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Introduction

The importance of soft matter as a major class of materials and the increasing power of
Raman spectroscopy as a characterization technique capable of questioning matter on
the molecular level, is the main aim of this work.

Soft matter is a complex and flexible class of matter sometimes called as “complex
fluids”. To the soft matter class belong many “kinds” of materials which includes:
polymers, colloids, liquid crystals, emulsions, foams, biological tissues, proteins and so
on. Very mild chemical or conformational changes in their structures can induce strong
change in the physical chemistry properties of the soft matter systems: mechanical,
optical and electrical changes.

At the same time Raman spectroscopy resulted to be a very useful techniques to obtain
deeper chemical and physical information with regard the investigated materials. It do
not need particular sample preparation and it can be usefully applied in biological
systems since it is not affected by the water presence. By using the surfaces enhanced
Raman spectroscopy, in the last years, Raman characterization, has been successfully
performed on single molecular systems or thin films systems.

Raman spectroscopy results to be a non destructive technique that can be used for in-
situ analysis and these features make it to be, in opinion of the writer, the best technique
to be used to characterize soft materials systems which, as said above, are materials that
can change their properties in a drastic way as answer to weak external perturbative

action.

In this work, Raman spectroscopy has been used to characterize soft matter systems

such as:

» nematic liquid crystal (E7), in composite device with huge technological
applications, i.e. ranging to holographic gratings to metamaterials systems,

» endogenous receptor protein GPR30, important for the breast cancer research.

» DMPC, a synthetic phospholipid important to make model biological

membranes (biomimetic systems).

In addition, a new substrate to be used for surface enhance Raman spectroscopy has

been found and studied.
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The non-destructive technique has been also used to study the substances, much of them
belonging to the soft matter class, present on a paint, in order to test the efficiency of

this techniques as diagnostic tool for sample not made in the laboratory.

In the Chapter 1 a brief overview regarding the soft matter has been shown. It is
developed by starting from the definition of the soft matter, continues to the main

properties and shows the main family of such systems.

In the Chapter 2 the particular soft matter systems studied in work are shown. The
fundamentals of liquid crystal, endogenous receptor protein, mimetic models and liquid

crystalline composite materials are outlined.

In the Chapter 3 Raman effect from both classical and quantum theories is shown. At
the end of the chapter some aspect regarding the experimental set up can be found. In
the paragraph 3.2 a basic introduction of the surface enhanced Raman spectroscopy is

shown.

In the Chapter 4 the research works made on the endogenous receptor protein, mimetic
system, liquid crystal composite systems, new substrate for SERS and the paint are
shown. All paragraphs are made introducing the scientific problematic, the experimental
set-up and results and discussion and the relative conclusions.

In the Chapter 5 the resulted publications are reported.

In the Chapter 6 some general conclusions and perspective can be founds.
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Chapter 1 Soft Matter

1.1 Definition of Soft Matter

The answer to the question: what is the matter? can be: “Objects that take up space and
have mass are called matter”. The matter is usually classified as solid, liquid, gas or
many mesophases taking into account the order degree, positional or orientational, of
the particles that made the substances. Nevertheless, nowadays, matter can be, also,

described as belonging to two different classes:

Hard Matter (which includes metals and ceramics)
Soft Matter.

While, it is quite right to state, based on the modern knowledge of the molecular theory,
that many properties of hard matter are currently well understood, it cannot be said with
regard to the soft matter [1]. Soft matter is, also, called complex fluids and it represents

a novel subject of physics which involve materials such as:

» polymers,

Y

colloids,
» micelles/surfactants, emulsions: foams, soap solutions, liquid crystals, biological
tissues (blood cells, cell membranes and proteins),

» other materials, i.e.: ink, paints, glassy materials, sponge.

De Gennes (Nobel Lecture) states that the soft matter is characterized by complexity and
flexibility due to the “unique” molecular and supermolecular structures. The complexity
can be explained, in certain primitive sense, in this way: thus as the modern biology has
proceeded from studies on simple model systems (bacteria) to multicellular organisms
(plants, invertebrates, vertebrates, etc.) the physics passed from the atomic physics
studies (in the first half of XX century) to the studies of the soft materials.

To explain the Flexibility can be useful to remind a early polymer experiment made by
the Indians of the Amazon basin. They collected the sap from the tree of hevea and let it

“dry” for a short time on their foot. In this way, they have got boots.
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From a physical chemistry point of view the sap is made by independent and flexible
polymer chains that, after drying, and thanks to the oxygen of the atmosphere are
bonded in bridges between the polymer chains passing from a liquid (sap) to a network
structure which can resist to the tension called rubber. The experience of indians is quite
amazing because, a very mild chemical action has induced a drastic change in the
mechanical, optical, and electrical properties of the starting materials passing from the

sap to the rubber; this is a typical feature of soft matter [2].

