cross sections of a NP with radius equal to
20 nm (a) and 40 nm(b).

As mentioned in the beginning of this section, this model is valid only for small NPs. By
increasing the size of the NPs the scattering becames predominant with respect to the absorption

(Fig. 1.6).

1.6 Conclusions

In this chapter, a short survey of the optical properties of metal nano-objects has been reported
by focalizing the attention on the LSPR. The validity of Drude’s model to describe the electrical
and optical response of gold has been illustrated, along with the description of its limit in the
visible frequency region, due to the occurence of interband transitions. The Mie theory and
the quasi-static approximation have been introduced to describe the optical response of gold

nanoparticles. Many of the concepts discussed in this chapter will be used later in this thesis.






Chapter 2

Physics and applications of soft matter

2.1 Introduction

This chapter presents a short survey of the different liquid crystal (LC) phases. Main attention is
paid to thermotropic liquid crystals, which show rich polymorphism upon variation of temper-
ature, electric fields, magnetic fields, pressure or a content of various compounds in a mixture.
These characteristics have been largely exploited in the past for optoelectronics devices, sensors
and LC displays. Only in recent years the property of LCs to modulate the refractive index by
means of external stimuli has been related to the possibility to control the plasmonic properties

of gold nano-structures (see chapter 6 and 7).

2.2 Structure and main properties of Liquid Crystals

LCs have found an important place in modern life. It is possible to find them in our laptoop
displays, clocks, telephones, TV screens, photo-cameras, etc. Other applications include slide
projection systems, spatial light modulators, temperature sensors and even liquid crystal lasers.
In all these technical fields LCs occupy a key position. This is because they consume just ap-
preciable amounts of energy when they change their state under external influences such as tem-
perature variations, electric field, mechanical stress or whatever. In addition, there are very im-

portant biological aspects of LCs. In fact, proteins, lipids, cells membranes, virus, nucleic acid

23
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FIGURE 2.1: Sketch of the structure of nematic (a), cholesteric (b) and smectic (c) liquid
crystals.

(see chapter 4) posses a high percentage of liquid crystalline compounds. The liquid-crystalline
phase possesses many of the mechanical properties of liquids, e.g., high fluidity, formation and
coalescence of droplets; at the same time, it is similar to crystals in that it exhibit anisotropy
in its optical, mechanical, electrical, and magnetic properties. The anisotropy of LCs is related
to the presence of a long-range orientational order in the arrangement of constituent molecules,
and sometimes to one - or two - dimensional quasi long-range translational or positional order.
By changing the LC molecule orientation, it is possible to change optical and mechanical prop-
erties of the medium. It is possible to classify LCs in accordance with the physical parameters
controlling the existence of the liquid crystalline phase. There are two distinct types of liquid
crystals: lyotropic and thermotropic. These materials exhibit liquid crystalline properties as a

function of different physical parameters and environments.

e Lyotropic LCs are obtained when an appropriate concentration of a given material is dis-
solved in a suitable solvent. The most common systems are those formed by water and
amphiphilic molecules (molecules that possess a hydrophilic part that interacts strongly
with water and a hydrophobic part that is water insoluble) such as soaps, detergents, and
lipids. In this case the variable controlling the existence of the liquid crystalline phase is

the amount of solvent (or concentration).

e Thermotropic LCs exhibit various liquid crystalline phases as a function of temperature.
Although their molecular structures are, in general, quite complicated, they are often rep-
resented as rigid rods. These rigid rods interact with one another and form distinctive
ordered structures. There are three main classes of thermotropic liquid crystals: nematic,
cholesteric, and smectic (Fig. 2.1). There are several subclassifications of smectic liquid

crystals in accordance with the positional and directional arrangements of the molecules.
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FIGURE 2.2: Types of liquid crystals alignment near the surface: planar, homeotropic and
tilted.

The key parameter in the study of LCs is the director n that represents the average direction of
the molecular long axes in the LC phase; in most LCs both directions of the vector n, +n and —n
are equivalent. The uniaxial symmetry around the director in the LC phase leads to an anisotropy
in many physical properties. For example, the refractive index, the dielectric permittivity, the
magnetic susceptibility, viscosity and conductivity have a different value, depending on the

reciprocal orientation between the external field and the LC director [21, 22].

2.3 Surface Anchoring

In general, the Nematic LC (NLC) alignment originates from a symmetry breaking at the surface
of the functionalized glasses that form the cell containing the LC. All kinds of surface cause a
different orientation of the molecular director n close to it: the alignment present at the surface
propagates in the material over macroscopic distances, due to the elastic properties of LCs.
There are three main configuration for n nearby the surface of the substrate: planar, homeotropic

and tilted (Figure 2.2).

The surface in contact with the NLC is usually considered flat at the microscale, and the orienta-
tion of n close to it is determined by the polar (8) and azimuthal (¢) angles (Figure 2.2),where 6
is the angle between n and the plane of the surface, while ¢ is the angle between the projection
of n on the plane of the surface and the easy axis (red arrow in Figure 2.3), which represents the

direction induced by the alignment treatment of the surface.

The pre-tilt angle is a very important parameter in the realization of NLC based devices and
can allow a defect-free alignment and an improvement of electro-optical characteristics such as
driving voltage, response time, color performance and viewing angle. It also represents a control

parameter for estimating the alignment quality. In the case of homeotropic alignment the polar
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FIGURE 2.3: Orientation of n nearby the surface.

angle is equal to 90° and n is orthogonal to the surface. When n lies in the plane of the surface
(6 = 0°), two possible orientation cases exist: - homogeneous planar orientation, in which n
is oriented uniformly over the surface and ¢ remains fixed; - heterogeneous planar orientation,
in which the orientation of n is not uniform over the surface and ¢ assumes different values in
different points of the surface. In the case of tilted orientation, 0 is fixed while @ is arbitrary. To
date, the two main techniques used to align LCs are: mechanical treatment and surface chemical

functionalization.

2.3.1 Rubbing

A well known method to promote a given alignment of the NLCs director in contact with a
surface is the mechanical rubbing (Figure 2.4) [23]. The surface of the glass substrate is covered
with a thin organic film, such as polymide (PI), nylon, polyvinyl alcohol, etc. by means of spin
coating or spray coating techniques. The most used polymer for the rubbing process is the PI due
to its high curing temperature (~ 350°C), good chemical resistance and excellent mechanical

properties [24].

Spin coating allows to deposit a uniform layer on a flat substrate: a small amount of coating
material is usually deposited on the center of the substrate which is then rotated at a given
speed (rounds per minute, rpm) in order to spread out the coating material. The thickness of the
film will depend on the number of rpm and on the viscosity and concentration of the coating
material. After the deposition of the coating film, a cloth (velvet) with short fibers is moved over
the surface in order to create microgrooves (Figure 2.4). The rubbing process induces a certain
orientation of the polymer molecules, which is transmitted to the LC molecules anchored on the
substrates; moreover, this kind of orientational order propagates in the bulk of the LC molecules

via intermolecular forces [25].
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FIGURE 2.4: Rubbing method: (a) glass substrate covered with a polymide layer (a); process
of rubbing by means of cloth rotation (b)

The rubbing technique enables to obtain both planar and tilted alignments, with a strong anchor-
ing energy (defined as the energy needed to fix the NLC molecules to their easy axis). Although
this technique is quite simple and can be easily scaled up (to large area devices), it intrinsically
exhibits several drawbacks, such as contaminations, static charge accumulation and mechanical
damages. These drawbacks have important consequences in the realization of displays, where
the presence of even very small amounts of dust particles or static surface charges can lead to a
deterioration of the display performances [26]. Furthermore, this technique is not applicable for

achieving patterned alignment layers, necessary in some kinds of LC based devices.

3.2nm
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FIGURE 2.5: Atomic force microscopic image of the microgrooves morphology on a rubbed
polymide surface.

2.3.2 Evaporation of SiOx

An alternative, non contact, method to align L.Cs consists in functionalizing the surface of the
glass substrate with an amorphous film of SiOx. This method exploits a vacuum deposition
technique that deposits thin films onto various surfaces by condensation of a vaporized form
of the selected material, at a specific incident angle [27]. Characteristics of the deposited film
strongly depend on the value of the incident evaporation angle and on other evaporation pa-
rameters such as pressure, temperature, etc. For silicon oxide films deposited at an incidence

angle of of 60°, the LC director n lies parallel to the surface and is perpendicular to the plane
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FIGURE 2.6: Photoalignment method.

of incidence. With a deposition angle of about 30° with the substrate normal, a uniform planar
alignment is achieved with a 0° tilt. Finally, evaporating at an angle of 80° results in a tilted
alignment [28]. However, this method turns out to be quite expensive, due to the cost of the

used equipment (vacuum systems, evaporator, etc.).

2.3.3 Photoalignment

Another important, non contact, method used to align LCs is photoalignment. A photosensitive
film of polymer is deposited on the surface of the glass substrate by means of spin coating or
spray coating. Then the substrate is exposed to linearly polarized UV light (Fig. 2.6). Due
to the dependence of the absorption of light by the molecules of the photosensitive film on the
polarization direction, an anisotropic distribution of the orientation of the molecules of the align-
ment materials occurs; in this way the induced degree of surface ordering on the layer is further
transferred to the LC molecules, that become oriented. Although the creation of orientational
anisotropy by means of polarized light has been known since 1920 (Weigert effect) [29], the
photoalignment mechanism in some materials is not yet fully understood, because the involved

photochemical reactions are different in different photoalignment materials [26].

2.4 Optical Anisotropy of Liquid Crystals

The uniaxial symmetry around the director in the NLC phase leads to an anisotropy in many
physical properties. For example, the refractive index, the dielectric permittivity, the magnetic
susceptibility, viscosity and conductivity have a different values, depending on the fact that the

external field is parallel to the director n or perpendicular to it.
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FIGURE 2.7: Light propagation in LCs along and normal to optical axis: (a) ordinary beam;
(b) extraordinary beam; n, - extraordinary refractive index; n, - ordinary refractive index.

The anisotropy of NLCs causes light polarized along the director n to propagate at a different
velocity than light polarized perpendicular to it; therefore, LCs are birefringent. A uniaxial
NLC has two principal refractive indices: the ordinary refractive index n, and the extraordinary
refractive index n,. The first one, n,, is seen by the light wave whose electric vector is perpen-
dicular to the optical axis (ordinary wave) (Fig. 5a). The index n, is seen by the light wave
whose electric vector is along the optical axis (extraordinary wave) (Fig.5b). The birefringence

is given by:

An=n,—n, 2.1

In the case of uniaxial NLCs the optical axis coincides with the direction of n and the indices
n, and n, are measured for light propagating along or normal to the optical axis. If the direction
of light propagation is tilted with respect to the optical axis (Fig.6), the refractive index for the
ordinary wave is equal to n,, while the refractive index for the extraordinary wave is given by

an effective value calculated as [21, 30]:

W2, = ngny
I n2c0s?0 + n2sin0

2.2)
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FIGURE 2.8: Temperature dependence of refractive index: 7, - clearing temperature (when the
liquid crystal transforms into an isotropic liquid); n;s, - refractive index of isotropic liquid.

where 0 is an angle between the optical axis and the light propagation direction. In this case the
effective birefringence is An = n.ry — n,. In general, birefringence An of LCs decreases as the

wavelength of the incident light or the temperature increases (2.8).

Unpolarized light incident upon a NLC is splitted into an ordinary and an extraordinary wave,
which travel with different velocities through the material [21, 30]. They emerge from the LC

with some phase difference that depends on the thickness of material d

A =27mAnd /A (2.3)

2.5 Dielectric Anisotropy in Liquid Crystals

Dielectric properties of LCs are related to the response of LC molecules to the application of an
electric field. Permittivity is a physical quantity that describes how an electric field affects and
is affected by a dielectric medium and is determined by the ability of a material to polarize in
response to an applied electric field, and thereby to partially cancel the field inside the material.
In LC materials consisting of non-polar molecules, there is only an induced polarization, which
consists of two parts: the electronic polarization (which is also present at optical frequencies)
and the ionic polarization. In LCs with polar molecules, there is in addition to the total induced
polarization, the orientation polarization, due to the tendency of the permanent dipole moments
to orient themselves parallel to the field. Considering the uniaxial NLC phase in a macroscopic
coordinate system x,y,z, with the z axis parallel to the director n, it is possible to distinguish

two principal permittivities, parallel to the director €| = &, and perpendicular to the director
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€1 = (1/2)(&xw + €&y). Then the dielectric anisotropy A¢ = g — €, can assume positive and
negative values. The graph of temperature dependence of dielectric permittivities for a typical

NLC (Fig.2.9) shows that magnitude of A€ usually depends on temperature [21, 30]:
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FIGURE 2.9: Temperature dependence of dielectric permittivity in liquid crystals with Ae > 0:
T. - clearing temperature; €;,- permittivity of isotropic liquid.

2.6 Electro and pressure tunable Cholesteric Liquid Crystal de-

vices

In this section we report an application based on the use of Cholesteric Liquid Crystal (CLC) as

key-element in the realization of a pressure sensitive device.

It is well known that CLCs aligned in a planar configuration, (the refractive index varies periodi-
cally in the cell normal direction), exhibit a selective reflection band, as a 1D photonic structure:
for wavelengths falling within this band, circularly polarized incident light, with the same hand-
ness as the CLC, is reflected, while the opposite handness is transmitted. Relationships between
the reflected Bragg wavelength (Ag), the bandwidth (AAg) and the pitch (P) of a CLC reflection

band are shown in eqn (2.4) — (2.6):

Ap = iiP (2.4)
Adg = AnP (2.5)
P =1/HTP[C] (2.6)

where 7 is the average refractive index of the mixture, An is its birefringence, HT P is the helical

twisting power [31] of the chiral dopant and [C] is its concentration.
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The device shown in Fig.2.10 has been made by starting from a flexible substrate of PDMS
(Polydimethylsiloxane) where a gold electrode is directly integrated into its surface by using a
low energy (5keV), high dose, ion implantation technique, called Filtered Cathodic Vacuum Arc
(FCVA). This method leads to the formation of small gold clusters (2-20nm in diameter) in the

first 50 nm below the PDMS surface.

1 PDMS
— 1Gold
— 1 SiOx

R
‘ ’ S Cholesteric LC

” = Y \ ) SiOx
\ — 1 God

— 1 Glass

FIGURE 2.10: Sketch of the CLC configuration in the aligning cell.

The resulting PDMS conductive surface has been functionalized by evaporating on it a thin layer
(approximately 30 nm) of SiOx, which induces a planar alignment of LC molecules deposited on
it (see section 2.3.2). Then, the BL095 CLC by Merck (helix pitch A = 500nm) is “sandwiched”
between the treated PDMS microstructure and an ITO (Indium Tin Oxide) covered glass, which
has been treated with a SiOx layer according to the same method. The two slabs are spaced by
4 um glass microspheres, while the CLC is introduced by capillary flow at room temperature;

the CLC director n orients parallel to the substrates, while the helical axis goes normal to them.
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FIGURE 2.11: Spectral response (a) and POM view (b—e) of the sample under the influence of
an external electric field.
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The electro-optical response of the sample is tested by probing it with unpolarized white light
(wavelengths in the range 400-800nm) at normal incidence and by monitoring its back-reflected
components by means of a reflection fiber. Fig. 2.11a shows the spectral response of the sample
(structure sketched in Fig. 2.10, CLC aligned in planar configuration) for different values of an
applied electric field (AC square voltage,1 kHz). The latter induces a deformation of the helix
geometry, with a consequent blue shift of the CLC reflection band, due to a decreasing value of
the effective CLC refractive index; in our case, this decrease can be roughly estimated as going
from the value of 1.56 to the value of the ordinary index (1.50). The reflection band is also
gradually suppressed: this is likely to be due to distortion of the CLC helix, which depends on

the amplitude of the applied electric field [32].

A A A
[ [P | |P | |P

FIGURE 2.12: POM view of the sample infiltrated with CLC (a); high magnification POM
picture of the sample oriented at 45° (b) and 0° (c) with respect to one of the polarizers.

It is worth stressing out that, in general, the presence of a very well defined reflection band (Fig.
2.11a, red curve) is a proof of CLC planar alignment. The behaviour of the sample is confirmed
by the POM view reported in Fig. 2.11b—e; in fact, it is evident that the sample morphology
is affected and a presence of conic textures (marker of a random aligned CLC phase) becomes
quite clear while increasing the amplitude of the applied electric field. We also note that the re-
flection peaks (Fig. 2.11a) at non-zero applied electric fields are not symmetric but rather have a
tail extending to shorter wavelengths. This asymmetry can be ascribable to the imperfect planar
alignment in the sample, since the helical axis is tilted in a different direction with respect to the
cell normal. Such asymmetry is not observed in the static condition (0Vm ") due to the uniform
and homogeneous alignment imposed by the functionalized surfaces of the cell. Usually, CLCs
are aligned on ITO glass substrates, which can be functionalized with different alignment mate-
rials such as polyimide, PVA, SiOx, etc.; then by applying an external perturbation, it is possible
to control some CLC properties. However, in these conditions, a mechanical stress applied to
the glass substrates does not affect so much the CLC elastic properties, since glass is a rigid
substrate and, therefore, it is quite difficult to propagate the perturbation to the bulk of the cell,

in order to affect, e.g., the photonic band-gap.
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In our case, on the contrary, the elastic performances of the soft PDMS substrate have been
investigated by monitoring the behaviour of the sample reflection band under the influence of an

external mechanical pressure.
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FIGURE 2.13: Spectral response (a) and band depth (b) of the sample for different values of
the applied pressure (c).