Matter organizes itself at many different length scales and into many different forms,
each distinguished by its microscopic symmetries and dynamics. There are, for instance,
non-crystalline states with various degrees of order, like liquid crystals or copolymer
phases, and there are some states, glasses and gels, that are disordered but which act
like solids.

Considering structural features, soft matter systems exhibit a structural ordering
intermediate between that of crystalline solids and liquids, with a periodicity typically in

the range between 1 - 1000 nm (ordered on nano-meso scales, respectively).

1.2  The features of Soft Matter systems

The main characteristics of soft matter systems are:

» Large length and time scales of motion of the constituent particles (nanoseconds
to seconds, i.e. much larger than atomistic time scales femtoseconds).

» Soft Matter shows large response under external perturbation (Electric field,
etc.).

» Behavior decided by entropic interactions; that is: large thermal fluctuations.

» Often very non-equilibrium systems: driven systems, active systems.

It is possible to expand a rubber band to double its size by applying relatively small
forces, because the work is made against entropic forces, not against the forces
originating from the chemical bond; the reorganization of the structure occurs at the
macromolecular level instead of atomic length scales. In soft matter systems quantum

mechanical effects and quantum fluctuations can be ignored because the effective
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structure formed by constituent molecules is at length scales much larger than angstrom,

in contrast to standard condensed systems, like metals and semiconductors.

1.3 Biological Soft Matter systems

The soft matter leads to many unique and exciting phenomena not seen in ordinary
condensed phases, let alone the possibilities of novel technological applications. Even
more exciting challenges concern applications of the soft matter physics to biological
systems, especially to the biological soft matter such as proteins and membranes, which
manifest, due to their low dimensional structures, unusual susceptibility to fluctuations
and thus a variety of conformational transitions.

In order to identify the principle mechanism of a certain phenomenon soft matter
scientist simplify and look at a model of a biological cell membrane whose picture is

given in Fig. 1.3.1.

Cell

Extracellular fluid =—

Nucleus

Cell membrane Cyloplasm

Carbohydrate
Glycoprotein
Globular protein

Protein channel
(Transport protein)

Cholesterol

Glycolipid
Surface protein
Globular protein Filaments
(Integral) of cytoskeleton
Peripheral protein

Alpha-helix protein

Phospholipid
(Integral protein) SR

Hydrophillic head
Hydrophobic tail

Fig.1.3.1 Biological cell membrane model
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A cell membrane is made by complex and large chemical molecules: the lipid
molecules. A lipid molecule can be represented by a polar head, hydrophilic, from
which emanates two aliphatic apolar tails, hydrophobic. So that, the head is surrounded
by water and the cell membrane consists of two layers of lipid molecules suitably
arranged.

When a large number of such molecules are dispersed in water, the tails will try to avoid
the water molecules (polar). The molecules will thereby arrange themselves in a bilayer
such that the heads face the water and tails face away from the water and are in contact
with other tails (Fig.1.3.2). This is the simple principle by which lipid molecules self
assemble and form stable cell membranes (Fig.1.3.2). It is wanted to underline that the
main driving force in the formation of cell membranes is the delicate balance of
hydrophilicity and hydrophobicity of the head and tail respectively of the complex lipid

molecule, as shown in Fig.1.3.2.

Fig.1.3.2 Monolayer (left), Bilayer (right)

If, instead of the water, the liquid in which the lipids were dispersed is a mixture of
water and oil (the tail of lipid has an affinity for oil), then the lipids will form a mono-
layer of molecules instead of a bilayer, as shown in the left frame of (Fig.1.3.2). The
green fluid can be assumed to be oil, and the white fluid is water. Of course the
structure that will be formed also depends on the relative ratio of the oil-water mixture
or the concentration of the lipid molecules dispersed in the fluid. By tuning these two
quantities, it is possible, actually, get the lipids to self assemble in a wide variety of
structures, including spheres, cylinders and stacks of plates.
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The living cell represents the ultimate soft-matter system, with self-organising
molecular assemblies that also form larger-scale architectures. Because cells are
dynamical objects, they show the same strain and flow behavior as any polymer or
surfactant solution put under stress. A better understanding of these biophysical changes
can lead to new therapeutic treatments for disease and to novel biomimetic
technologies.