A compression of the PDMS substrate has been induced by applying a uniform pressure on
the glass substrate of the cell by means of a micro-stage with micrometer screws, according
to the sketch reported in the inset of Fig. 2.13c. By doing so, the CLC pitch is compressed
and consequently, according to eqn 2.4, the reflection band is blue-shifted of about 90nm (Fig.
2.13a). The observed reflection band shift induces a colour change of the sample area, similar to
the one reported in ref. [33], which is evident from the inset of Fig. 2.13a. It is worth noting that
in this particular experiment a measurement of the response time cannot be performed, since
each determination of the new Bragg wavelength has been made after 1-2 minutes of waiting
time, an interval that is necessary in order to minimize the influence of the hydrodynamic flow of
the CLC under compression. the mechanical pressure has been evaluated by inserting a digital
balance (sensitivity 1 g) between the compressing substrates and measuring the weight force (the
angle between the applied force and the surface is 90°) for the same values of the translation
distance used during the experiments reported in Fig. 2.13a. A force range spanning from ON
up to 0.012N has been found with a consequent whole pressure range applied to the sample,
which is about 128 kPa (the pressure range has been calculated by dividing each force value
for the working area (1cm?)). By plotting the Bragg wavelength versus the applied pressure
(Fig.2.13b), a significant maximum blue shift can be observed, which is due to the CLC helix
distortion that takes place during the compression of the sample. This mechanical modulation

of the CLC reflection band has proved to be well reversible and repeatable.
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FIGURE 2.14: Sketch of the LCD active matrix.

2.7 Developing novel liquid crystal technologies for display and pho-

tonic applications

The most common application of liquid crystal technology is liquid crystal displays (LCDs).
This field has grown into a multi-billion dollar industry, and many significant scientific and
engineering discoveries have been made. A modern LCD requires novel technologies, such
as new alignment methods to eliminate alignment layers, fast response, long operation time
and so on. In this section we present an overview of recent advances on the liquid crystals
(LCs) alignment for display applications, which includes superfine nanostructures, polymeric
microchannels and polymer stabilized LCs. Furthermore, the main optical and electro-optical
properties of new generation LCDs displays are analyzed by paying a particular attention to LCs

blue phase hosting gold nanoparticles.

2.7.1 Advances in Liquid Crystal Alignment for Displays

LCDs have become important and indispensable in our everyday life due to their compact size,
low power consumption and high-resolution density. LCs are a key component of the displays
used in most laptop computers and the increasingly-popular flat panel televisions. Controlled by
a network of transistors, LCs change their optical characteristics in response to electrical signals

to create text and images.
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The manufacture of panels is quite complex (Fig. 2.14), requiring multiple steps that can intro-
duce defects. Among the steps there is the application of a polymer film (e.g. rubbed polyimide
(PI), the so-called alignment layer) to the two pieces of conductive glass between which the
LCs operate. The film, which must be rubbed after being coated on the glass, anchors the LCs
with a fixed alignment (see section 2.3). The process of rubbing to create the necessary align-
ment can damage some of the transistors and introduce dust, producing defects that can reduce
the manufacturing yield of the panels (see section 2.3.1). To overcome these issues, various
LC alignment techniques have been investigated as alternatives to the PI rubbing approach (see
section 2.3). The possibility of realizing a “’surfactant free method” to align any kind of LC
and self-organizing material is still an argument of ongoing research. In this section, recent ad-
vances on the LC alignment tchniques based on nanoimprint lithography (NIL) and an optical

active polymeric template realized in soft-composite materials are discussed.

2.7.2 LC alignment by means of NIL technique

Surface grooves with a suitable pitch and depth are effective in aligning LCs [34, 35]. NIL
can generate these grooves with a stable and precise pitch so as to lead to good LC alignment.
Thus, NIL enables us to precisely control the direction of surface anisotropy and the surface
anchoring strength through control of the pitch and depth on a mold, which is hardly possible in

the conventional rubbing process.
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FIGURE 2.15: Typical nanoimprinting process (a); SEM images of top (b) and cross-sectional
(c) views of an imprinted nanograting.
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Figure 2.15a shows a typical nanoimprinting process. A hard mold that contains the designed
features is pressed into a polymeric layer on a substrate at a controlled temperature and pres-
sure, thereby creating a thickness contrast in the polymeric material. A thin residual layer of
polymeric material is inevitably left underneath the mold protrusions, and serves as a soft buffer
layer that prevents damages of the hard mold on the substrate and effectively protects the del-
icate nanoscale features on the mold surface. After imprinting, the mold patterns are clearly
imprinted into the film having the correspondence as the mirror image each other. This im-
print process can be repeated across the substrate areas to obtain multiple imprint fields on the
substrate. Figure 2.15b and 2.15c show top and cross-sectional scanning electron microscopy
(SEM) images of an imprinted nanograting in polymethylmethacrylate (PMMA) [36]. The
high-throughput, ultrahigh resolution, and low-cost fabrication makes NIL an attractive and
widely researched technology for many applications, such as Integrated Circuit (IC) semicon-
ductor device, nanophotonics and displays. Most imprinting processes can be classified in two
main categories: themo-printing and flash-printing, which require the imprinted materials to
be thermo-curable and photocurable, respectively. NIL can enable periodic 1D, 2D and 3D
structures [37—42], hence having the potential to align LCs in different ways. Various choice
of imprinting materials will also affect the LC alignment. For that purpose, materials such as
PMMA, poly(dimethylsiloxane) (PDMS), polyimide, SU-8 and polyurethane, have been widely
tested. Among them, PMMA, a common material for the NIL, is used as a resist material be-
cause it has favorable thermal-mechanical properties like the low glass transition temperature
(Ty) ~ 90+ 100°C, which is a favorable condition to avoid the damage of patterns on a mold
surface. Depending on the imprinted material properties, both homogenous and homeotropic
alignment can be achieved. The LC alignment on the imprinted surfaces can be examined under
the polarized optical microscope (POM): If the POM images show very uniform darkness and

brightness, this indicates that the imprinted surface successfully aligns the LC molecules.

Figure 2.16 shows an example of the POM view of the sample under the off and on states of
a LC cell acted on by an external electric field [1]. In the off state, LC molecules remain per-
pendicular to the nanopatterned surface and the light transmission is prohibited, resulting in a
dark image (Figure 2.16a). When the external electrical field is applied to the cell (on state), LC
molecules shift to a horizontal position, parallel to the nanopatterned surface, and the LC cell

clearly transmits visible light generated from backlight units, resulting in a white image (Figure
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FIGURE 2.16: Optical microscopic images of the homeotropic LC alignment under crossed

Nicols: (a) off-state with no applied voltage and (b) on-state with applied voltage of 5 V. This
figure is adapted from reference [1].

2.16b). This indicates that a uniform LC alignment has been achieved in the nanopatterned cell.
Investigation of the electro-optical properties of the fabricated cell is a direct way to examine the
potential of a given nanoimprint technique for LCD applications. Using the imprinted pattern
as the alignment layer, a LC cell working in different modes can be assembled and assessed
in terms of various parameters (threshold, response times, contrast, etc.), which indicate the
performance of display devices. For example, Takahashi et al. have successfully demonstrated
homogenous LC alignment using 50 nm ultrafine line and space nanogratings [2]. A twisted ne-
matic (TN) LC cell using the nanogratings as alignment layers showed excellent electro-optical
characteristics, as depicted in Figure 2.17, where the measured contrast ratio of the TN cell is
44:1. In general, NIL presents great opportunities for LC alignment. Despite their advantages
over the conventional rubbing method, current NIL and platforms are in the infancy stage and
require further improvements in various aspects for practical applications. In particular, it is still
very challenging to achieve large-area and uniform imprinted pattern for LC alignment. With
increasing demand for nano/micro-patterns on large substrates, the establishment of large-scale
fabrication technology for such patterns has become a priority. With the rapid development of
the roller imprinting, it is therefore anticipated that over the coming years, fabrication of micro-
and nano-scale structures over larger areas at a low cost will become industrially possible, hence

making the large-area and uniform LC alignment feasible in developing novel LCDs.

2.7.3 LCs order in polymeric template

Some years ago Umeton and his coworkers [3] have realized a new kind of switchable diffrac-

tion grating named POLICRYPS (acronym of POLymer Llquid CRYstal Polymer Slices) , which
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FIGURE 2.17: Transmittance vs voltage characteristics of the nanogrooved LC cell. This figure
is adopted from reference [2].

is made of slices of almost pure polymer, alternated to films of well aligned NLCs. This com-
posite structure is obtained by irradiating a homogeneous syrup of NLC BL-001 and prepoly-
mer (NOA-61 by Norland, containing a UV sensitive photoinitiator), 28% and 72% in weight
respectively, with an interference pattern of UV light, under suitable experimental and geomet-
rical conditions. The curing process is carried out at a 100nm precision level, by utilizing an
optical holographic setup that enables the spatial periodicity of the structure to be easily varied
from the almost nanometric to the micrometric range [4]. Later on, it has been demonstrated
that the POLICRYPS represents an excellent candidate to be used as a passive matrix for ap-
plications, due its unique morphological properties; in fact, the pure NLC confined between the
polymeric slices can be easily removed in a selective way by exploiting a microfluidic etching
process without opening the glass cell and the sample appears as made of sharp polymer slices
separated by empty channels. Subsequently, the empty polymeric template (Figure 2.18a) can
be filled with different materials including NLCs [5] cholesteric LCs (CLCs) [43], ferroelec-
tric LCs (FLCs) [44], or liquid crystalline DNA [45] while importing long-range macroscopic

alignment.

In order to show the extraordinary capability of the empty polymeric template to induce long
range order in LCs compounds without any surface treatments, the empty POLICRYPS tem-
plate (Figure 2.18a) has been back filled with the same NLC used during the curing process.
The sample was infiltrated with NLC BL-001 at elevated temperature (70°C) during the filling
process to ensure that a complete transition to the isotropic state (7y_; = 67°C) had occurred.
The self-organization process giving rise to uniform and stable alignment of the NLC within
the micro-channels is induced after the filling process by slowly (0.5deg/min) cooling down

the sample to room temperature. The excellent optical quality of the sample is evident in the
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FIGURE 2.18: POM view of the polymeric template (a, e), 2D polymeric grid (b, f), lozenge
hole geometry (c, g) and curved polymeric walls (d, h) between parallel and crossed polarizers
respectively. The Figure is adapted from references [30, 31, 33]. [3-5].

POM image of Figure 2.18e and reflects the good NLC alignment. One more interesting aspect
is represented by the possibility of realizing 2D composite photonic devices. First, the “empty
POLICRYPS” structure has been infiltrated with the same curing mixture used for the fabrica-
tion of 1D POLICRYPS. A 2D grid is then obtained by simply rotating the sample and following
again the standard two-beam interference procedure utilized for the POLICRYPS fabrication,
without the need of any multiple beam interference pattern. The versatility of this technique
allows choosing the geometry of the unit cell of the grid such as square hole geometry obtained
with a 90° rotation before operating of the second curing step (Figure 2.18b) and a “lozenge”
hole geometry obtained by a 45° rotation utilized for the second curing step (Figure 2.18c).
Both geometries enable realization of microdomains with a strong asymmetry of the NLC di-
rector orientation as verified by POM analysis reported in Figures 2.18f-g. The self-organization
of LC components on curved geometries represents also a very important key point for the real-
ization of novel flexible displays. To this end, very recently De Sio et al. [46] have exploited the
possibility to utilize the POLICRYPS technique for fabricating curved NLC geometries making
use of a simplified (single beam curing process) holographic setup without the need for holo-
graphic mixing of two input beams. The gratings are photochemically formed using a single
beam imaged through a commercially available Fresnel mask onto a glass cell which contains a
slight modified curing mixture with respect to the one used for the fabrication of conventional
POLICRYPS structures. The regular mixture composed by NLC BL-001 and NOA-61 was
modified by adding a small amount (1% in weight) of the visible photoinitiator (Irgacure 784)

in order to reduce the attenuation of the glass substrates as they absorb in the UV range. Figure
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2.18d is a polarized image of a curved POLICRYPS structure, which exhibits concentric rings
with a varying inter-distance made of curved polymeric slices which alternates with channels
of well aligned NLC, whose molecular director is radially aligned to the polymeric slices, as
evident in the high magnification POM images reported in Figure 2.18h. Technologies proposed
here include not only absence of an alignment layer but also absence of haze, robust structure
and inexpensive manufacturing. This is a unique opportunity and a big advantage compared to
conventional liquid crystal devices. To date one of the main drawback of the standard two-beam
interference procedure utilized for the POLICRYPS fabrication is represented by the difficulty
to realize large area (more than 3 inches in diameter) structures. This technological limitation
can be oversome by patterning different POLICRYPS structures on the same substrate while
minimizing the edge effect by means of a high precision level motor stage. However, it is worth
pointing out that the actual POLICRYPS size (up to 3 inches) is a “ready to go” technology for

application such as smart-phones, digital watches and camera lenses.

2.7.4 LCs blue phase hosting gold nanoparticles for fast switching display

Cholesteric blue phase liquid crystals (BPLC) are highly chiral materials that self-organize into
an arrangement characterized by strong helical twisting along a radial direction around a central
director that is perpendicular to all twist axes, which are the so-called double twisted cylinders
[47]. Blue phases (BP) exist within a very narrow temperature range between the isotropic and
cholesteric phases. A total of three types of blue phases, Blue phase (BP)I BP II, and BP III,
were discovered. Two (BP I and BP II) of the three types of blue phases pack into a cubic lattice
on a scale ranging from one to two hundreds of nanometers, while the third type (BP III) is
amorphous. The field-induced birefringence, the so-called Kerr effect, has been reported in a
BPLC without the alignment layers. Recently, the polymerization of a small amount of reac-
tive monomer in a BPLC became another breakthrough. The phase separated polymer tends to
nucleate at the defect regions and is capable of stabilizing the cubic lattice against temperature
variations [6]. With the discovery of new BPLC mixtures and polymer composites, fast switch-
ing displays have been explored [48]; however, the issues of high switching voltage, hysteresis,
light scattering and long-term stability are still challenges for practical applications. Here, a

study on the dispersion of gold nanorods (AuNR) in liquid crystal blue phase has been reported
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FIGURE 2.19: (a) TEM images of organo-thio monolayer protected AuNRs in 0.0006%

AuNRs in blue phase liquid crystal at 50°C, (b) The transmittance-voltage (TV) curve of pure

BP and 0.06% AuNR BP device, and (c) the POM images of (b) pure BP samples (c) 0.06%
AuNR BP. The Figure is reproduced from reference [6].

by investigating the basis that may lead to an extended BP temperature range and enhanced

electro-optical performances.

A BPLC mixture was prepared using a nematic LC (55.0 % of BL006, by Merck) and chiral
dopant (45.0% of R811,by Merck) to give a helical pitch around 160 nm. Lab-synthesized
with organo thiomodified AuNR dispersed in dichloromethane (DCM) with size of 10nm in
diameter and 25 ~ 30nm in length (according to the information obtained from TEM study
(Figure 2.19a)), was used as a nanoparticle additive. The doped BP LC mixtures were prepared
by adding 0.6% of AuNR in the BP mixture, while keeping the nematic and chiral dopant at
a constant 1 : 0.8 ratio. A computer-controlled hot stage and a polarization microscope were
used to determine the BP phase range. All samples were heated to the isotropic phase and
cooled at a rate of 0.2°C/min to room temperature. The reflection spectra were acquired with an
Ocean Optics spectrometer as the temperature was varied. Electro-optical measurements of field
induced birefringence required the use of in-plane-switching (IPS) cells with patterned indium
tin oxide (ITO) of Sum electrode line and Sum electrode space on one glass substrate. The IPS
cells were assembled with a second glass substrate, without ITO electrode, using ball spacers to
separate the glass substrates with a cell gap of Sum (5/5/5). Through the use of capillary action

the BP LC samples were filled at an isotropic state and allowed to slowly cool to the cholesteric
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phase. Electro-optical measurements were carried out by aligning the stripes of electrode of the
IPS cell at a 45° angle between the 90° crossed polarizers. Measurements of light transmittance
as a function of applied voltage and response times were carried out at a constant BP state at
50°C. The BP temperature range was increased up to 3.2°C, and decreased with increasing
concentration of AuNR in the BP mixture. We observe a shift to longer wavelengths in the
doped BP samples with respect to the pure BP, which is independent of the temperature; the
pure BP was range from 485 nm to 500 nm, while 0.06% AuNR BP was shifted from 483 nm to
580nm. This longest shift supports the reported POM image (Figure 2.19). The electro-optical
properties of the samples were investigated using IPS cells with 5/5/5 of electrode space, line
width and cell gap, respectively. An applied voltage to the cells at a constant temperature of
50°C shows the contrast between field-on (bright) and field-off (dark) states as seen in Figure
2.19b. The POM images reflect the behavior of the transmittance versus applied voltage curves
both for pure and doped BPs (Figure 2.19c). With AuNR doping, the BP is switched to a stripe
domain at a low voltage where the field is applied in the direction normal to the stripes. The
discontinued stripes arise from imperfect electrode patterning during the substrate preparation.
By contrast, the disappearance of the stripe domain for pure BP occurs at a higher voltage. The
electro-optical study shows a reduction in the threshold voltage (V;;,) of the doped 0.06% AuNR
BP (V;, = 27.3V) with respect to the pure BP (V;, = 34.6V). The AuNRs doped BPLC exhibits
the same light transmission as that of the BPLC at the field-on state at a low voltage. One of
the features of BPLC is its fast response time. In the measured response time of the pure BPLC,
the rise time was 2.1ms and the fall time was 1.7ms. Conversely, in the response time studies
of the 0.06% AuNR doped BPLC, the rise time was 15.3ms and the fall time was 5.9ms. The
response time of 0.06% AuNR doped BPLC is slightly higher than that of the pure BPLC. This
is because the rise time for the AuNRs doped sample is slower if the applied voltage is close
to the critical voltage to unwind the cholesteric pitches (V) [49]. To speed up the turn on time,
one should apply an overdrive voltage to the device. The analysis shows that the fall time of
AuNRs doped sample is about twice slower than that of the pure BPLC; this could be due to
the increase in rotational viscosity arising from the inclusion of AuNRs at the disclinations,
which requires extra energy for local double twists to overcome the extra exclusive volume of
the AuNRs [50]. This study has demonstrated that BP is stabilized as a result of doping with

AuNR. The BP temperature range was increased up to 3.2°C, and decreased with increasing
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concentration of AuNR in the BP mixture. The appearance of orange and red domains in POM
images is supported by reflection spectra data showing a shift to longer wavelengths with respect
to non-doped BP liquid crystals. It is seen that the greatest shift in the maximum wavelength
occurs with 0.06% AuNR BP. This suggests that AuNRs successfully stabilize the BP medium
and optimize thermal stability at low concentrations. In the electro-optical induced Kerr effect,
the optimization in the doped AuNR BP LC device also led to a reduction in threshold voltage

(Vin); Vi (34.6V) for pure BP, and (V;;,) (27.3V) for the doped BP mixture.