To study such complex behavior experimentally, simplified artificial cells called giant
unilamellar vesicles (GUVSs), can be studied. These structures comprise a spherical lipid
bilayer filled with water, which can vary from 20 to 100 pum across, and so match the
dimensions of cells and organelles. GUVs have been used to understand the transport of
biomolecules between organelles [3]. Long tubular lipid vehicles are thought to form,
pulled by molecular motors called kinesins along fixed protein rails. It has been shown
that when these motors are bound to a GUV in contact with microtubules, the GUV is
locally deformed into a long tube, just as in a real cell [3]. GUVs have been used to
study changes in the shape of cell membranes triggered by protein binding. It has been
demonstrated how the Shiga toxin, a protein produced by E. coli, binds to a specific
membrane receptor, forming clusters and inducing a local spontaneous curvature [4].
This causes the membrane to bend into tubules, which then provides a conduit for the
toxin to enter the cell.

The blood is a highly complex system, consisting of a fluid plasma which transports the
oxygen-carrying red blood cells, the protective white blood cells, blood platelets and a
myriad of essential molecules including proteins. Blood is, in fact, a typical soft
composite, made for the 45% of the volume by the micron-sized red blood cells. Red
blood cells flow behavior is intriguing because they are not spherical but shaped like
biconcave discs which deform under stress. Red blood cells have lipid membranes
supported by an internal protein network which makes them more elastic, like soft
rubber. Some diseases, such as diabetes and sickle cell anaemia, render them more rigid
and consequently it increases the flow resistance of blood, which then affects
circulation.

By advanced simulation techniques it is has been predicted, tak ing into account the full
hydrodynamic interactions and the deformability, how the shape of red blood cells
changes when they flow in a very narrow tube (capillaries) [5]. By calculating the

deformation energy due to the curvature and shear elasticity of the cell membranes, and
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treating the surrounding liquid as a stream of moving, colliding particles, the simulation
confirmed that above a certain flow velocity the cells do, indeed, bend back in the shape
of a parachute. This is different of a simple, more fluid lipid vesicle just elongates into a
rugby-ball shape aligned in the direction of the flow. The transition to the parachute
shape limits the flow resistance in a way that maintains a healthy blood circulation, and
regulates oxygen delivery around the body [5].

Microfluidics, whereby minute volumes of liquids are manipulated in geometrically
constrained environments at the microscale, is revolutionizing clinical diagnosis and
biological research, and often involves separating and manipulating cells under

continuous-flow conditions in microfabricated channels.

1.4  Chemical Soft Matter systems

The first great pioneers to describe the liquid crystals were Georges Friedel who was the
first to understand exactly what is a liquid crystal, and what are the main types. Was
Charles Frank , who (after some early work of Oseen) constructed the elastic theory of
nematics and described also a number of their topological defects (“disclinations™) [see
Chap. 2]. Observing certain defects (“focal conics”) in smectics, Friedel was able to
prove that their structure must be a set of liquid, equidistant, deformable layers [6]. By
observations at the one hundred micron scale, he was thus able to infer the correct
structure at the nanometer scale, an amazing achievement. Smectics bring naturally to
another important feature of complex fluids - namely that, in our days, it is sometimes
possible to create new forms of matter. The sponge phase was an example. Another
striking case was the invention of ferroelectric smectics [7] made by using a certain
molecular arrangement, with chiral molecules, which should automatically generate a
phase, the C* phase, carrying a non-zero electric dipole [7]. These materials become
very important for display purposes, because they can commute 10° times faster than

the nematics.

Polymer and plastics are the archetypes of soft matter: they bend and soften when
subjected to heating treatment; this represents the complex behavior that emerges from

their special molecular structure [8-10]. Industrial processing involves melting the

10
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material, which is then extruded, moulded or turned into films. Understanding what
happens at the molecular level as the molten plastic flows is essential in optimising
production, since bulk behaviour is deeply influenced by the length and branching of

the entangled constituent polymer chains and how they move.

An unusual colloidal system based on star polymers shows some very complex
behavior.

Soft glasses and gels represent one of the most intriguing forms of soft matter. They are
usually colloids - dispersions of particles randomly crowded together, such that their
individual movement is restricted by their neighbours, as though trapped in a cage.
Glasses are truly dense particle suspensions, in which the particles typically repel each
other, whereas in gels the particles occupy a lower volume fraction and attract each
other. In a colloidal glass, above a certain volume fraction, the particles move slowly,
resulting in a variety of changes over long periods of time - in other words, they age.
Like us, the exact changes that happen depend on their history. However, the particles
can escape from their borders if given enough mechanical energy, in which case the
material becomes a liquid. Adding other components can also alter the local
environment of particles and change this “glass transition”. The challenge is to establish
the rules that govern the glass transition and stability. Theorists start out with the
simplest model of a colloidal glass, which treats the particles as hard spheres that
mutually repel each other, and then calculate the kinetic evolution of the system [11]. Of
course, real colloidal glasses are not simple spheres but more complex systems [11]
which has been studied by taking into account a model system based on the use of star-
shaped particles, in which a series of linear polymer chains is anchored to a central core
[12]. The star polymers do not behave exactly like hard spheres but are more flexible;
each particle has arms which can interpenetrate those of another particle. These systems
lie between the two extremes of hard colloidal particles and soft polymeric coils. They
are also very versatile: their properties can be tuned by altering the number and length
of the chains.

The next figure, Fig. 1.4.4, concerns the star polymers as model soft colloids; indeed,
they have microscopic intermediate properties between soft flexible polymers and hard
spheres.

11
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Fig.1.4.1 Star polymers as model soft colloids (interpolate between polymers and hard spheres)

It turns out that star-polymer glasses show some remarkable behavior. In case of
smaller star polymers, but chemically identical, added to a glass composed of big stars,
they first move around the immobilised larger stars. When the volume fraction of the
small stars is high enough, however, they start to knock the cages of the big stars until
they break, and the glass melts into a liquid. There is also a competing scenario: using
larger stars, albeit still smaller than the big ones, they can get trapped in the cages of the
large stars to form a so-called double-glass system, in which both star types are
immobilised. The system has yet more surprises. On adding further small stars, the
cages start to push each other and the system melts again. A new type of glass appears,
by more small stars, in which the cages are asymmetric.

By doing simulations, it has been calculated the glass-transition line - where the system
should become liquid - for the different concentrations of small stars and showed that it
followed a U- shaped curve. It has been also shown that the second glass that formed
was more robust. It suggests that just by playing with simple parameters such as

concentration of additives you can really tune the properties of the resulting material.

Composite liquids can show unusual organized behavior when put under stress.

Many everyday materials such as paints, cosmetics, cleaning products and even foods
consist of a complex dispersion of minute particles in a liquid — a colloid. These may be
fine powders, long polymer chains, surfactant micelles or some combination of all of
them. Emulsion paints, for example, contain pigment particles, film-forming polymers,
as well as surfactants to stabilise and maintain the paint’s integrity. Not surprisingly, the
physical behavior of such complex materials, especially when put under shear stress by
stirring or spreading on a surface, is quite variable and can be unpredictable. Some soft-
composite materials will suddenly change from a mobile liquid to a gel-like solid when

sheared, while others will become thinner. Such phase transitions can be a nuisance in

12
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processing, causing blockages in equipment, but can also be used to advantage in, say,
squirting toothpaste out of a tube or applying paint to a surface. Despite the complexity,
soft-matter physicists are making progress in understanding some of the surprising
changes that can happen, and this will help industry to design products that are easy to
process and are fit for purpose. One particular set of phenomena regard in polymer
extrusion, when, at a high enough shear rate, the polymer melt would suddenly thin and
“spurt” out. This flow instability, not surprisingly called the “spurt effect”, can be due to
the thread like particles, whether polymer chains or worm-like surfactant micelles,
suddenly untangling and stretching out, or breaking up, to form a differently organised
phase. This kind of mechanism can also result in curious banded structures, and this has
been revealed using the standard piece of equipment employed to study shear flow — the
Couette cell. This is a narrow container with concentric cylindrical walls, where the
inner wall can rotate. This creates a velocity gradient in the flow of a sample in the cell,
from the outer to the inner wall. In a simple liquid, the stress increases directly with the
shear rate. However, in complex liquids like polymer and micelle solutions, the material
can suddenly “give way” at a given shear rate, separating into a new phase with a lower

viscosity, creating distinct bands in the direction of the flow gradient [13].

Surfactants are fascinating because of the way their constituent molecules neatly
organize themselves into intricate microstructures in oil and water mixtures.

A surfactant is a molecule, as said above, with two parts: a polar head, hydrophilic, and
an aliphatic tail (hydrophobic). Benjamin Franklin performed a beautiful experiment
using surfactants; on a pond at Clapham Common, he poured a small amount of oleic
acid, a natural surfactant which tends to form a dense film at the water-air interface. He
measured the volume required to cover all the pond. Knowing the area, he then knew
the height of the film, something like three nanometers in our current units. This was the
first measurement of the size of molecules [2].