Chapter 3

Liquid Crystals as active medium in

Plasmonics

3.1 Introduction

The distinctive properties of Liquid Crystals (LCs) foster new possibilities in plasmonics. The
combination of the intrinsic tunability of LCs with the plasmonic properties of metallic nanopar-
ticles (NPs) provides novel and intriguing features of systems, commonly identified as active
plasmonics. Being LCs media whose refractive index can be controlled through the application
of external stimuli, they represent a convenient host for enabling plasmonic tunability. On the
other hand, the localized surface plasmonic resonance (LSPR), typical of NPs, can strongly in-
fluence and control the behaviour of LCs. In this chapter, an overview of several systems of NPs
combined with NLCs arranged in different configurations is presented. The properties of the

resulting systems suggest novel, intriguing outcomes in both fundamental and applied research.

3.2 Gold nanospheres immobilized on a substrate and layered with

nematic liquid crystals

An active plasmonic system can be obtained by assembling random arrays of gold NPs (GNPs)

immobilized on a conductive substrate and layered with nematic LCs (NLCs). This system
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offers a two-fold advantage because large area samples can be easily fabricated as the result of a
bottom-up and self-assembly procedure, whereas the randomness of particle distribution assures

that optical properties are independent of the polarization of the probing light.

In the experiments GNPs have been prepared according to the Turkevich method, described
in details elsewhere [51]. NPs fabricated by using this technique show a characteristic nega-
tive surface charge, which arises from the mono-layer of citrate capping molecules. The sim-
ple dipping of a substrate, suitably functionalized to possess a positive surface charge, in a
solution of GNPs can result in a single layer of GNPs deposited at the substrate surface. In-
deed, the negatively charged particles stick on the positively charged surface while their elec-
trostatic repulsion induces their self-organization in a mono-layer. The ITO-coated glass sub-
strates were functionalized by first exposing them to a solution of H,O; (30%) for 30 min-
utes before washing with copious amounts of Milli-Q water (18.2MQ - cm). After drying
in a stream of compressed air, the substrates were immersed in a 5%(v/v) solution of N-[3-
(Trimethoxysilyl)propyl]ethylenediamine in ethanol for 30 minutes and were again rinsed with
water; then, dried and set in an oven at 120°C for a further 30 minutes. In order to deposit a
second GNP array at a well-defined distance from the first one [51], a series of charged polymer
layers were assembled by exploiting, once more, electrostatic interactions [52]. In the actual
case, seven polymer layers, consisting of the positively and negatively charged poly-(allylamine
hydrochloride) and poly(sodium 4-styrenesulfonate) respectively, were assembled in between
the two GNP arrays. Polymers had a concentration of 5mg/mL in 0.1M NaCl and were de-
posited for one minute before rinsing with water and drying under a stream of compressed air.
All measurements, excluding the SEM image, which was taken on a single GNP array, were
made on two GNP arrays separated by seven polyelectrolyte (PE) layers. This choice is due to
the fact that, by means of PE layers, it is possible to carefully adjust the distance between adja-
cent GNP arrays and hence control the spectral position of the LPR. This multi-step process is

known as layer-by-layer assembly and allows the realization of suitable layered arrays of GNPs.

Figure 3.1a,b is a Scanning Electron Microscopy (SEM) image of the GNPs distribution; they
are well dispersed and approximately equally spaced (with an average radius of about 10nm)
even if no discernible long-range organization can be observed. The Atomic Force Microscopy
(AFM) topography reported in Figure 3.1c,d confirms this result: the analysis shows an average

radius of about 15nm with a modulation depth of 22nm (see color scale, Figure 3.1). The
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FIGURE 3.1: SEM view (a) and its high magnification (b), AFM topography (c) and its high
magnification (d) of the GNPs distribution. Spectral response of the sample (e).

discrepancy in the measured radius between the SEM and the AFM characterization is attributed
to the convolution between the AFM tip (~ tens of nm) and the average size of the GNPs, that is
of the same order of magnitude; conversely, due to the high vertical resolution (up to 0.1 nm) the
modulation depth represents an accurate measurement of the GNP diameter, in agreement with
the diameter inferred from SEM measurements. The spectral response of the GNP arrays has
been investigated by probing the sample with unpolarized white light (wavelengths in the range
300 — 900nm) impinging at normal incidence. In Figure 3.1e, a pronounced absorption peak
at A = 522nm with a measured extinction coefficient of ~ 10% is observed. Both the spectral
position and the narrow width of the peak confirm the existence of a LSPR due to the presence of
well-dispersed GNPs [53]. Of course, given that the exciting light propagates through the afore
mentioned multilayer system, the obtained spectral response is to be considered as an average

information and no distinction of the contributions of the single layers can be made.

e .

FIGURE 3.2: Sketch of the NLC configuration inside the sample without (a) and with (b)
application of an external electric field.

In order to exploit the reconfigurability properties of the NLC, used as a surrounding medium for
the GNPs, and achieve an active control of their LSPR, a glass cell has been realized by combin-
ing a conductive cover glass, treated with a thin polyimide layer for inducing a planar alignment
of the NLC, with a substrate containing GNP layers. Glass and GNP-coated substrates were kept
at a controlled distance by 4 um glass microspheres and the NLC (E7, by Merck) in isotropic

phase (65°C), has been introduced by capillary action. The NLC possesses a hydrophobic alkyl
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FIGURE 3.3: Spectral response of the sample for different applied voltages (a) and its higher

magnification detail (c). Position of the center of the plasmonic resonance versus the external

voltage (d). In (b), the spectral response of an identical cell, filled in with the same LC material
and without any GNPs, under the effect of an externally applied electric field.

chain and a hydrophilic cyano head group [53] and, in the bulk of the cell, its director exhibits a
hybrid configuration due to a competition between the almost homeotropic alignment, induced
by the electrostatic interaction with GNPs on one side of the cell, and the planar alignment due

to the functionalized top cover glass on the other side (Figure 3.2a).

This hybrid configuration provides an intriguingly interesting environment for the realization of
electro-optic effects. Under the influence of an electric field applied to the planar cell, the NLC
director is reoriented (along the field direction, Figure 3.2b), thus changing the effective bire-
fringence An of the device and modulating the transmitted light intensity. In order to check the
influence of the birefringence variation on the LSPR of the GNP array, the spectral response of
the sample has been characterized by probing it with unpolarized white light at normal incidence

for different values of the applied voltage; obtained results are reported in Figure 3.3.

By increasing the applied voltage, the plasmonic absorption peak exhibits a dancing behavior
with a continuous blue-red shift of its spectral position (Figure 3.3a). In order to exclude that
closed-cell multiple reflections could be responsible of this peculiar behaviour, the same exper-
iment has been repeated with an identical cell filled in with the same liquid crystals but without
any GNPs on the substrates. Even if multiple reflection oscillations are observed in transmission,
upon applying an external electric field to the cell, no wavelength shifts are present in the range
of interest (Figure 3.3b). The dancing behavior, which is very well evident in the high magni-
fication of Figure 3.3c, is in contrast with the optical behavior predicted by the Mie theory [18]
for a dispersion of isolated spherical particles. In fact, this theory predicts a linear dependence
of the resonance wavelength (assumed to correspond to the local minimum of the transmission)

on the value of the refractive index of the surrounding medium (a monotonic red or blue shift
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for increasing or decreasing values of the refractive index, respectively), when considered in a
specific small range. In the case under test, a decrease, roughly estimated from 1.60 to 1.50,
of the NLC refractive index value, obtained under the influence of the external electric field,
should yield a blue-shift of the plasmon resonance wavelength. Moreover, the real refractive
index change, experienced by the LC molecules in proximity of the GNPs, will be even less
because, upon application of the external electric field, they undergo a small reorientation from
almost homeotropic to fully homeotropic. In these conditions, theoretical predictions suggest
that the influence of the refractive index variation on the plasmon resonance spectral position
should be limited [16-19]. The experimental observation is instead a quite surprising non-linear
modulation of the resonance wavelength (Figure 3.3d). This unusual behavior might be ex-
plained by taking into account the influence of the ITO layer underlying the GNP array. Indeed,
Feigenbaum et al. [54] have recently demonstrated that, by shifting the plasma frequency of
free carrier accumulation layers, it is possible to observe unity order refractive index variations.
This effect takes place when an external electric field is applied to a system where an ITO layer
is separated from a gold one by a dielectric layer (SiO», in their case). Under this condition, a
5nm thick accumulation layer appears at the dielectric/ITO interface, and the field increases the
carrier concentration from 1021 to 1022 ¢m 3. It is worth noting that no refractive index modu-
lation is observed unless the SiO, layer is present. This remarkable result has been exploited to
obtain an electro-optical and all-optical control of plasmon modes of individual nano-antennas
using the nonlinear response of nanoantenna-ITO hybrids [54, 55]. In our case, because of the
organosilane layer used to functionalize the glass/ITO substrate (according to the method de-
scribed above), the system under test is similar to the one described by Feigenbaum. As such, it
is reasonable to expect the formation of an accumulation layer at the organosilane/ITO interface
and then a refractive index variation on field application; as a result, due to the refractive index
variation, the accumulation layer behaves as an additional active medium. In order to verify this
hypothesis concerning an effect of the free carrier accumulation layer on the plasmonic reso-
nance, electro-optical experiments have been performed by using an empty glass cell (similar to
the previously described one, but having air instead of NLC). Obtained results are reported in

Figure 3.4a.

By increasing the applied voltage, from OV to 10V, a monotonic red-shift of about 9nm is

observed, as reported in Figure 3.4b, where the variation of the plasmonic resonance wavelength



Chapter 3. Liquid Crystals as active medium in Plasmonics 50

565+

R L :
R +0V ‘g‘,‘, ] x
4 o 562
8 1 +10V L £
5 4 # @ < (b)
[+ “eu ¥, e~ N a - 5604 X
.E 50—3..?' & ‘n‘% H a, O %91
px ey L R_
c A i o
© 4 ,ﬁ;' 8 5561 bd
|: P 5554%
44 ’ . . T . = - . 554
450 480 510 540 570 800 630 660 890 0 1 2 El 4 5 6 7 8 9 10
Wavelength (nm) Applied Voltage (volts)

FIGURE 3.4: Spectral response of the empty sample (a) and plasmonic resonance wavelength
(b) versus the external voltage.

(local minimum of the transmission) versus the external voltage for the empty glass cell has been
reported. This result suggests that, under the influence of the external electric field, the carrier
accumulation and the NLC layers enter somehow in competition as active media surrounding
the GNPs layer. The exact way they contribute to the position of the plasmonic resonance
wavelength is not yet clear and will be further investigated; most probably, depending on the
value of the applied voltage, they combine their effects causing either an increase or a decrease
of the value of the effective refractive index of the medium surrounding the GNPs layer. Most
probably, by combining their effects, ITO and LCs together play a larger role (Figure 3.3c) than
the one LCs could play alone. In more detail, the accumulation layer at the organosilane /ITO
interface is expected to play on the first gold layer mainly, whereas the liquid crystal is expected

to play more on the second one.

3.3 Gold nanorods immobilized on a substrate and layered with ne-

matic liquid crystals

Gold nanorods (GNRs) represent an interesting class of NPs. Their peculiarity is to show two
(transverse and longitudinal) LSPRs located at different wavelengths (from visible to NIR) that
depend on the particle size and aspect ratio [57]. The longitudinal resonance exhibits very
high sensitivity to refractive index variations of particles surrounding medium [58]. Following
the strategy described in the previous paragraph, the realization and characterization of large
scale (~ cm?) GNRs arrays immobilized on an ITO coated glass substrate and layered with an

NLC film that is used as an active surrounding medium has been carried out. GNRs have been
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FIGURE 3.5: SEM view (a) and spectral response (b) of the GNRs distribution. Picture of the
quartz cuvette containing the water based GNRs dispersion (c).

prepared according to the seed-mediated growth method described in detail elsewhere [59].
GNRs are positively charged due to the surrounding bilayer of cetyltrimethylammonium bro-
mide (CTAB); a layer of negatively charged Poly(sodium 4-styrenesulfonate) (PSS) has to be
deposited on the first positively charged layer. The ITO-coated substrates were prepared as re-
ported above for the GNPs deposition but, in this case, they were immersed for 2 minutes into
a solution of PSS (5mg/mL in 0.1 M NaCl) and were again rinsed with water and dried in a
stream of compressed air. The substrates were then left in a 200 mM NaCl solution of GNRs
overnight, and again rinsed with water and dried in a stream of compressed air. Figure 3.5a
is a Scanning Electron Microscopy (SEM) image of the obtained GNRs distribution; it shows
well dispersed and approximately equally spaced rods with ~ 2.6 aspect ratio (AR). The GNRs
are randomly distributed and oriented and exhibit no discernible organization on the surface.
The GNRs distribution exhibits a quite broad longitudinal band at 619nm (Figure 3.5b), which
overlays the transverse one at 525nm. This overlap can be avoided by red-shifting the longitu-
dinal band to the near infrared (NIR) by slightly increasing the AR (small changes in AR lead

to drastic changes in the position of the longitudinal band).

To depict the sample fabrication and characterization procedure, a sketch of the step by step
processes has been reported in Figures 3.6a,b, where with TP and LP are indicated the transver-
sal and longitudinal polarization direction with respect to the long axis of the GNRs substrate
respectively. Figure 3.6a sketches a GNRs substrate while Figure 3.6b shows planar aligned
NLC. In the above described fabrication process, both GNRs and ITO coated glass substrates
have been functionalized with polyimide layer, rubbed by a soft tissue in order to induce a planar

alignment of the NLC molecules; then, the NLC (MDA-00-1444, by Licristal) is sandwiched
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between the treated GNRs substrate and the top cover glass. The two substrates are spaced by
10 um glass microspheres and the NLC is introduced by capillary flow at room temperature; the
NLC director n orients parallel to the substrates (along the TP direction). In a second step, we
have performed a spectral analysis of the sample by considering two different polarizations of
the probe light (LP and TP) as depicted in Figure 3.6b. Figure 3.6c compares the absorption
spectra of the GNRs substrate, with and without the NLC overlayer. Without the NLC overlayer
(Figure 3.6c, blue curve) sample exhibits a longitudinal band at 619nm. In order to take into
account the NLC birefringence, we have performed a polarized spectral analysis of the sample.
The influence of light polarization on the optical response of the sample is shown in Figure 3.6c
(red and magenta curves), which reports the spectral analysis for impinging LP (red curve) and
TP (magenta curve) radiation. The two peaks are red-shifted of about 3 and 6 nm respectively
with respect to the GNRs substrate (Figure 3.6c, blue curve). This effect can be explained by
taking into account the fact that the optical properties of ellipsoidal particles are predicted by
Gans theory [60] and in this framework, the spectral position of the LSPR peak depends on
the refractive index of the dielectric material surrounding the GNRs. In our particular case, the
presence of the NLC layer increases the local refractive index near the GNR layer. The refrac-
tive index of the GNRs substrate is ~ 1 (we consider air as surrounding medium) while the
LC ordinary (n,) and extraordinary (n.) indices at A = 630nm are 1.54 and 1.67 respectively.
Specifically, LP light will experience a refractive index variation from 1 to 1.54 while for TP

light, the refractive index varies from 1 to 1.67.
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FIGURE 3.6: Sketch of the GNRs distribution without (a) and with (b) NLC layer along with
their spectral response (c). Picture of the large area (1cm?) sample (d).