One type of structure that has excited great interest is very long flexible cylinders,
dubbed worm-like micelles. They behave a little like polymers, which also have long
flexible shapes, forming viscous, elastic solutions. Nevertheless, there are some
differences:

while polymers are single long-chain molecules held together by chemical bonds,

worm-like micelles are molecular assemblies which continually break up and reform.

13



Chapter 1 Soft Matter

Recently, [14] it has been used a polymer- based fluid pumped at high pressure to
fracture rocks so as to recover the last dregs of oil from a well. However, the highly
viscous polymer then had to be removed with chemicals, which was environmentally
undesirable. Therefore, it has been turned to fluids containing worm-like micelles to
perform the same function. Once these come into contact with the escaping oil, they
break up into spherical micelles; the material becomes runny and is easily pumped to
the surface. To understand the flow behavior better, it is been developed a novel type of
computer simulation in which the micelles were treated as chains of rods including
properties such as the stiffness, and the breaking and fusion energies of the entangled
micelles. He then simulated what would happen to the particles under shear flow [14].
The coarse-grained approach adopted allowed simulations of meaningfully large groups
of micelles. At first, the computer predictions did not appear to support Schlumberger’s
experimental results. However, when the experiments were extended over the same
length and time scales as for the simulations, they matched exactly.

The most challenging simulations are related to a type of exotic complex fluid in which
the micelles are linked by a network of a polymer with ‘sticky ends’-so-called
“telechelic polymers”. These materials are extremely viscous but also very “stretchy”.
The transient networks that form therefore represent an excellent model system for
studying complex soft matter especially under shear forces [15]. The hydrophilic
polymers have hydrophobic ends which then anchor onto the surfactant assembly to
form bridges and loops. Exploring their properties using neutron-scattering techniques
and rheometry, it has been found that worm-like micelles and polymers formed a double
transient network.

A new type of polymer-based additive makes detergents superefficient, leading to safer,
greener cleaning as well as pollution-free fuels.

One of the most intriguing types of soft composite is the microemulsion a finely
dispersed mixture of water and oil, brought into intimate contact by a surfactant, or
detergent, which loves both of these normally immiscible liquids. Microemulsions
differ from ordinary emulsions, such as mayonnaise for example, in that the dispersion
is on the nanoscale. This results in an elegantly transparent material which is extremely
stable compared with even the most expertly made mayonnaise which eventually

separates back into olive oil and vinegar. The stabilizing power of a microemulsion

14
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arises from the special properties of the particular surfactants used. Traditional
surfactant molecules contain both a water- loving component such as a positively
charged metal ion or groups of atoms and an oil-loving hydrocarbon tail (as state
above). They line up in ordered arrays, creating thin membranes separating the oil and
water phases (see Fig. 1.3.2). In microemulsions, these membranes can form a range of
intricate structures: they can roll up into nanosized water or oil-containing vesicles (the
micelles), or form layers, or spongy networks which create bicontinuous oil and water
phases throughout the material. It is quite important the knowledge of all the factors that
affect the kind of microemulsion structure formed and its properties: i.e. the
concentration, chemical composition, geometry and membrane flexibility.

In pursuing these goals, it has made a breakthrough in microemulsion technology [16].
Using a well-understood standard surfactant system that produces microemulsions, they
add trace amounts of the new surfactant and study the phase behaviour at various
concentrations and temperatures, measuring the efficiency of the system as the least
amount of surfactant needed to solubilise equal amounts of oil and water. Adding very
small amounts of the block copolymer greatly enhanced the surfactant efficiency,
reducing the amount needed by more than a factor of ten. This meant that

microemulsions could be achieved using much less of the expensive surfactant.

1.5 Nanoparticles

Nanoparticles, from ten to a few hundred nanometers in size, turn up everywhere: in the
human body, water supply, air, many modern products such as paints, cosmetics, the
highly specialized catalysts used to make chemicals, electronic device and so on.
Nanoparticles can be made by minerals, such as calcium carbonate, metals, organic
compounds, or even biological molecular entities such as protein assemblies and
viruses. Many natural processes such as the formation of biominerals, for example
shells, or the deposition of lime scale in the washing machine, involve the initial
formation of nanosized crystallites.