Surprisingly, despite the longitudinal resonance exhibits a very high sensitivity to variations in

the refractive index of the surrounding medium, in the actual case, we have observed only 9nm
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shift. This behavior can be explained by considering that the LSPR oscillation is confined onto
a 30 —40nm thick layer at the surface; in this case, in order to induce the planar alignment
of the NLC layer, a quite thick (= 100nm) polyimide layer has been deposited (this expedient
was necessary to protect the GNRs substrate during the rubbing process); thus, being GNRs
encapsulated in the alignment layer, they are closer than 100 nm to NLC molecules and evidently
close enough for the NLC to influence the LSPR spectral position, even if in a very limited way.
However, in a similar approach, it has been already demonstrated an efficient way to overcome
this suppression at the surface, through the use of a Photo-Alignment Layer (PAL) whose local
orientation can be modulated using polarized light [61]. This few nanometer ultra-thin film, acts
as a command layer for controlling the LC order directly on the surface and localizing a change

of the LC refractive index around the GNRs.

In order to verify the active plasmonics properties of the system, the sample has been placed at
45° between crossed polarizers and the transmission spectrum of the system (polarizer+sample+analyzer)
has been acquired with a spectrometer. During the experiment, the refractive index value of the
nematic liquid crystal has been modified through the use of an a.c. voltage (square wave, 1 KHz)
externally applied to the cell. Figure 3.7a shows the transmission spectra of the sample while

increasing the amplitude of the electric field.
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FIGURE 3.7: Spectral response of the sample placed at 45° between crossed polarizers while
increasing the externally applied electric field (a) and related POM view (b-e).

The sinusoidal like behavior reported in Figure 3.7a can be explained by considering that the
transmission (7', ) of light through a birefringent medium placed at 45° with respect the polarizers-

analyzer axes is given by:
, mond
A

T, o sin 3.1)
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FIGURE 3.8: Spectral response of the sample (a) and position of the center of the plasmonic
resonance (b) for different applied voltages.

where A is the wavelength in vacuum, dn the sample birefringence and d its thickness. Keeping
fixed the values of d and 6n and varying A, T| undergoes through maxima and minima (red
curve, Figure 3.7a) inducing a suppression of different parts of the visible spectrum, and, there-
fore, in general, a non-white colour response as evidenced by the Polarized Optical Microscope
(POM) view reported in Figure 3.7b. It is worth noting that, due to the NLC molecular director
reorientation (along the electric field direction),0n is gradually reduced with a consequent blue
shifted spectral response (see magenta, blue and orange curves in Figure 3.7a) and color change
(Figures 3.7c-€). Indeed, according to equation 3.3, by gradually decreasing 8n, it is possible to
maximize 7| for smaller values of A (blue shift range). Moreover, the spectral analysis reported
in Figure 3.7a has been used for evaluating the absolute value of dn and its variation under the
influence of the external electric field. Indeed, the argument of equation 3.3 can be maximized

by fulfilling the following relationship:

= mn (3.2)

As a result, a dn variation of about 0.095 has been measured; this value is lower than the
one measured in presence of the same material planarly aligned in a conventional glass cell
(0n =~ 0.2). This difference can be explained by considering that the effect of the GNRs sub-
strate, despite the presence of the quite thick alignment layer, affects the NLC average orienta-
tion as well. Most probably, the electrostatic interactions, induced by the presence of the NRs,
result in a lowering of dn. In order to check the influence of the birefringence variation on the
plasmonic resonance of the GNRs array, the LSPR of the sample has been analyzed by probing

it with polarized (TP) white light at normal incidence for different values of the applied voltage;
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obtained results are reported in Figure 3.8. By increasing the applied voltage, the LSPR peak
exhibits a dancing behavior with a blue-red shift of its position (Figure 3.8b). This behavior is
in contrast with the optical properties of ellipsoidal particles predicted by Gans theory [60] but
it can be considered as a further confirmation of the similar behavior reported in the previous
paragraph. In that case, it has been supposed the presence of a carrier accumulation layer that,
together with the NLC layer, competitively contributed to the effective refractive index value
of the medium surrounding the nanospheres, which results in the non-monotonic shift of the
LSPR wavelength position. This time, being the sample realized with a similar technique, ex-
cept for the shape of the nanoparticles, it is also reasonable to hypotesize the presence of the

accumulation layer and hence understand the behaviour reported in Figure 3.8.






Chapter 4

Templating gold nanorods with liquid
crystalline DNA

4.1 Introduction

A liquid crystalline, negatively charged, whole-genome DNA is exploited to organize positively
charged gold nanorods (GNRs) by means of electrostatic interaction. A mesoscopic alignment
of the composite system along a preferred direction is obtained by casting a droplet of the DNA
nanorods solution onto an untreated glass substrate. Gel electrophoresis analysis enables eval-
uating the effective electric charge of the system, thus minimizing the DNA fragmentation.
Polarized optical microscopy, combined with transmission and scanning electron microscopy,
shows that, up to 20% in weight of GNR solution, the system exhibits both a long range order,
induced by the liquid crystalline phase of the DNA, and a nanoscale organization, due to the
DNA self-assembly. These evidences are confirmed by a polarized spectral analysis, which also
points out that the optical properties of GNRs strongly depend on the polarization of the imping-
ing probe light. The capability to organize plasmonic nanoparticles by means of DNA material

represents a significant advance towards the realization of life science inspired optical materials.
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4.2 DNA based nanostructures

Self-assembly indicates a process whereby a large quantity of molecules and subunits undergo
spontaneous organization to form larger ordered structures driven by internal interactions or
external constraints. A careful control of the basic mechanisms of self-assembly, involving ma-
terial properties, electrostatic interaction and surface chemistry, has been widely used to design
and fabricate devices based on nanomaterials with original, suitably designed, optical properties.
Metamaterials are a particularly exciting example of such a kind of materials; they are formed
by an arrangement of artificial structural elements designed to achieve unique electromagnetic
properties, which open the way towards innovative applications, such as high-resolution imaging
[62], cloaking devices [63], data storage [64], sensors [65], solar collectors [66]. The modeling
and manufacturing of such particular materials has been possible thanks to recent advances in
the field of nanotechnology (with a top-down approach) and material science (exploiting self-
assembly, or bottom-up approach). The top-down strategies take advantage of lithographic tools
to pattern nanoscale structures on a substrate, while the bottom-up approaches exploit interac-
tions among basic constituents (molecules) to realize self-assembling in nano-ordered structures.
In this framework, metallic nanoparticles (MNPs) represent a unique class of building blocks for
realizing optical metamaterials that can exhibit, for instance, a negative refractive index [67].
MNPs have the capability to localize light down to the nanoscale through the excitation of the
Localized Surface Plasmon Resonance (LSPR). Such a phenomenon, due to the oscillation of
the free electrons localized at the metal (MNPs)/dielectric (surrounding medium) interface, can
be induced by visible radiation; moreover, the LSPR frequency can be tuned by varying both
size and shape of the MNPs and/or the dielectric constant of the surrounding medium [68]. A
particular class of MNPs is represented by gold nanorods (GNRs), that are characterized by two
LSPRs, the transverse and the longitudinal one, respectively, whereby the frequency of the last
one can be tunable from visible to NIR, as it is a function of the particle aspect ratio (defined
by nanorod length/diameter ratio) [57]. Moreover, for ordered systems, the optical properties of
GNRs depend on the polarization direction of the incident light since, for light polarized along
the average orientation of the long axis of GNRs, the LSPR is dominated by the response of
the longitudinal resonance. Bottom-up techniques based on self-assembly of MNPs have been
widely explored in the last few years; in particular, DNA-based nanostructures have received

great attention, since DNA is a flexible polymer that exhibits, besides its specific structural
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properties, both self-organization and molecular scale recognition. In one of the earlier experi-
ments in the area of DNA based assembly, Alivisatos et al. [69] originally demonstrated that a
discrete numbers of gold nanocrystals were organized in periodic structures by the interaction
with molecular DNA. More recently, artificially designed self-assembled DNA nanostructures
have been reported in various topological systems and with different functionalities: 1D and 2D
periodically patterned structures [70], nanomechanical devices [71], and molecular computers
[72]. From a different point of view, an interesting phenomenon is represented by the tendency
of flexible polymers in concentrated aqueous solutions to form liquid crystalline phases. Indeed,
the ability of both long [73, 74] and ultrashort, hydrated [75], double-stranded DNA molecules
to form liquid crystal (LC) phases has been known for more than 50 years and played a key role
in the initial deciphering of the molecular DNA. In the following it is reported the realization and
characterization of a self-assembly method applied to an aqueous solution of GNRs dispersed

in liquid crystalline DNA.

4.3 Organization of GNRs in a self-assembly process driven by the

DNA

In the considered systems, the electrostatic interaction between GNRs and DNA has proven
to be able to organize GNRs in a self-assembly process driven by the DNA mesophase. A
whole-genome DNA extracted from human blood, containing approximately 10k base pairs (1

bp length ~ 0.34nm) and with a contour length of about 3.4 m has been used.
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FIGURE 4.1: Normalized UV-vis absorption spectrum of the DNA solution (a), along with
the polarized spectrum (c) of the GNRs aqueous dispersion (d), acquired for two orthogonal
polarizations. (b) is a view of the double helix visible mass.
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Figure 4.1a shows the normalized UV-vis absorption spectrum of the DNA sample suspended in
a rehydration solution (tris-EDTA buffer); the solution appears transparent, showing an absorp-
tion signal only close to the 270nm wavelength. This spectral feature can be accounted for by
considering that DNA is formed by simple units (called nucleotides), each composed of a sugar
group, a phosphate group, and a nucleobase (i.e., guanine, adenine, thymine, and cytosine [76])
with slightly different, characteristic, absorption spectra in the UV range (from 250-290nm).
Moreover, since, the DNA has been thoroughly purified during the extraction process, the resid-
ual presence of proteins (which usually show an absorption peak between 275 and 280nm) is
negligible, so that the contribution of proteins to the absorption peak can be disregarded. There-
fore, the absorption peak reported in figure 4.1a and centered at 270nm just corresponds to the
convolution of the absorption bands of the nucleobase. Figure 4.1b is a view of the double helix
visible mass observed during the DNA extraction process. Water dispersible, cetyltrimethy-
lammonium bromide (CTAB) capped GNRs have been synthesized by suitably modifying an
already reported, seed mediated protocol, described in detail by Placido et al. [77]. The disper-
sion of GNRs, with aspect ratio 2.5 + 0.4, exhibits two typical plasmon bands: a transverse one

at wavelength A = 520 nm and a longitudinal one at A = 635nm.

4.4 Characterization of GNRs DNA composites

The optical response of GNRs has been analyzed for two orthogonal polarizations of the im-
pinging probe light. As shown in figure 4.1c, the spectroscopic features exhibit no significant
dependence on the polarization direction; such experimental evidence confirms that GNRs are
randomly distributed, resulting in an isotropic solution where no macroscopic order can be rec-
ognized. Homogeneous mixtures of DNA and GNRs have been prepared by adding an aliquot
of the GNRs solution (2 x 10~°M) in the dispersion of DNA, the GNRs concentration ranging
from 2% to 50% in weight. A preliminary investigation of the interaction between GNRs and
DNA has been carried out by performing a gel electrophoresis analysis, a technique particu-
larly suited to accomplish both separation and analysis of macromolecules (e.g., DNA, RNA,
proteins) and their fragments, based on their length and charge [78]. Charged molecules of the
solution to be tested are forced to move through an agarose matrix under the influence of an

electric field that is created by applying an external DC voltage. The DNA molecules, being
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FIGURE 4.2: Gel electrophoresis analysis for different GNRs concentrations (a), along with
the POM view of the DNA-GNR mixture deposited on a glass substrate by drop casting (b).

negatively charged along their length, migrate toward the positive electrode. In this way, during
their electrophoretic run, they are separated according to their length, since pores in the agarose
matrix allow short DNA molecules to snake through more easily than long ones. The mixture of
DNA and GNRs has been then added of a small amount (1% in weight) of a negatively charged
blue dye (ethidium bromide, EtBr), which is an intercalating agent commonly used to act as a
fluorescent tag; when EtBr is exposed to UV light, its orange fluorescence increases of about
20-fold upon binding to DNA. At a later stage, the obtained solution has been pipetted in the
agarose matrix molded with wells (figure 4.2a), also containing DNA filaments of known size
(in the first well on the left of figure 4.2a), which are used as markers. The agarose matrix is
then placed on a UV lamp and covered with a UV glass filter. When the system power supply is
turned on, the DC voltage (120V, 0.78 mA) induces a migration of the pure DNA (figure 4.2a,
second well on the right) towards the positive electrode. Observation of a single fluorescent
band indicates that DNA molecules have almost the same length, which includes approximately
10000 base pairs. By increasing the GNRs concentration up to 5%, the solution shows a remark-
able fluorescence very close to the well, pointing out an inhibited migration toward the positive
electrode. Such evidence can be accounted for by considering the presence of the CTAB bilayer,
which makes GNRs positively charged, and thus able to electrostatically interact with the DNA
molecules without affecting their average length, but varying the effective charge of the whole
system. By increasing the GNRs concentration up to 20%, the fluorescence light appears as
split and coming from two main sites: a first one, closer to the well, reasonably ascribable to
the electrostatic conjugation between GNRs and DNA, and a second one, at about a 10k base
pairs distance, which is due to the excess of DNA, not electrostatically conjugated to GNRs,
and hence more mobile. For concentrations of GNRs exceeding 20%, the heavy GNRs dam-

age the DNA strands (when the value is about 30-40%), also affecting its mobility (for values
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=~ 50%). For a further characterization, a polarized optical microscope (POM) analysis has been
also performed. Preliminary observations confirm that a liquid crystalline phase of the DNA
molecules exists and is maintained up to 20% of GNR concentration; by exceeding this value,
the large quantity of GNRs strongly affects the liquid crystalline structure of the DNA and the
entire solution becomes isotropic. Therefore, in the following experiments, a solution with 20%
of GNR has been used to both maximize the presence of GNRs and keep the DNA in a liquid
crystalline phase, avoiding to damage it. A droplet of this solution has been drop-cast onto an
untreated glass substrate and allowed to dry under controlled temperature (45°C); meanwhile, a
stretching of the droplet on the surface, along a preferred direction, has been induced by means
of an airflow, thus obtaining a quite thin and uniform film of large area (~ 1mm?). Figure 4.2b
shows a POM view of this film, acquired at room temperature, after evaporating all the sol-
vent. At this level of magnification, details on the local organization of the GNRs around the
filaments of DNA cannot be seen and they appear oriented, in average, along the shearing di-
rection. The bright strips, clearly visible in figure 4.2b, confirm that the DNA exhibits a LC
phase, with a local birefringence of about 0.01 (measured by the optical compensator method).
This value of birefringence, lower than typical values (~ 0.2) obtained in very well ordered LC
phases, can be attributed to the low initial concentration of DNA in the aqueous solution; in-
deed, it has been already shown that, in the investigated concentration range, the hydrated DNA
exhibits a pre-cholesteric phase, whose typical birefringence is of the order of 102 [79]. It is
also worth pointing out that the DNA birefringence has been experimentally demonstrated to be

only weakly perturbed by GNR concentrations up to 20%. A transmission electron microscopy

FIGURE 4.3: TEM (a) and ESEM (c) images of the sample along with their high magnification
(b), (d), highlighting the ‘helix like’ organization (tracked with continue arrows) of GNRs
wrapping the liquid crystalline DNA.

(TEM, by Jeol JEM microscope, operating at 100kV) analysis has been performed by depositing

a droplet of the same solution onto a carbon-coated copper grid, and allowing then the solvent to
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evaporate. Figure 4.3a is a low magnification TEM image of the sample, whereas a high magni-
fication of the area marked with the red circle in figure 4.3a is reported in figure 4.3b. Here, the
GNRs seem to be organized in a helical geometry (tracked with continue arrows), while there
is no relevant information about the DNA component. Both features can be accounted for by
considering that: i) gold atoms have a high atomic number (Z & 79), hence they give rise to
a high signal contrast, due to a higher scattering power if compared to the DNA components
(nitrogen, carbon and phosphorus based system with an average Z ~ 12); and ii) due to the high
energy of the impinging electron beam (100 KeV), the DNA can easily evaporate. For these
reasons, the DNA presence can be hardly observed in figures 4.3a,b, apart from some residual
white spots that are visible close to the GNRs. It is worth noting that, while different infor-
mation on the DNA GNRs composite, useful for other application-oriented investigations (e.g.,
gene therapy), have been already obtained by using different techniques (such as negative stain-
ing [80] and cryo-electron microscopy [81]), the helical geometry, recognizable in figure 4.3b,
which indicates a nanoscale organization of the GNRs, represents the most important aspect of
our findings. For this reason, a further investigation of this assembly geometry has been car-
ried out by Environmental Scanning Electronic Microscopy (ESEM, Quanta 400 FEG by FEI,
operating at 25kV’) analysis of the same sample area reported in figure 4.2b. Figure 4.3c is a
low magnification ESEM image of the sample, whereas figure 4.3d shows a high magnification
of the area marked with the red circle in figure 4.3c, and highlights a long-range distribution of
densely packed GNRs, which, also in this case, appear to be organized in a helical geometry
wrapping the liquid crystalline DNA. Furthermore, we have performed a far field, polarized,
spectral analysis of the same sample area (figure 4.3b) by utilizing white light (wavelengths in
the range 450 — 810nm, impinging on the sample at normal incidence). Figure 4.4a shows the
absorption spectra of the sample for light linearly polarized i) along the shearing direction, ii)
perpendicularly to it, and iii) at 45° (indicated in figure 4.4b with red, blue, and green arrows,
respectively). Since GNRs that embed the DNA filaments are, in average, oriented along the
shearing direction, light polarized in this direction experiences only the longitudinal plasmon
response, as it is clear from figure 4.4a (red curve), whereas the transversal band is, in this case,
completely missing. In addition, this spectroscopic response shows a small bump at A ~ 800 nm,
which is ascribable to inter-particle interaction phenomena between close-packed GNRs [82];

this represents a further evidence of the macroscopic organization of GNRs along the shearing
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FIGURE 4.4: Polarized spectral response of the sample (a), along with an optical micrograph
(b) of the analyzed area.

direction, induced by the liquid crystalline phase of the DNA. Above considerations are sup-
ported by the spectral features exhibited by the same sample when probed with light polarized
perpendicularly to the shearing direction (figure 4.4a, blue curve): in this case, the transversal
band is well evident, whereas the amplitude of the longitudinal band is reduced of about a fac-
tor two. In fact, in these experimental conditions, the longitudinal band cannot be suppressed
completely, being evident from the ESEM analysis (figure 4.3d) that GNRs undergo a rotation
along the main axis of the helical geometry. Finally, in the spectral response to light polarized at
45° with respect to the shearing direction (figure 4.4a, green curve), both plasmonic bands are
observed, with amplitudes that are in between the ones of the two previously described cases,
as expected on the basis of above considerations. Such spectral evidence confirms the TEM
and ESEM analysis, showing that GNRs follow the rotation along the main axis of the helical

geometry.



Chapter 5

Thermo-plasmonics: generation of

heat from metallic nanoparticles

5.1 Introduction

In this chapter the physics of plasmonic heating is studied by starting from the mechanism en-
ergy convertion from light to heat. Then, the heat transfer from nano-particles to the surround-
ing medium is explained. Next, a fast and simple experimental approach to monitor temperature
variations of a huge number of NPs randomly distributed is described. Finally, a model to predict

temperature variations on this kind of system is presented.

5.2 Physics of plasmonic heating

Thermo-plasmonics is one of the most emerging and fastest growing research fields of the recent
years [14, 85-87]. Based on the used of noble metal nanoparticles (NPs) to control temperature
at the nanoscale, thermo-plasmonics exploitis the localized surface plasmon resonance (LSPR),
which occurs when the conduction electrons of NPs oscillate in resonance with the electric
field of an impinging light, thus producing a photo-induced heating process of the entire nanos-
tructure. LSPR represents the way to input energy in such small nano-objects [88—90](NPs):

Absorbed light induces an unavoidable damping of the LSPR and generates a non-equilibrium

65
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electron distribution that decays via electron-electron collisions [91]. The hot electron gas equi-
librates with lattice phonons which transfer the generated energy to the surrounding medium,
resulting in heat generation by a Joule mechanism [17, 92, 93]. This heat generation increases
the temperature inside the object and places the system out of equilibrium. The temperature of

the enviroment is thus increased to reach a new equilibrium.

To explore the process of the photo-induced heating we consider a metallic nanoparticle sur-
rounded by air and illuminated by a monochromatic light characterized by a wavelength 4. Let
E(r,t) = Re{E(r)e "'} be the electric field and E(r) its complex amplitude. Let j(r) be the
complex amplitude of the electronic current density inside the particle. The heat density source

g =< q(r,t) >, inside the nanoparticle, arising from Joule effect, is [94]:

q(r) =<j(r,t)-E(r,t) >, (5.1)
() = SRelj(r)* E(r)] 52

By using the relations j(r) = —iP(r) and P(r) = (g, — &)E(r), equation 5.2 can be rewritten

as:

() = S im(e,) [E(r) 53

where &, is the metal permittivity. The heat density source g(r) results to be proportional to
the square of the electric field inside the nanoparticle. The total heat power delivered by the
metal nanoparticle is obtained by integrating the heat density source on the volume V of the

nanoparticle:

0= %Im(em) /V IE(r)[? (5.4)

An alternative, analytical approach, to estimate the heat power Q absorbed (or delivered) by a
NP, used in the case of nanoparticles with geometries like spheres and rods, is based on the use

of the absorption cross section G, introduced in chapter 1:
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O = Oupsl (5.5)

where [ is the irradiance of the incoming light (W /cm?, in the case of a plane wave I =

nsCo€o \Er]2/2).

Once the heat power density originating from the Joule effect is determined, we can introduce
it into the general equations that govern heat diffusion in the surrounding environment; this two
step analysis for calculating the temperature increase is justified by the circumstance that heat
generation inside the NP is much faster (ps) than its release into the environment (ns — Ls) (see

section 5.2.1). The differential equation governing the heat diffusion is:

p(r)cy(r)oT (r,1) = V- (x(r)VT (r,1)) = g((r),1) (5.6)

where k is the thermal conductivity, p the mass density, c,, the heat capacity and T the tempera-
ture. For these kind of systems we can consider that the thermal conductivity, the heat capacity

and mass density are constant within the medium:

pepdT(r,1) = kV2T((r).1)) = g((r).1) (5.7)

In the steady state regime the heat diffusion equation becomes the Poisson equation:

KV2T (r) = —g(r) (5.8)

The profile of the heat density generation g(r) can be highly non-uniform inside a plasmonic
structure. However its internal temperature profile remains quasi-uniform due to the much
higher thermal conductivity of metals compared with the surrounding media (air, water, glass,and
so on) [95]. Since the source of heat in the system is restricted to the plasmonic structure, the

equation governing heat diffusion in the surroundings becomes a Laplace equation:

V2T(r) = 0 (5.9)
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Solving this equation dictates that outside the plasmonic structure, the temperature features a
1/r decrease [95]. Interestingly, equation 5.9 does not present any length related constant,
like the wavelength in Maxwell’s equations for instance. The direct consequence is that the
related temperature profile does not depend on the size of the structure: around a plasmonic
nanoparticle of typical dimension L, the temperature expands over approximatively L, whatever
the nanoparticle temperature increasis. Although the temperature profile is fixed, the absolute
temperature increase can be controlled. To this end, different parameters have to be considered

[95]:

o the absorption cross section of the nanoparticle;

e its morphology: the heat dissipation is favored in elongated or small particles since the

surface to volume ratio is increased; this leads to lower temperatures;
e the environment: the higher its thermal conductivity, the lower the temperature values;
e the power of the impinging light (laser).

For a spherical particle, the calculation of the nanoparticle temperature increase ATy is straight-

forward and yields a useful analytical formula [95]:

c7(1[751
ATy = 5.10
07 47kR ( )

where [ is the irradiance of the incoming light and R the radius of the sphere. As an example, to
obtain a temperature increase of 1°C in a R = 25 nm spherical nanoparticle in water illuminated
at the plasmonic resonance (530nm), the required laser intensity is 3.8 - 103W /cm?. For the
more general case where the nanoparticle is not spherical, a correction factor to formula 5.10 is

available [95].

5.2.1 The dynamics of the photo-induced heating

In order to understand the dynamics of the photo-induced heat and its delivery in the surround-
ing medium we can consider the NP impulse response, as it is typical for dynamic systems in

physics. Let’us image that a ”very short” light pulse is sent onto a gold nanoparticle (see Fig.
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FIGURE 5.1: Schematic illustration of the series of energy exchanges involved in the optical
impulse response of a gold nanoparticle on a logarithmic time scale.

5.1). Part of the incoming light is then absorbed by the induced electron transitions; a priori
it is possible to induce any interband transitions, as well as intraband ones. In the former case,
photons generate individual electron-hole pairs, while in the latter they promote electrons up to
higher levels within the conduction band. We have already seen in a previous section (chapter
1) that in spherical Au-NPs both plasmon resonance and interband transitions can be excited in
the same spectral range. In this latter case the SPR is damped and broadened due to Landau
damping. Beyond this, for the sake of simplicity, we will disregard the possible excitation of

interband transitions in the description of the dynamics mechanisms.

Provided the ultrashort wave packet spectrum matches the SPR energy, the plasmon resonance
is excited, that is, a resonant coupling with the electromagnetic wave induces a coherent set
of in-phase electron excitations in the conduction band. It has been shown through optical
experiments (using second-harmonic generation autocorrelation, spectral hole burning or mea-
surements of the SPR bandwidth of single NPs) that the dephasing time (7>) of the SPR is a few
femtoseconds. The NP is then left with an extra energy stored in the electron gas. As a matter
of fact, a few electrons have gained photon energy by absorption, the other ones remaining in
the non-excited states; this puts the electron distribution out of equilibrium. Energy is then re-
distributed among the whole quasi-free electron gas by electron-electron collisions, leading to
the recovery of an internal thermal equilibrium within the conduction band. This process occurs
on a time scale which ranges from a few tens to several hundreds of femtoseconds, depending
mainly on the initial energy input (the higher the proportion of excited electrons in the gas the
faster the energy redistribution by collisions). At the same time, electrons scatter with phonons.
Actually, there are no real collisions with such quasiparticles; rather, a quantized vibration mode
of the crystal lattice (i.e. a phonon) induces a modification of the periodic potential experienced
by the electrons, and then a modification of the wave function of the latter. The typical time
scale of this process is about one picosecond. As for the electron electron (e-e) scattering rate,

the actual electron-phonon (e-ph) relaxation time depends on several factors such as particle
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size and input energy excess. Finally, as the NP is not isolated but is embedded in a medium,
there is a thermal energy exchange at the interface through phonon-phonon collisions, leading
to the cooling down of the NP. The dynamics of this process may range from a few picoseconds
to nanoseconds. As a consequence of this series of energy exchanges, the internal energy of
the electron gas that follows the light pulse absorption undergoes (i) a sudden and strong rise,
(ii) an inner redistribution within the electron gas (a thermal regime), (iii) a fast decrease (e ph
scattering) and (iv) a slow return back to equilibrium (thermal transfer to the host medium). The
particle temperature is ruled by the balance between the gain of energy from e-ph collisions and
the heat release towards the host medium. It presents then an increase on a picosecond time

scale followed by a slow decrease.

5.3 Experimental study of the heat generation from random distri-

bution of gold nanoparticles

In this section it is presented an experimental analysis of the photo-induced heat that can be
realized in a planar layer of randomly distributed GNPs, with two different values of surface
density. The idea is to monitor temperature variations inside the area illuminated by a continuous
laser radiation at the NPs resonance wavelength and investigate the phenomenon by considering
a high density of NPs fixed on a given substrate. Measurements have been performed by means
of a thermographic camera able to detect localized temperature variations with a resolution in
non-contact mode. The use of this method is dictated by the macroscopic temperature variations
induced by the huge number of NPs contained in the illuminated area; a statistical analysis based
on scanning electron microscopy (SEM) images enabled to estimate this number to be around
10'°, responsible of temperature variations of tens of °C. Experiments have been performed
on monolayers of GNPs with two different values of surface density. GNPs are synthesized by
following the Turkevich method [96]. They result to be attached on a glass substrate, that has
been functionalized with a strong oxidizing agent (Piranha solution), after dipping the substrate

into a gold colloidal solution at room temperature (Fig. 5.2a).

The electrostatic interaction between the negative charged NPs and the functionalized surface
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FIGURE 5.2: Sketch of the samples preparation and probing: samples were immersed in a

gold colloidal solution (a), for two specific time depending on the selected surface density (b);

samples were characterized by the presence of NPs on both sides (c); NPs are removed from

one side (d) and then the photo-heating is induced by means of a green beam laser (¢). SEM

images of GNPs distributed on glass substrates with two different values of surface density: (a)

sample 1, surface density of 355 uwm~2 and (b) sample 2, with surface density of 701 pm2.
Insets are the 3D view AFM images of the same samples.

enables to obtain a strong adhesion. The procedure is repeated twice by changing the func-
tionalization time from 50 minutes to 1 hour and 45 minutes (Fig. 5.2b), in order to obtain
two samples with two different values of NP surface density; it is worth noting that obtained
samples are characterized by the presence of NPs on both sides of the substrate (Fig. 5.2¢). A
spectral analysis shows the typical LSPR absorption of spherical NPs in the green region of the
spectrum, centered at 515nm for both samples; as expected, after removing the NPs from one
side of the two substrates (Fig. 5.2d), a decrease of approximately 50% in the resonance peak
occurs. Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) images
reported in Fig. 5.2 reveal well-dispersed GNPs randomly distributed on the entire surface of
both samples. Average size, polidispersivity and surface density of NPs have been evaluated by

means of a statistical analysis performed by means of a Java-based software (ImageJ).

Sample 1 (S1) exhibits a polidispersivity of 18.78%, an average NP diameter of 20.4nm and
a surface density of about 355 um~2; sample 2 (S2) is characterized by a polidispersivity of
6.02%, an average diameter of 19.6nm and a surface density of about 701 um=2, both values
evaluated by performing an average of data belonging to different areas of the two substrates.

AFM images (insets of Fig. 5.2) show an average height of NPs of approximately (20 + 3)nm.

S1 and S2 are illuminated by a continuous green laser at A = 532 nm (Fig. 5.2e), with a spot size
of 0.21c¢m?. Measurements are made at power intervals of 50mW in the range 10 —250mW,

corresponding to intensity variations from 0.05 to 1.19W /cm?. A thermographic analysis has
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FIGURE 5.3: Thermographic images of sample 1 (a,f) and 2 (a,f), for different values of the
pump beam intensity.

been performed at a small angle with the pump beam (that impinges perpendicularly to the
sample) by using a thermo camera (E40 by FLIR) characterized by a sensitivity of 0.07°C and
a spatial resolution of 2.72mrad. Control-parameters have been appropriately set to consider

both environment and materials properties.

Thermal images for S1 and S2 are reported in Fig. 5.3. Figures 5.3a - 5.3f related to sample
S1 represent the thermographic analysis for six different values of excitation intensity, whereas
Fig. 5.3h - 5.30 refer to S2. Both set of images present hot-spots, related to the photo-induced
heat generated by the GNPs, in resonance with the external laser excitation. For both samples,
the scale of the thermo camera is properly set in order to appreciate temperature changes in the
range of values 19.9 —26.9°C. By monitoring temperature values of the central pixel of each
hot - spot, corresponding to the highest temperature value, it is possible to plot the temperature
variation AT =T — Ty as a function of the impinging intensity (see Fig. 5.3g for S1 and Fig. 5.3p
for S2); a linear increase is observed in both samples. The measured temperature variation for
S1is3.0+0.4°C, while for S2 it is 6.0+ 0.4°C. We recall here that the surface density of S1 is
about half of S2, resulting in a linear increase of AT as a function of the density of GNPs. Same
values of AT were detected by monitoring different areas of the same sample. In order to verify
the stability of GNPs on the substrate, samples have been tested with high incident intensity,
corresponding to a AT of about 40°C. Morphological analysis shows that the distribution of the

NPs is not affected by this procedure.

A further investigation is related to the possibility of controlling AT by changing the refractive
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FIGURE 5.4: Thermographic images for different values of intensity of the pump beam for
sample 3, with a polymer as surrounding medium.

index of the NPs surrounding medium [97, 98]. A polymer (PAAD-22 synthesized by BeamCo)
is spin-coated onto sample S1 at 1000 rpm for 30s. The thickness of the deposited polymer
layer is evaluated by means of an AFM analysis, resulting approximately equal to (20 + 3) nm.
The obtained sample is labelled as S3. A UV-VIS spectrum analysis of S3 shows a red-shift of
about 12 nm of the peak wavelength and an increase of the overall extinction value of the LSPR
of about 78 %. Thermal-images for S3 related to the same six excitation intensities used for S1
and S2 are reported in Fig. 5.4a to 5.4f, where the scale is set in the range 20.5°C — 35.5°C,
in order to include also the highest temperature variation measured in this case; once again,
results confirm a linear dependence of AT on the excitation intensity (see Fig. 5.4g), but with
a different slope: The increase of the refractive index of the host material surrounding GNPs,
(with the same surface density considered in S1, 355 um™~?2), causes a higher photo-induced heat,

corresponding to AT values of about 154+0.4°C.

5.4 Theoretical prediction of the heat generation from random dis-

tribution of gold nanoparticles

In a growing number of recent papers on thermal plasmonics, collective effects are taken into
account, since the contribution of a single GNP has been proved to be not enough to explain

temperature variations observed in some experimental configurations [99, 100].

Up to now, theoretical efforts to describe this collective thermal response consist in numerical
modeling of periodic and quasi-periodic arrays of metal NPs [101, 102], or in the description of

a water droplet containing a colloidal suspension of a high number of GNPs [99].

Here it is presented a quite different system: on one side, NPs are randomly distributed, so

that it is impossible to invoke any periodicity to reduce the study to a single lattice unit cell
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investigation; on the other hand, we deal with a fixed 2 dimensional structure, which simplifies
the study when compared to a suspension in a water droplet, where complex mechanisms related

to convection have to be taken into account.