Understanding what controls the formation of nanoparticles is key to many
technological and bio medical applications. Nanoparticles often have physical

characteristics such as optical and mechanical properties uniquely related to their size
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which are increasingly being exploited in the expanding field of nanotechnology.
Understanding how shape and size affect these properties, and how to control their
synthesis is thus an active area of research.

There is interest in making and characterising nanoparticles for industrial and
technological purposes, often combining them with other materials such as polymers to
control their production and behavior. Understanding how particles form and grow is
extremely important in many practical processes, for example, the precipitation of salt
crystals during sea-water desalination, or in the setting of concrete which involves
complex recrystallisation processes that affect its strength. The standard picture of the
crystallisation process was that spherical nanosized particles in the saturated water
solution act as critical nuclei around which the crystals grow, but this had not been
experimentally studied in detail. Electron and X-ray microscopy studies revealed that
the crystallisation process is much more complicated:the particles can, for example, re-
dissolve or cluster together into flocs. The whole story of crystallisation need to be
understood, with the aim of controlling particle formation. Studies of precipitation in
the presence of polycarboxylate, which is a standard detergent additive, showed that the
polymer wraps around the nanoparticles and stabilises them against further growth.
Calcium carbonate represents a generic example, and the same principles can be applied
to the growth of other nanoparticles, such as pigments in paints or even in natural
dyestuffs used in food and drinks.

Nanoparticles which are very interesting are silver nanoplatelets and gold nanorods,
which have unusual optical properties. Light impinging on the metal causes electronic
surface oscillations called “plasmons”, which control how the light is reflected, and or
scattered, from the particle and thus their colour. The frequency of the reflected
radiation strongly depends on the shape, size and composition of the particles. Methods
to obtain nanoparticles with a controlled shape — triangles, rods, decahedra, octahedra,
spheres and even star shapes, so that the colour can be tuned, have been proposed [17].
Gold or silver nanoparticles, from their salt and by using a polymer stabiliser to control
the nanoparticles formation results to be an highly successful chemical method to obtain
gold and silver nanoparticles [17]: it is known that adding polyvinyl pyrrolidone
induces the formation of nonspherical nanoparticles, but the mechanism is still not

really clear.
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Gold and silver nanoparticles have several exciting applications: i.e. biosensors. The
particles are of the right size for attaching single molecular bio-receptors that bind with
a target molecule such as a protein in the blood. Plasmons are accompanied by very
high electric fields at the nanoparticle surface, which in turn enormously enhance the
characteristic light scattering from the attached molecule — an effect called surface-
enhanced Raman scattering (SERS) (see chap.3.). When the probes recognise their
target, it can be detected through its specific vibrational signature. Another application
can be found in the so-called metamaterials [18]. These are composite materials with
peculiar optical properties such as a negative refractive index, with intriguing
applications as “invisibility cloaks”. Metamaterials, so far, have been composed of
arrays of microstructures responsive to microwaves, but the use of much smaller
metallic nanoparticles is predicted to lead to similar results in the visible part of the

spectrum.

1.6  Soft Matter applications

Nowadays, objects made by soft matter are everywhere in the life of the people.
Looking around in the house, it is possible to see that there are many kinds of soft
matter: plastic containers, cleaning materials, food, soft furnishings, toys, clothes,
detergent products and varnishes are made by soft-composite materials. Today,
traditional materials such as metal, ceramics and wood have partly been replaced by
synthetic soft materials, which may be stronger, lighter and cheaper, and which, through
scientific research, can be tailored to specific requirements.

It is hard to imagine life without modern synthetic plastics and rubbers. These polymers
can be moulded into almost any shape, extruded into thin films and fibres, applied as
coatings, and given bright colors or made transparent. New polymer composites are
continually being developed, including reinforced rubbers that are more hard-wearing.
Because soft composites are so versatile, constructed from relatively inexpensive,
readily available raw materials, and capable of being processed under mild conditions of
temperature and pressure, they are increasingly being exploited in advanced

technological applications.
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Soft materials are helping us to source and use energy efficiently. They are considerably
lighter than metals, and are increasingly being used in the bodywork of vehicles, which
improves fuel efficiency. Polymers incorporated in fuels themselves inhibit the
formation of soot, thus reducing pollution. The amount of oil that can be recovered from
an oilfield can be increased considerably by injecting polymers or surfactants into an oil
well to help force the crude out of the rocks.