The sample under study is made, indeed, of a huge number of GNPs randomly distributed on
a glass substrate. Both SEM and AFM analysis have shown that the distribution of GNPs is
homogeneous, and it is possible to experimentally evaluate the main parameters to be used in
the model, such as NPs density n,,, size (i.e. NPs radius R,,), inter-particle distance (distance
between NPs centers) d, intra-particle distance (distance between NPs surface) D and polydis-
persivity. Moreover the AFM analysis (see Fig. 5.2) shows that the nanoparticles stick on the
substrate without plunging into it, meaning that, when calculating their plasmonic response, it
is possible to consider them as completely surrounded by air. It is interesting to observe that,
for the denser sample (S2), the number of NPs acted on by the laser beam (spot size 0.21 cm?) is
approximately 1.4 x 10'°. To address the theoretical problem of the collective heating effect of
GNPs randomly distributed on a given substrate, with a surrounding medium, the heating effect
on a single GNP has been considered; then, the contribution of all the involved NPs at different
distances from a fixed point has been calculated by simply adding the contributions of all simple

GNPs.

In the absence of phase transitions of the surrounding medium, in order to predict the temper-
ature around a single GNP it is necessary to solve the heat transfer equation (Eq.5.6), which
derives from an energy balance: the net rate of thermal energy that comes out from a single
GNP, plus the rate of thermal energy that accumulates inside (internal energy variation in the

GNP) must equal the net rate of thermal energy generation.

At thermal equilibrium, the solution of Eq. (5.6) is obtained by taking into account a heat pro-
duction Q at a constant rate per unit time and per unit volume inside the spherical NP (distance
0 < r < Ryp and conductivity Kp), while in the region r > Ryp the conductivity of the host
medium is Ky and no heat production occurs [103]. Calculations yield a temperature variation,

at a fixed distance r from a NP, given by

(5.11)
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where, according to Joule effect, the thermal energy generation Q is given by:

_ e Im(xnp) [Ein|*
2

Q (5.12)

Due to the huge number of GNPs and their homogeneous distribution, we can treat them in the
way stars of the Universe are taken into account to calculate their contribution to the brightness
of the sky when solving Olbers’ paradox, known in astronomy [104]. If we distribute homoge-
neously our GNPs in concentric rings with radius r, spaced by an inter-particle distance d, we
are able to place all of them (estimated to be about 1.4 x 10'9) onto the surface of interest (laser
spot size of 0.21 cm?) by putting in each ring a number of NPs equal to N(r) = 27 r/d. Since the
temperature variation provided by relation (5.11) for a single GNP goes down as 1/r we find that
the contribution of all NPs is proportional to N(r) x AT (r) = 2tQR3,p/3dKy , not depending on
the distance r. Then, like in Olbers’ paradox, where all stars, even the most distant, contribute
equally to the sky brightness, in our case also GNPs that are very distant from the center of
the laser spot give a significant contribution to the temperature variation of the sample, because
the number of GNPs at a given distance r grows linearly with distance. Thus, all nanoparticles

invested by the laser beam must be considered in the calculation of the final AT'.

We note that, since the intra-particle distance D between GNPs is always greater than the
nanoparticles radius, we can assume that the plasmonic field due to the photo-induced absorption

is not affected by coupling effects between GNPs [105-107].

Then, we consider a high number of heat nano-sources positioned at different positions rj from a
point r, each contributing to Eq. (5.6) by a quantity Q;(r;j). In this way the right side of Eq. (5.6)

becomes Q(r) = ¥; Q;(r;) and possible solutions will be of the type:

A I(r;
AT (x) = Y ATi(ri) :Zw (5.13)
where
_ VwpIm(xnp) 3ey |
C(A) - Z)LKH\/EH 2ey + Evp (514)

i indicates the i-th GNP placed at a position rj distant |r — rj| to the point r where we are
interested to calculate the temperature variation AT, Vyp is the GNP volume, €y, eyp are the

dielectric permittivity of host medium and GNP, respectively. Relation (5.13) is a solution of
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Eq. (5.6), that in a three dimensional problem is equivalent to a solution of the Poisson equation
in electrostatics [99]. Furthemore, as reported in Olber’s paradox solution, the huge number
of NPs and their homogeneous distribution enable to treat this system in the framework of the
“continuum” approximation. In the same way, we are able to obtain an equivalent expression
for our bi-dimensional case by using the “continuum” approximation:
o(r)d*r
AT(r)://()/. (5.15)
r—r’|

where we consider a cilindrical beam with intensity Iy and transversal section of radius w to

write

O'(l’/) =0 = C(l)]()l’l}vp (516)

and

AT (r=0) =2mow = 2nwc(A)nyplp. 5.17)

This simple linear relation enables to determine the temperature change at » = 0 as a function of
the laser beam intensity, due to a huge number of metal NPs, distributed onto a given substrate
in a random way. All parameters included in ¢(4) (Eq. (5.14)) are known from experimental
analysis, whereas the only one that must be determined is the thermal conductivity Ky of the
host medium, seen as a combination of the substrate with the surrounding medium. Indeed,
it is reasonable to assume that the heat flow occurs not only through the surrounding medium
of GNPs, but also through the glass substrate. As reported in the experimental section, our
thermographic analysis allowed to measure temperature values on the entire area reached by
the laser beam, demonstrating a linear dependence of AT on the impinging light intensity. This
allows to obtain Ky from a simple inverse relation in which the angular coefficient of AT versus

intensity Iy is calculated.

5.4.1 Numerical simulations.

In order to validate our theoretical model, we have performed two different numerical simula-
tions. Assuming that in a give point of the substrate the contribution of each NP can be added to
the one of all the others (AT (r) = };AT;(r;)), we calculate the total contribution of 1.4 x 1010

nanoparticles at the center of the system in two different ways: the first one provides AT values
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in the center of a circular distribution of GNPs, as already introduced in Olbers’like treatment;
the second one takes into account a homogeneous, random, distribution of GNPs. In both cases,

predicted values turn out to be the same, and in good agreement with experimental data.

Exp. S2-= B
Exp. S1
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FIGURE 5.5: Red and green points represent experimental values of temperature variation

AT for the two samples S1 and S2 obtained with thermocamera looking at the center of laser

spot; magenta and blu lines represent the corresponding numerical simulations, performed by
assuming Ky = 0.12W /(°K m)

In Fig. 5.5 experimental values of temperature variations as a function of excitation light inten-
sity for the two samples S1 and S2 are reported, along with the corresponding numerical simula-
tions (magenta and blue lines), performed by using a value for Ky given by Ky =0.12W /(Km).
We got Ky by fitting experimental values AT (1) for sample S2; then, we used the derived value
to carry out numerical simulations for the two distributions with surface densities of both sam-
ples S1 and S2. This procedure allow to validate our theoretical model, based on the summation
of all the single contributions at different distances, calculated with the same value of Kjy; is
worth noting that this value of thermal conductivity is in-between the well known air and glass

ones.

A numerical approach has been performed also for the thermal response of sample S3, obtained

by spincoating a polymer layer on the surface of S1.

The map of Fig. 5.6 represents the temperature variation AT as a function of impinging wave-
length A and light intensity / related to S3. In Fig. 5.6 the main results of studies on the sample
S3 are reported. Inset of Fig. 5.6 contains experimental values of AT (red points), along with a
numerical simulation (green line) carried out on the same sample, extracted as a vertical cut at
A = 532nm from the map (dashed black line). Also in this case, we derived Ky by performing

a best fit of experimental data, obtaining the value Ky = 0.36 W /(K m).
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FIGURE 5.6: The map represents the temperature variation AT as a function of wavelength

A and intensity I of the impinging light, calculated for sample S3 by using the value Ky =

0.36W /(K m). The green line in the inset corresponds to a vertical cut at A = 532 nm (dashed
line in the map). Red points are the corresponding experimental values of AT.

The good agreement is confirmed by comparing the theoretical extinction cross section Cey; =
kIm(a) (where k is the wave vector) and the extinction spectrum, obtained by performing a
spectrophotometer analysis on S3.
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FIGURE 5.7: Comparison between the normalized imaginary part of polarizability ¢ and ex-
tinction cross section measured on sample S3, versus light wavelength A. The black arrow
point out the wavelength A = 532nm, used in the experiment.

The two curves reported in Fig. 5.7 show a good overlapping between measured data (blue
crosses) and numerical analysis. The black arrow indicates the position of the wavelength
A = 532nm, which is the one used both for the experimental observation and the theoretical
modelling reported in Fig. 5.5. Even if the electric permittivity of GNPs, obtained by ellipso-
metric measurements performed on a 20nm gold layer, was corrected to include the effect of
confinement present in a spherical NP, a difference in the bandwidths of Fig. 5.7 is evident. In

our opinion, this is a consequence of the strong damping due to the chemical bonds formed
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between capping molecules and surface atoms of small colloidal metal nanoparticles [108]; this

term, which is not included in our calculation, could fix the observed difference.

5.5 Conclusions

In this chapter we have reported both an experimental study and a theoretical modeling of the
plasmonic heat production occurring in a huge quantity of gold nanoparticles (GNPs), homoge-
neously distributed on a glass substrate and acted on by a green laser light with a Gaussian beam
shape. Our detailed investigation allows us to conclude that, in order to explain the observed
heating effect, all the GNPs interacting with the impinging light have to be taken into account,
since, owing to the homogeneity of GNPs distribution on the substrate, the phenomenon can be
well described as due to a collective effect of all the involved nanoparticles. In particular, exper-
iments show a linear dependence of the highest temperature variation (observed in the center of
the spotlight) on the intensity of the impinging light; the same linear dependence is predicted by
our theoretical (numerical) analysis, where the contribution of each nanoparticle to heat produc-
tion is simply added to the one of all other GNPs. In fact, if their dimension and inter-particle
distance are known along with the refractive index of the surrounding medium, determination
(through an experimental fit) of the average thermal conductivity of the whole system (glass
substrate + GNPs) allows us to predict temperature variations as a function of light intensity, in
good agreement with experimental observations. Our results can be utilized in all those studies
of thermal effects in which collective effects have to be taken into account, and the huge num-
ber of particles and their spatial distribution do not allow any kind of "lattice” simplification.
Furthermore, our model can be easily extended to a 3D bulk of nanoparticles, thus allowing to

further widen its range of applicability.






Chapter 6

Photo-thermal effects in gold
nanoparticles dispersed in nematic

liquid crystals

6.1 Introduction

The last years have seen a growing interest in the ability of metallic nanoparticles (MNPs)
to control temperature at the nanoscale. Under a suitable optical radiation, MNPs feature an
enhanced light absorption/scattering, thus turning into an ideal nano-source of heat, remotely
controllable by means of light. In this framework, the recent efforts on modeling and character-
izing the photo-thermal effects observed in gold nanoparticles (GNPs) dispersed in thermotropic
Liquid Crystals (LCs) have been reported. The photo-induced temperature variations in GNPs
dispersed in Nematic LCs (NLCs) have been studied by implementing an “ad hoc” theoretical
model based on the thermal heating equation applied to an anisotropic medium. Theoretical
predictions have been verified by performing photo-heating experiments on a sample containing
a small percentage of GNPs dispersed in NLC. Both theory and experiments represent an impor-
tant achievement in understanding the physics of heat transfer at the nanoscale, with applications
ranging from photonics to nanomedicine. In this chapter, a simplified approach to describe the

combination of spherical GNPs and NLCs is presented. By exploiting the symmetry of spheres

81
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(GNPs) and the unidirectional order of Nematic LCs (NLCs), a theoretical model and an exper-
imental investigation has been realized to specifically study the heat generation and its transfer

mechanism from the photo-heated GNPs to the surrounding medium (NLC).

6.2 Theoretical model of the photo-thermal effects observed in GNPs

dispersed in NLC

As seen in the previous chapter in order to predict the temperature around a GNP it is necessary
to solve the heat transfer equation (Eq. 5.7), which derives from a balance of heat energy: the net
rate of thermal energy that comes out from the GNP, plus the rate of thermal energy accumula-
tion (internal energy variation in the GNP) must equal the net rate of thermal energy generation.
At the thermal equilibrium the solution of the Eq. (5.7) is obtained by taking into account a heat
production Q at a constant rate per unit time and per unit volume inside the spherical NP (dis-
tance 0 < r < Ryp and conductivity Ky) while in the region r > Ryp the conductivity of the host

medium is Ky and no heat production occurs [109]. Calculations yield a temperature variation

OR,
AT = 6.1
3I’KH ( )
where the thermal energy generation Q is
03 E;,|*
0=<1J(r,t) E(r,1) >= 2 PG (6.2)

2

and depends on the electric field E;;, inside the GNP and on the imaginary part of dielectric
permeability 3[yyp| (that describes energy dissipation of the GNP, or dielectric losses); @ is the

angular frequency of light and & is the dielectric permittivity of vacuum.

The Mie theory [18] provides the expression for the electric field E;,; inside a spherical GNP.
However, in our case the average size of the considered GNPs (r = 10nm) is much smaller than
the used wavelength (A = 532nm), a circumstance that allows us to use the following quasi-
static formula see Chapter I:

3ey

E,,=—""E 6.3
int 28H+£NP 0 ( )
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where &yp is the dielectric permittivity of the spherical GNP, &y the dielectric permittivity of
the host medium and Eg the amplitude of the applied electric field. Then, the resonance of the

GNP correspond to the maximum of the thermal energy production with a temperature variation

given by:
Var Slewel| 3en |
AT = 6.4
2kyAr /€y |2ey+ Enp 64

where Vyp is the GNP volume, A the wavelength of light, r the distance from the NP and I the
intensity of the impinging light (gaussian beam) [110]. For instance, Equation (6.4) can be used
to predict the temperature variation around GNPs in water under optical illumination, where it
is possible to assume no refractive index change induced by temperature variations [111]; on the
contrary, if we consider spherical GNPs dispersed in a (well known and commercially available)
thermotropic NLC (E7, by Merck) [30], this last condition is not fullfilled and, in order to study

such a complex system, knowledge of the optical properties of the single constituents is required.

FIGURE 6.1: Sketch of the GNP dispersed in NLC: (a) without heating, (b) with heating

NLCs are elastic and anisotropic materials that possess both dielectric [112-116] and thermal
conductivity [117] dispersion. Moreover, their optical properties (e.g. birefringence) depend
on different external parameters, such as wavelength of the impinging radiation, external elec-

tric fields, and temperature. In particular, the wavelength and temperature dependence of their
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refractive indices (both ordinary and extraordinary) are described by the extended Cauchy equa-

tions [114]:

ne(A,T) = ni(A) + G (A)S(T) 6.5)
mo(h.1) = n(2) - FABT) (6.6)
An(A,T) = 3G (W)S(T) 6.7)

2

where n;(A) is the refractive index of the isotropic state, n, and n, are the ordinary and ex-
traordinary indices of the NLC respectively, G/(7L) is a proportionality constant (insensitive to
temperature) and S(7') is the order parameter of the NLC. By using typical (experimental) val-
ues of the E7 NLC in Eq.(6.7) [116], it is possible to obtain the expressions both for 7, and n,

as functions of temperature and wavelength of the impinging radiation.

As for GNPs, an impinging resonant radiation induces an electrical current due to the onset of the
LSPR; then the Joule heating effect produces a temperature increase in each GNP. Consequently,
this cools down by exchanging heat with the surrounding medium (NLC), which undergoes a
dielectric permittivity variation, thus affecting the temperature variation of the GNP. A numer-
ical simulation has been implemented in order to estimate both the equilibrium temperature of

the system and the variation of the refractive indices of the NLC (surrounding medium).

The modeled system is made of a single spherical GNP immersed in NLC (Fig. 6.1). By fitting
the experimental values [116], it is possible to obtain the Cauchy coefficients [113—-116]. These
coefficients provide an equation for both n, and n, as functions of 7 and A,that can be easily
implemented by using a numerical code. The equilibrium temperature of our system has been
obtained by using Eq. 6.4 and realizing a do-while loop with the Eq. 6.5 (the loop is closed every

time AT is less than 0.1°C).

The polarizability o of the particle can be expressed as a = 3Vyp(enp — €1c)/(Enp + 2€10),
where gyp is the dielectric permittivity of the GNP, Viyp is its volume, and &;¢ is the permittivity
of the NLC. It is easy to show that « is directly related to the absorption cross section (Cypy)
trough to the equation C,p; = kS [a] where k is the thermal conductivity of gold. Fig. 6.2 re-
ports the calculation of the imaginary part of the polarizability as a function of the impinging

radiation wavelength in two cases: the blue curve has been obtained by considering that the
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FIGURE 6.2: Imaginary part of the polarizability of the system (GNP + NLC) as a function of
the wavelength of the impinging radiation.

refractive index of the surrounding medium does not change due to heating (e.g. external pump
beam Off); the green curve, represents the polarizability of the system when the NLC refractive
index changes because of the heating (e.g. external pump beam On). In both cases, the two
curves exhibit a “quasi-Lorenzian” lineshape which is very similar to the absorption spectrum
of monodispersed GNPs. The observed small blue shift can be explained by taking into account
that the resonance condition is fulfilled (Frohlich condition) if R[eyp(®)] = —2€¢c. A modi-
fication in the value of the dielectric constant of the host material corresponds, therefore, to a
tuning action on the LSPR frequency. In this case, due to a heat induced decreasing of &, the
Frohlich condition is fulfilled for higher (negative) values of eyp. It is well known [15] that,
in the visible range, the real part of the electric permittivity of GNPs increases with frequency;
therefore, fulfillment of the Frohlich condition takes place for higher values of @. This yields a

blue shift of the plasmonic absorption peak.
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FIGURE 6.3: Map of the NLC birefringence as a function of light wavelength and intensity.
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Fig. 6.3 shows a map of the dielectric anisotropy An = n, — n, vesus the impinging light wave-
length and intensity. The dark area highlights that a remarkable variation of An occurs only
nearby the LSPR resonance frequency, where the absorption (see Fig. 6.2) and, therefore, the
temperature variation of the system, exhibit their maximum. All above reported theoretical pre-

dictions have been validated by means of an experimental analysis reported in the next section.

6.3 Experimental results

Spherical cetyltrimethylammonium chloride (CTAC)-capped GNPs have been synthesized in
aqueous solution and subsequently transferred in chloroform, which is a solvent (dispersing
medium) also for Liquid Crystals (LCs). GNPs have been characterized by means of UV-vis
absorption spectroscopy in the 400 — 800nm range: their absorption spectrum, after the phase
transfer in organic medium is reported in Fig. 6.4 and shows the typical LSPR band centered
at 526 nm. Transmission Electron Microscope (TEM) analysis has been performed by a Jeol
JEM-1011 microscope operating at 100kV. The specimens have been prepared by depositing
a drop of the GNPs dispersion onto a carbon-coated copper grid and then allowing the solvent
to evaporate. For a statistical determination of the average GNP size, at least 200 objects have

been counted. The TEM image of GNPs, shown in Fig. (6.4) (inset), confirms that the particle
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FIGURE 6.4: UV-vis absorption spectrum of GNPs dispersed in chloroform and their TEM
image (inset).

population consists of GNPs with 17.4 42.2nm diameter; size and shape remain unchanged

after phase transfer from the aqueous to the organic medium. Homogeneous mixtures of GNPs
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up to 6% in weight in NLC (MDA-00-1444, by Licristal) have been obtained; however, above
4wt.%, the order parameter of the NLC phase is affected by the presence of GNPs as shown by
a dramatic drop of the birefringence value. For this reason, we have used the mixture with the
highest concentration of GNPs (3 wt.%) which does not affect the NLC phase. ITO coated glass
substrates have been treated with a polyimide layer and rubbed for obtaining a planar orientation
of the NLC director. A cell with a 2.7 um cell gap has been filled with the NLC/GNPs mixture by
capillary action at room temperature; the NLC director oriented parallel to the substrates along
the rubbing direction. The excellent optical quality of the sample is evident in the polarizing

optical photographs shown in Fig. 6.5. The optical contrast between bright (Fig. 6.5a) and dark

FIGURE 6.5: Pictures of the sample between crossed polarizers (a, b) along with their POM
view. The director of the NLC is aligned at 45 in (a) and at 0° in (b). The red arrow represents
the rubbing direction.

(Fig. 6.5b) states is higher than 40 : 1 for white non collimated light, and indicates an excellent
NLC alignment. To check the spatial uniformity of this alignment, optical observations have
been performed by means of a Polarized Optical Microscope (POM) equipped with a CCD color
camera connected to a PC; results are reported in the insets of Fig. 6.5(a, b). The uniform change
in contrast of the whole area (from Fig. 6.5a to Fig. 6.5b) suggests the NLC director alignment
has not been macroscopically affected by the presence of GNPs, which are well dispersed in the
NLC. Indeed, no NLC defects are visible in the POM view of the sample (insets of Fig. 6.5(a,
b)). It is worth mentioning that, due to the low concentration (3 wt.%) of GNPs dispersed in
the thin (2.7um) NLC layer, the spectral analysis of the sample did not show any observable

absorption peak (LSPR) related to the presence of the GNPs.

Experiments devoted to investigate the influence, on the NLC director alignment, of the local
heating induced by a suitable optical radiation (trough the GNPs resonance) have been per-

formed by using the all-optical setup reported in Fig. 6.6. The system used a low power density
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FIGURE 6.6: All-optical setup for sample characterization. P: polarizer; S: sample; A: ana-
lyzer; PD: photodetector.

(Pprobe =0.2W/ cm?®) CW probe laser, emitting at A = 6337m and a CW pump laser emitting at
A = 532nm, in the high absorption spectral range of GNPs (Fig. 6.4). For sake of simplicity, an
unfocused pump beam, which impinges on the sample with an oval shape of about (2 x 3) mm?,
has been used. The photo-thermal response of the sample has been observed between crossed
polarizers, with the optical axis of the sample (NLC director orientation) set at 45° with respect
to the polarizer/analyzer axes. Under this condition, the sample acts as a retardation plate and
the transmitted intensity can be detected by a photo-detector. Fig. 6.7a reports the probe inten-
sity transmitted by the system, detected for different values of the pump light intensity (from
0.4W/ cm? to 3.1W / cm?, probe power kept constant). By optically pumping the same probed
sample area, the photoexcitation of GNPs induces an electric-driven Joule heating, with a con-
sequent energy exchange with the surrounding NLC. Such a local-heating induces a gradual
suppression of the transmitted intensity, which is due to an induced reduction of the birefrin-
gence (An) of the sample. In fact, this has been calculated by using the Jones matrix formalism
and exploiting the contrast between the steady state intensity transmitted by the sample with its
optical axis at 45° with the crossed polarizers, and the steady state intensity transmitted by the
sample with its optical axis at 0°/90° with the crossed polarizers [118]. Fig. 6.7b shows that An
values vary from 0.135 down to almost zero. The initial value of An is lower than in the pure
NLC (An = 0.2); this can be explained by taking into account that the NLC order parameter
is affected by the presence of GNPs, which may act as impurities, thus locally modifying (at
the molecular scale) the NLC molecules order. It is worth noting that pump-probe experiments
performed on a “reference” pure NLC cell of the same thickness, show that no variations in
the trasmitted probe intensity are detected, neither when the sample is acted on by the highest

intensity pump beam (3.1 W /cm?).
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We have also performed a control experiment by detecting, as a function of the sample temper-
ature, the transmittance of both the “reference” pure NLC cell, and our NLC/GNPs cell placed
(inside a hot stage) between crossed polarizers, with the optical axis of the sample set at 45°
with the polarizer/analyzer axes. In both cases, as the sample temperature was increased, the
transmitted intensity decreases towards a minimum which is almost zero. In addition, curves
show that, in the reference cell, the pure NLC undergoes transition from nematic to isotropic at
about 65°C; on the other hand, in the cell containing NLC and dispersed GNPs, these ones act as
a destabilizer perturbation for the NLC, lowering its transition temperature of about 10°C, from

about 65°C to about 55°C. Fig. 6.7c shows the An behavior predicted by the theoretical model:
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FIGURE 6.7: Transmitted intensity versus time for different intensity values of the pump

radiation (a). Birefringence of the sample versus the intensity of the pump radiation (A =

532nm) (b); calculated birefringence versus the intensity radiation for a specific wavelength
(A =532nm) (c).

both experimental and theoretical results qualitatively exhibit the same behavior, while, from a
quantitative point of view, there is a discrepancy between the experimental and the theoretical
photo-heating intensity needed to induce the observed effect. From curves of Fig. 6.7 it is clear
that, starting from 3.1W /cm?, new phenomena take place, that are related to a nonlinear re-
sponse of the liquid crystal and give rise to effect that are preeminent with respect to the thermal
one. At higher enough intensities, the transition of the L.C to the isotropic phase takes place and
the transmittance becomes zero. Those effects evolve with longer timescales and are out of the

interest of the present work [119, 120].

To validate the theoretical model and verify that the NLC does not play any role in the photo-

heating conversion, a control experiment has been performed by fabricating a sample made of
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FIGURE 6.8: Thermographic analysis of the sample under optical irradiation for the pure NLC
(a) and NLC/GNPs (b) cell.

pure NLC. The comparison has been performed by means of a thermographic analysis (thermo-
camera sensitivity ~ 0.5°C) both of pure NLC and NLC/GNPs samples, under optical illumi-
nation. Experiments have been realized by keeping operator’s hand fingers (7" =~ 37°C) close
to the sample, in order to have a comparison setpoint: Fig. 6.8a shows that the thermocam-
era does not detect any color change (that is “temperature variation”) for the pure NLC sample
I=31w/ cm?; illumination time= 300 s). On the contrary, in the same experimental condition,
the thermographic analysis realized on the GNPs/NLC sample (Fig. 6.8b) shows that the sur-
face of the illuminated area has been heated at a temperature of about 60°C (close to the nematic
to isotropic transition of the NLC), meanwhile the setpoint is kept at almost the same previous
temperature (7' = 37°C). This result is an incontrovertible experimental evidence that the photo-
heating process is due to the photoexcitation of GNPs, with a consequent heat exchange with

the surrounding NLC medium.

Finally, the dynamics of the system has been studied. A switching behavior which turns out
to be reversible and repeatable, is observed when a sequence of pump beam pulses, obtained
by utilizing an electronic shutter, is allowed to impinge onto the sample, put between crossed
polarizers, with its optical axis forming an angle of 45° both with the polarizer and the analyzer
axes. Fig. 6.9 shows that, when the pump is switched on (I = 3.1W /cm?), a photoexcitation of
GNPs occurs, with a consequent phase transition of the NLC from the nematic to the isotropic
state; thus between crossed polarizers the probe light experiences just the isotropic refractive
index (n;s, = 1.56) of the NLC, and the transmitted intensity drops to zero (Top—orf = 405).
When the green pump beam is switched off, the NLC cools down and the Isotropic to Nematic
transition occurs, thus restoring the sample birefringence, and, therefore, a transmitted light

intensity (T f—on = 205).
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FIGURE 6.9: Switching behavior observed by using a periodic sequence of pump beam pulses.
ON and OFF refer to the pump beam being allowed to impinge on the sample or not.

6.4 Conclusion

In this chapter an investigation of the nanoscale heat propagation in a system consisting of photo-
excited GNPs surrounded by thermo-sensitive NLC has been reported. A theoretical model,
based on the thermal heating equation, has been implemented. Experiments have been realized
by dissolving a suitable amount of GNPs in NLC. The well aligned hybrid system (NLC/GNPs)
exhibits a photo-thermal sensitivity, and experimental results show a strong change in the value
of the refractive index of the NLC when GNPs are photo-heated by a suitable (resonant) optical
radiation. A thermographic comparison between the hybrid system and the pure NLC, carried
out in the same experimental conditions, shows that the photo-thermal conversion is only due to
the LSPR mechanism. Theoretical predictions and experimental results exhibit a good qualita-

tive agreement.






Chapter 7

Plasmonic thermometer based on

Cholesteric Liquid Crystals

7.1 Introduction

Localized Surface Plasmon Resonance (LSPR) of noble Metal Nanoparticles (MNPs) opens up a
new horizon for nanoscale materials able to convert light into heat, since the strong electric field
generated around the MNPs can transform them into original heat nanosources. Thus, investi-
gation of the heat transport mechanism, from the heated MNPs to their surrounding medium,
is fundamental for realizing applications in nanotechnology and thermal-based therapies, and a
challenge is definitely represented by the possibility of measuring temperature variations at the
surface of the MNPs undergoing optical illumination. In this chapter, it is showed that an inge-
nious combination of characteristics of short pitch liquid crystalline compounds and MNPs has

demonstrated effective to provide an advanced tool to monitor nanoscale temperature variations.

Metal NPs, as seen in previous chapters, are characterized by LSPR [85]. The spectroscopic
properties of NPs can be described in the framework of Mie theory see Chapter 1and Gans (??)

theories, implemented to explain the behavior of spherical and rod like NPs, respectively.

In this chapter it is presented an original method to monitor the heat generated at the nanoscale
by using Gold Nanorods (GNRs) that, due to their asymmetric shape, possess two LPRs: a

transverse and a longitudinal one. Remarkably, acting on the GNRs aspect ratio, the position of
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FIGURE 7.1: Thermal stability test of GNRs dispersed in chloroform (a); TEM micrograph
of the GNRs dispersed in chloroform (b); normalized absorption spectra of GNRs in different
dispersing media (c).

their longitudinal LPR, which shows a high sensitivity towards the surrounding medium, can be
finely tuned in the visible and near infrared range [77]. Thus, a smart thermosensitive material
(Cholesteric Liquid Crystal - CLC [31]), which is able to change its selective reflection band
as a function of temperature, has been specifically selected to measure temperature variations
around the NPs of the sample. By recording the spectrum of the mixture CLC — GNRs for
different values of the temperature around the NPs, in which the longitudinal LSPR has been
suitably excited, we have made a calibration of a nano-thermometer, which enables to estimate

the induced temperature variations.

7.2 Gold nanorods dispersed in cholesteric liquid crystal

Water dispersible, cetyltrimethylammonium bromide (CTAB) capped, GNRs have been synthe-
sized by means of a seed mediated, protocol involving a room temperature chemical reduction
of HAuCl4 -3H>0 in a CTAB micellar solution, assisted by AgNO3, to promote an anisotropic
growth [124]. GNRs have been subsequently transferred in chloroform by functionalization
with decanoic acid, in order to become dispersible in a common medium with Liquid Crystals

(LCs).

The stability of GNRs in chloroform has been tested by heating the dispersion of GNRs up to
250°C. Remarkably, it has been observed that, up to 100°C, GNRs do not exhibit any mod-
ification induced by the thermal treatment, thus confirming that they preserve their geometry.

Moreover, by heating the solution up to 250°C, an irreversible modification (in terms of width
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and amplitude) of the longitudinal plasmon band, which is due to a change of the GNRs shape
(the so called reshaping) has been observed (Fig. 7.1a) [125]. Furthermore, the Transmission
Electronic Microscope (TEM) image reported in the inset of Fig. 7.1a shows that the main GNRs
population presents an aspect ratio (AR) of 2.3, and no variation in the AR is detected upon the
thermal treatment. The transfer of the GNRs in a different dispersing medium, chloroform and
toluene, has been found to induce a shift of the longitudinal plasmon band, (Fig. 7.1c), which
can be explained by taking into account the high sensitivity of the extinction coefficient of the
system to the actual value of the refractive index of the surrounding medium [126]. In fact,
under resonance conditions, the heat produced by the NPs, due to the Joule effect, is directly
proportional to the energy of the strong electric field generated around the NPs [102]. Indeed,
as described in Chapter 5 the heat generated is proportional to the square of the electric field
inside the NPs E;,;;, which is, in turn, directly proportional to the external electric field Ey (7.1).
Therefore, the heat generated around the NPs results directly proportional to the intensity of the

impinging light.

3¢,

Ey=——F——E

(7.1
In order to exploit the NPs as nano-source of heat [61], the possibility of monitoring temperature
variation in their vicinity under optical illumination is crucial. For this purpose, a clever com-
bination of NPs with a thermosensitive materials has been studied. GNRs have been dispersed
in a thermotropic liquid crystal, which is able to change its optical properties as a function of
external perturbations, such as electric or magnetic fields, and temperature variations [127]. In
particular, it has been selected a cholesteric liquid crystal (CLC) that behaves as a one dimen-
sional photonic band gap, due to the periodic arrangement of its molecules; in this way, a specific
wavelength can be reflected (Bragg’s wavelength) once the CLC is aligned in a planar geometry

inside the cell (Fig. 7.2a).

In order to detect temperature variations around GNRs, the ability of CLC to tune its reflection
band as a function of these variations has been exploited. The utilized CLC is characterized
by a Bragg’s wavelength Az = 520nm and has been obtained by twisting a nematic LC (MDA-
00-1444, by Licristal) with a 20% in weight of a chiral agent of (ZLI-811, by Licristal); then,

a homogeneous mixture with GNRs (up to 7 wt%) has been prepared. The presence of GNRs
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FIGURE 7.2: Sketch of a planar alignment of Cholesteric Liquid Crystal in a cell (a). Polarized
optical microscope view of the CLC-GNRs sample (b).

in the system has been found to red-shift the typical reflection band of the CLC; however, this
shift can be eliminated by adding a suitable amount (8%) of chiral agent to the mixture; in this
way, the Bragg’s wavelength of the CLC-GNRs sample turns out to return around 520nm. By
capillary flow, the mixture was then introduced at room temperature in a cell, whose glasses were
treated to obtain a planar alignment of the CLC. In this way, the CLC director n orients parallel
to the substrates, while its helical axis goes normal to them (Fig. 7.2a). In Fig. 7.2b it is possible

to see the sample between crossed polarizers, which appears bright due to its birefringence.

7.3 Optical characterization of GNRs-CLC composites

To investigate the influence on the CLC configuration of the local heating induced by a suitable
optical radiation through the GNRs resonance, we have performed all-optical experiments by
means of the pump-probe setup reported in Fig. 7.3a. This utilizes a collimated white source
(350nm < A < 950nm) for monitoring the spectral properties of the sample, and a CW NIR
pump laser emitting at A = 8007m (power pump P = 0.2W /cm?), that match perfectly with the
longitudinal band of GNRs. The reflected component of the probed light has been monitored by

means of a spectrometer Ocean Optics (USB2000+).