Because soft matter is largely constructed from molecular building blocks similar to
those in living tissues, it can be designed to mimic the self-organising and molecular-
recognition characteristics of biological systems. Using this approach, minute surfactant
vesicles called liposomes, or coated metal nanoparticles can be used to deliver anti-
cancer drugs to tumours, for example. Others issues can be the methodologies for
fabricating artificial tissues or biomimetic soft materials for clinical and therapeutic
applications. Soft-matter composites are generally structurally organized at the micro-
or nanoscale and offer amazing potential for new technologies. The first step in this
direction was liquid crystals, fluids in which molecules change their orientation in
response to a voltage. Liquid crystal displays are now the device of choice for TV
screens and computer monitors (see Chap. 2). Increasingly, the properties associated
with soft matter are being explored in the emerging technology of microfluidics,
whereby fluids are manipulated at the millimetre scale, in devices employed as sensors
and used for analysis.

The further outlooks prospective for soft-matter composites are promising. With the
experimental and computer techniques it is possible to investigate and predict how the
many forms of soft matter behave; It would be possible to design new soft materials and
structures, which have the potential to display the same diversity properties as the most

complex form of matter that is the living matter.
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2.1 Nematic Liquid Crystals

The liquid crystal phase has a degree of order intermediate between the liquid isotropic
state and the solid crystalline state. The molecules in liquid crystalline phases move,
more or less, as in the liquid state but they maintain some degree of orientational and,
sometimes, positional order, which combines order and mobility on a molecular,
supramolecular and macroscopic level.

Liquid crystalline molecules are, generally, organic and many of them are elongated in
shape (rod like). Some liquid crystals are made by discotic molecules, for example octa-
substituted phthalocyanine derivatives, stratified in columnar shape.

The liquid crystals materials can be divided in three categories [1]:

» Thermotropic, the liquid crystal phase occurs when the temperature is within a
precise range. If the liquid crystal phase is obtained both increasing as well as
decreasing the temperature it is called enantiotropic, otherwise, if just one path
conduce to the liquid crystal phase it is said monotropic. For example nematic
phases, smectic phases, chiral phases, blue phases and discotic phases belong to

this class.

» Lyotropic, when the occurrence of the liquid crystal phase depends, besides on
the temperature, also by the concentration of the liquid crystal molecules
dissolved in a proper solvent: i.e. amphiphilic compounds in water. For example,

amphiphilic molecule.

» Amphotropic, when the materials are able to form thermotropic as well as
lyotropic liquid crystal. For example block copolymers, amphotropic

mesogeneity of other systems, flexible amphiphiles.

Different liquid crystal phases exist and they have been classify taking in account the

order degree present in themselves and some of them are shown in Fig. 2.1.1
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Fig.2.1.1 Liquid crystalline phases.

The nematic liquid crystal phase shows only a long range orientational order of

anisotropic molecules. The direction of the average orientation of the “long axes” of the

molecules is represented by a unit vector called director I (Fig.2.1.1). The molecules
in the nematic phase are considered to be with cylindrical symmetry and consequently

this phase will have uniaxial symmetry.

oy

The physical properties of the nematic phase show that N and — N are equivalents: I
is an apolar vector [2].

If the molecules forming a liquid crystal phase are chiral then the chiral phases take
over in place of the previous phases. If this happens in the nematic liquid crystal phase
then the resulting phase will be called cholesteric phase (Fig. 2.1.1). In the cholesteric
phase the director rotates in helical trend about an axis perpendicular to the director.

Schematically, it can be thought as different stratified nematic layers in which the
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director is rotated by a constant angle coming from one layer to the next (Fig. 2.1.1).

The pitch (p) of the cholesteric phase is the distance in which the director is rotated by

oy

360°. However, in the cholesteric phase, clearly, due to the equivalence of g and — N
the structure repeats itself every half pitch (Fig. 2.1.1).

If the cholesteric phase is made by a mixing of two optical isomers (enantiomers) the
resulting pitch will be bigger than those that occur in the cholesteric phases made with
either pure enantiomer. A racemic mixture results to have an infinite pitch and for this
reason it results to be as a nematic liquid crystal phase [2-3].

The helical structure exhibit very different and interesting optical properties that are
very useful in practical applications: electro-optic display and thermographic use, due to
the dependence on the temperature of the pitch length and therefore of the selective
reflection of the light.

Liquid crystal phases with layered structures are said smectic. In these phases in
addition to the orientational order of nematic phase there is positional order due to the
molecular’s centres of mass, arranged in layers. If the directors is perpendicular to the
layers then the phase is called smectic A, while, if the director results to be with an
angle different than 90° with the layers (tilted) then the resulting phase is said smectic C
(Fig. 2.1.1). The molecules in the smectic A and C phases are randomly ordered in the
layers and they can rotate around their long axes, with very small hindrance.