Fig. 7.3b reports the behavior of the sample (CLC-GNRs) under illumination with the pump
beam, for different exposure times. The CLC acts as a mirror for wavelengths of the impinging
white light falling within the reflection band, which are back reflected. By optically pumping a
given sample area, the photoexcitation of GNRs induces, due to the Joule effect, a generation of
localized heat, which induces an elongation of the CLC pitch, with a consequent linear red-shift

of the reflection band. Indeed, by keeping constant the pump power and increasing the exposure
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FIGURE 7.3: Pump-probe setup (a); Reflection response of the CLC-GNRs sample under op-

tical pumping (b); Linear fit of the position of Bragg’s wavelength versus illumination time

(c); Thermal setup (d); Reflection response of the CLC-GNRs sample under the temperature
variation effect (e); Linear fit of the position of Bragg’s wavelength versus temperature (f).

time, a linear red shift and a partial suppression of the reflection band are detected, which are
due to a gradual increasing of the local temperature. In addition, the elongation of the CLC pitch
reduces the number of periods in the bulk of the cell, an effect that yields an attenuation and a
broadening of the reflected signal amplitude. To validate the effect of the GNRs-induced local
heating on the CLC optical response, a control experiment has been performed by increasing the
sample temperature from 25°C up to 85°C by means of a hot stage (Fig. 7.3d) and monitoring
the behavior of the reflected signal (Fig 7.3e). Also in this case, a linear red-shift has been
observed, which clearly confirms the photo-thermal behavior reported in Figure 7.3b.

t=0s (!a)? =20 (e) T=25°C (f)

r=n e B =) G [
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FIGURE 7.4: POM view of CLC-GNRs sample between crossed polarizers for different illu-
mination time: Os (a); 20s (b); 40s (c); 60s (d); and value of temperature: 25°C (e); 45°C (f);
65°C (g); 85°C (h).

The sample morphology has been investigated by means of a Polarized Optical Microscope
(POM): Figures 7.4(a-d) and Figures 7.4(e-h) show that, by heating up the sample both with
light and uniform heating, it is possible to induce drastic morphological changes in the sample

textures (the so called oily streaks), which reflect the correlation between the position of the
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reflection band and the temperature of the sample. The fact that the system can be utilized
for monitoring temperature variations, occurring in the sample under optical illumination, is
confirmed by the circumstance that the two functions reported in Figures 7.3¢ and 7.3f, which
fit the position of Bragg’s wavelength as a function of the illumination time and as a function of
temperature, respectively, exhibit, within the experimental error, the same linear behavior. This
represents a clear confirmation that the photoexcitation of the NPs in the sample produces the
same spectral effects produced by temperature variations induced by the hot stage. The thermal
sensitivity of the proposed method has been evaluated by means of the linear fit used to obtain

the relation between temperature (7'), and Bragg’s wavelength (Az):

1
T = —A—206. 2
0 2.281 06.09 (7.2)

For the measured values and precision of (Az) , by using the error propagation, we obtain:

0T =0.35°C (7.3)

7.4 Conclusion

In this chapter a method to exploit the properties of soft matter to carry out an accurate evaluation
of temperature variations is presented. Thanks to the periodic arrangement of the director in a
CLC, and to its sensitivity to temperature variations, is possible to monitor the temperature
around NPs in a mixture of CLC-GNRs. In this way, by simply acquiring the spectrum of
the sample, it is possible to estimate temperature variations around NPs with the quite high

sensitivity of about 0.35°C.



Chapter 8

Plasmonic Photo-Thermal Therapy
(PPTT) using Gold NanoRods

8.1 Introduction

Plasmonic Photo-Thermal Therapy (PPTT) represents a minimally-invasive, drug free therapy in
which light is converted into heat to kill cancer cells. Gold nanoparticles are good absorbers of
light that can be efficiently converted into heat (see Chapter 5). This new alternative treatment of
cancer diseases has attracted great interest in recent years. In this chapter a brief description of
this innovative therapeutic method is reported with special enphasis on the use of gold nanorods

as therapeutic agent to minimize the impact of the heat on the health tissues.

Cancer is a disease characterized by an uncontrolled growth and spread of abnormal cells. It can
form tumors on tissues or grow in the body flow system. World Health Organization (WHO)
estimated that 84 million people died of cancer between 2005-2015. It is caused by DNA dam-
age which can be inherited or induced by enviromental factors. Current mainstream treatments

include surgery, chemotherapy or radiation.

e Surgical extirpation is highly effective in primary tumors, but it is limited to surgically

recognizable and accessible tumors and thus cancer cells may not be completely removed.

99
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e Chemotherapy is the use of chemical drugs to fight cancer. The systemically administrated
drugs circulate in the body to kill cells that divide rapidly, especially cancer cells. It
commonly has significant side effects due to the drug toxicity to normal cells and is subject

to the development of resistance by the cancer cells.

e As for radiation, the use of high energy ionization particles (X-rays, gamma rays or elec-
trons) to damage cell and tissue at a molecular level, is often used as a complementary
approach, to eradicate remaining cancer cells after surgery. It can cause damage to the

healthy tissues close to the cancer cells or in the path of the radiation beam.

An alternative method to the ones above mentioned is the Hyperthermia where laser heating
sources ranging from radio-frequency to microwaves as well as ultrasound waves are used to
induce moderate heating in a specific target region. Hyperthemia is commonly defined as heating
tissue to a temperature in the range 41° — 47°C for tens of minutes. Tumors are selectively
destroyed in this temperature range because of their reduced heat tolerance compared to normal
tissue, which is due to their poor blood supply. Hyperthermia causes irreversible cell damage by
loosening cell membranes and denaturing proteins. But the applications of the heating sources
conventionally employed for hyperthermia are limited because of their damage to surrounding
healthy tissues. A revolution in cancer therapy has taken place by the emerging use of laser light
to achieve controlled and confined thermal damage in the tumor tissue by exploiting the photo-
thermal properties of metal nanoparticles. As seen in previous chapters, plasmonic nanoparticles
(NPs) hold a unique photophysical phenomenon, called Localized Surface Plasmon Resonance
(LSPR), which causes a strong ehnancement of the absorption and scattering efficiencies. The
light absorption or scattering of gold NPs, depending on the size and shape of the latter, are at
least 103 times stronger than the absorption or emission of any organic dye molecules. For these

reasons NPs can be considered good candidates as nano-localized concentrators of energy.

8.2 Tuning LSPR to the NIR region

PPTT is based on the utilization of Au NPs to destroy cancer cells in a selective way, without
affecting the healthy tissue. For this purpose, it is important to minimize the heat of the healthy

tissue, a task that can be accomplished by exploiting the extraordinary capability of NPs to
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FIGURE 8.1: Liquid water absorption spectrum (a), Penetration of visible light into living
tissue (b).
convert light into heat, when shed through a biological window [128]. To this aim, it is necessary
to work with an infrared radiation (IR), whose wavelength perfectly falls in the so called “first

water window”, where the absorption of the human tissue is minimum (Fig. 8.1a).

In fact, by observing the penetration into a human finger of visible light of three different wave-
lengths, it is evident that, moving toward the infrared region of the spectrum, the penetration
depth noticeably increases (Fig. 8.1b). In addition, in presence of NPs, light scattering is drasti-
cally reduced in the wavelength range of the plasmonic band of NPs, in favor of a higher absorp-
tion. By changing their structure and shape, the LSPR frequency of gold nanoparticles can be
tuned to the near infrared (NIR) region. Currently there are three major types of NIR-absorbing
gold-based nanoparticles that are useful in PPTT (Fig. 8.2): gold nanorod (Au NRs)[130], gold
nanoshell (Au NS)[129] and gold nanocage (Au NCs) [131].

a) Nanorods aspect ratio

: N )
50 nm l'l...l'

b) MNanoshells shell thickness

AR

50 nm ylll"

c) Nanocages % gold

FIGURE 8.2: Color variations arising from changes in the composition, size, and shape of
nanoparticles for gold nanorods (a)nanoshells (b) and nanocages (c) respectively.
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e Au NR [132-134] shows two absorption bands: a strong absorption band in the NIR
region due to the electron oscillation along the longitudinal direction and a weak band in
the visible region around 520 nm due to electron oscillation along the transverse direction.
This optical behavior has been well explained using Gans theory [60]. The transverse
band is insensitive to the aspect ratio (length/width) of the rod. The longitudinal band
wavelength greatly red shifts from visible to NIR region in a linear relationship with

increased intensity when the aspect ratio increases [135] (Fig. 8.3).
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FIGURE 8.3: Sketch of the longitudinal (LSPR) and transverse localized plasmon resonance
(TSPR) for gold nanorod (a), vis-NIR spectra evolution for different aspect ratio (R).

e Au NS is composed of a spherical silica core (100 —200nm in diameter) and a thin layer
of gold (5§ —20nm).This two concentric spherical structures shows red-shifted absorption
due to the coupling between the inner and outer shell surface plasmons [136]. Decreasing
the ratio of shell thickness to core radius largely red shifts the LSPR wavelength from the
visible to NIR region. The LSPR frequency decreases near-exponentially with decrease
in the shell thickness-to-core radius ratio, with a trend that is universal and independent

of the nanoshell size, core material, shell metal, or surrounding medium [137].

e Au NC is developed as a NIR-absorbing gold nanostructure by Xia group [138]. It is
composed of a thin and porous gold wall with hollow interior. Changing the wall thick-
ness, the hole size and porosity can tune the LSPR wavelength from the visible to the NIR
region. This is experimentally controlled by the amount of auric acid that galvanically
replaces silver cubes to obtain the nanocages. Increasing the amount of the auric acid red

shifts the LSPR [138].
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8.3 Morphological study of Hela cells treated with AuNRs

In this framework we have conducted a morphological study in vitro on a particular kind of
tumors cells (Hela) by treating them with AuNRs. Hela or hela cell line, is the oldest and most
commonly used human cell line [139] in scientific research. The line was derived from cervical
cancer cells taken on February 8, 1951 [140], from Henrietta Lacks, a patient who died of her
cancer on October 4, 1951. The cell line was found to be remarkably durable and prolific —

which led to its contamination of many other cell lines used in research.

FIGURE 8.4: Optical microscopy view of Hela tumor cells.

In our test, Hela cells were left to grow in adhesion on a ITO substrate for 18 hours @ 37°C in
0.5% of CO,, by utilizing the D-MEM as a culture medium. Then we compared two different
fixation methods for preservation of the morphology of the cells, in order to preserve the tissue
architecture, this condition being important in our analysis in order to be able to valuate only
the morphological impact induced in a second step by the presence of AuNRs. In this first step
we treated the cells with formaldehyde (10%) and methanol (90%) for the same grow time. For
the sample fixed in formaldehyde, SEM analysis shows details of the cell surface much sharper
compared to the images obtained for the cells treated with methanol (Fig. 8.5); in the latter case,

in fact, the cells result to be too clumped to pick out the details.

Once established that the best method of fixation corresponds to cells treated with formaldehyde,
we treated the cells directly with the GNRs. Different concentration of AuNRs have been used in
order to estimate the impact of them on the cells. The AuNRs used in this work are dispersed in
water and cappaed with CTAB (cetyltrimethylammonium bromide) characterized by a resonance

peak at 796 nm.
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FIGURE 8.5: SEM images of Hela cells treated with formaldehyde (a) and methanol (b).
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FIGURE 8.6: TEM images (a) and visible spectrum of gold nanorods (b).

By keeping the same condition of growth we had 10 % of AuNRs for 3 hours (case 1) and 16
hours (case II), respectively. SEM images this time do not show any morphological difference
in the cells structures in case A (Fig. 8.7), while in case B they result to be “exploded” (Fig.

8.8).

In order to evaluate the toxicity of the AuNRs, a cell viability test has been carried out by
considering different concentration of AuNRs in the range 5-10~% — 8- 1072 for two different
incubation times (1 hour and 2 hours). Results resumed in table 8.3 show that the concentration
of 1-1072 represents the threshold-concentration for which the cell death, related to the high

concentration of gold in the sample, is less than 10%. This occurs for both the incubation time.

Cell viability test: Hela cells and AuNRs

Time Basal conditions 5-107* 2.5-1073 5-103 1.1072 2-1072 3.1072 4-1072 8-1072

1h 100% 98.3% 98.5% 97.9% 91.2% 0 0 0 0
2h 100% 98.0% 98.2% 87.3% 90.3% 0 0 0 0

TEM images show that the cells mainly absorb NPs by engulfing them by means of an endo-
cytosis process. This process is used by all cells of the human body because most substances

important to them are large, polar, molecules that cannot pass through the hydrophobic plasma
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FIGURE 8.7: SEM view of tumor cells fixed with formaldehyde (treated with NPs for 3h)(a,b,c)
and E-SEM view of one of them.

FIGURE 8.8: SEM view of tumor cells fixed with formaldehyde (treated with NPs for 16h)(a)
and optical view of them (b).

NPs 15103 nM 1h NPs 151073 nM 4h

Legend:
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FIGURE 8.9: TEM view of the Hela cells treated with AUNRSs for two different times.
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or cell membrane. Further investigation can determine whether the input mechanism in the cells

of NPs is also linked to other mechanisms.

8.4 Conclusions

In this chapter a very preliminary study conducted on the interaction between cancer cells and
gold nanoparticles is reported. The application of nanomaterials in the fight against cancer could

constitute a turning point in the treatment of these kind of diseases.



Conclusions

In this thesis the distinctive capabilities of liquid crystals to control the Localized Surface Plas-
mon Resonance (LSPR) of gold nanoparticles (NPs) are illustrated, along with the investigation
of their potentialities to realize active plasmonic nanodevices. The interaction of visible light
with the conduction electrons of metallic NPs leads to a coherent charge oscillation, which is
responsible of an enhancement of the near electric field around the NPs and an increase of ab-
sorption. For spherical NPs, this phenomenon is well described by the Mie theory, and strongly
depends on the size and shape of the nano-objects and on the dielectric function of the surround-
ing medium. Tuneability of LSPR can be obtained by means of a change in the size or shape
of the nano-objects, which represents a passive control of the resonance property of metal NPs.
In this case, to control the LSPR it is necessary to modify the nano-object during the fabrica-
tion process (e.g synthesis process in the case of bottom-up fabrication approach). By acting,
instead, on the surrounding medium, the LSPR can be actively controlled, without any need of
modifying the intrinsic properties of the NPs. A further progress in this direction is represented
by the possibility to use a surrounding medium whose dielectric function can be controlled by
means of external stimuli such as electric field, magnetic field, temperature variations and so
on. Liquid crystals (LCs) possess such properties. We report a study of the interaction between
LCs and gold NPs, which enables to control the LSPR. In the first part of this work, the self-
assembly property of a biological LC, a whole-genome DNA, is used to organize gold nanorods
by means of electrostatic interaction. We demonstrated that the helical arrangement of DNA is
able to induce both a nanoscale organization and, simultaneously, a long-range order in GNRs.
In this way artificial nano-composite structures offer a pathway to the development of engi-
neered materials with novel macroscopic properties. The second part of this work is devoted

to thermoplasmonics, and in particular to the use of LCs to investigate, monitor and control
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temperature variations induced by the LSPR. The photo-induced heating delivered by gold NPs
represents a powerful tool in different field such as: drug delivery, gene-therapy, solvo-thermal
chemistry, plasmonic photothermal therapy and so on. The measurement and the control of the
heat generated by metallic nanostructures is still an open question; until now, researchers have
focused their attention on the study of systems consisting of a few elements (e.g. only one NP or
a limited number of NPs organized in arrays or matrices). The main contribution reported in this
thesis, related to the investigation of the photo-induced heat, is represented by a study of the heat
delivered from a huge number of randomly distributed gold NPs, homogeneously distributed on
a glass substrate. Experimental analysis showed that significant temperature variations, of about
tens of degree, can be induced and measured by means of a thermo-camera; the observed heating
effect is related to the huge number of NPs that are simultaneously excited. The phenomenon is
numerically and theoretically well described as due to a collective effect of all the involved NPs:
the contribution of each NP to heat production is simply added to the one of all other GNPs.
This represents a very simple method to estimate temperature variations in complex systems.
Experimental and theoretical results are in good agreement. In the last part of this work nematic
and cholesteric LCs are used to control and detect the temperature variations induced by gold
NPs. In particular we exploited the temperature dependence of the birefringence of nematic LCs
(NLCs) to measure the heat delivered by gold NPs. In this way, we obtain an estimation of the
effect of temperature variations by simple monitoring the transmitted intensity of a NLC-NPs
cell. In the case of cholesteric LCs (CLCs) we monitor the position of Bragg’s wavelength,
which undergoes a red-shift due to the photo-excitation of the LSPR. In this case we obtain a
precise, quantitative, estimation of the heat generated by NPs. In both cases (NLC-NPs and
CLC-NPs cells), by controlling the refractive index of the LCs, we can control the LSPR and
the resulting heat. Above results can be exploited in an approach devoted to use gold NPs in the
fight against cancer. The thesis is closed with a preliminary analysis of the interaction between
a particular kind of gold NPs, the nanorods, and tumor cells. We show that it is possible to
kill cancer cells avoiding to damage healthy tissues. This is possible by exploiting a radiation
wavelength at which the absorption of the human tissue is minimum, while the absorption of the

NPs inside the tumor cells is maximum.
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