Many others smectic phases with layered structure have been discovered and are listed

in Table 2.1.1.
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Phase Molecular Molecular Orientational Positional
type orientation packing ordering ordering
A Orthogonal Random Short range Short range
C Tilted Random Short range Short range
B
' Orthogonal Hexagonal Long range Short range
(hexatic)
Tilt to apex of Pseudo
I Long range Short range
hexagon Hexagonal
Tilt to side of Pseudo
F Long range Short range
hexagon Hexagonal
L
(B Orthogonal Hexagonal Long range Long range
Cryst.)
Tilt to apex of Pseudo
J(G") Long range Long range
hexagon Hexagonal
Tilt to side of Pseudo
G Long range Long range
hexagon Hexagonal
E Orthogonal Orthorhombic Long range Long range
Tilted
K (H") . Monoclinic Long range Long range
to side a
Tilted .
H ) Monoclinic Long range Long range
to side b

Table 2.1.1 Main features of the smectic phases [1].

In Table 2.1.1 phases with increased positional order can be found, until to arrive to
three dimensional positional order.

In the B (hexatic), I, F phases inside the layers the molecule are oriented on a two
dimensional lattice and however, the layers do not have long range correlation, while
the others phases show three dimensional long range order; their character is more
crystalline like and the rotation of the molecules, around to the molecular long axes, is

strongly hindered.
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The transition from one phase to another one is generally of the first order but there are
some second order transitions: smectic C / smectic A.

When the molecules of the smectic phases are chiral, as well as in the nematic case,
(nematic/cholesteric), phases with different physical properties are obtained: these
phases are indicated by the asterisk symbol as apex (*). All the smectic phases with
tilted structure with chiral molecules show ferroelectric properties: spontaneous

polarization and piezoelectric behaviours.

2.2 Physical Chemistry properties of nematic liquid crystal

How stated above, the nematic liquid crystals do not have positional order but they have
orientational order. In order to quantify the amount of orientational order an parameter,

S, as been defined as:

300529 -1
S= s (2.2.1)

where 0 is the polar angle made by the long axis of each individual molecule with the

A

director I and the angular brackets point out a statistical average.

The order parameter S is a function of the temperature T, but a closed analytical relation
is not possible because it is strongly dependent of the chemical nature of the molecules.
However, for practical purposes, the relation derived from the Mayer- Saupe theory [2,

4-7] can be used:

S=|1-=— (2.2.2)

where Tcy, corresponds to the nematic-isotropic transition temperature, y is the order of
0.98 and B is an exponent in the range 0.13 - 0.18 depending of the specific material.

When an material is in the liquid crystalline phase it is turbid and when it becomes
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isotropic appears transparent. For this reason the nematic-isotropic transition

temperature is often called temperature of the clearing point.

Due to the presence of a preferred direction g of the molecules of liquid crystal many
of properties of this phase are anisotropic.

The dielectric permittivity €, as well as the refractive index n, (which at optical or
higher frequencies are related by & = n?), are second rank tensors and for this reason

they can be always referred to a principal system axes such for which :

g, 0O O ni 0 O
E=l0 ¢ 0|=¢/0 n 0 (223)
0 0 g 0 0 n

where &, &y, €, and ny, ny, n, are the principal components which respect to the principal
axes of the dielectric permittivity and refractive index, respectively.

For uniaxial systems it will be:

X y 1 z /] (2243)

n.=n,=n, n,=n, (2.2.4.b)

where the symbols L and // indicate the perpendicular and parallel components with

respect to the director 1 whose direction is supposed to be coincident with that of the z-

axis.

It has been defined dielectric anisotropy Ae the difference:

Ae=¢,—¢&, (2.2.5)

which can be either positive or negative, depending of the permanent dipole moment

and of the polarizability of the molecules.
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—

The dielectric anisotropy is related to the capacity of an external electrical field E of

aligning the liquid crystal molecules.

—

In fact, when the nematic liquid crystal is subject to an applied electrical field E a

dipole moment per unit volume is produced ( P), called polarisation:

—

P=¢,7,E (2.2.6)

where }? o 1s the electrical susceptibility and g is the permittivity of the free space.

The electric field and the polarisation together define the vector electric displacement

D

D=¢E+P=:E (22.7)

0

where & = &, (l + }? e ) and I is the unit tensor.

The electrical energy per unit volume (Uy) is given by:
= N | 2 2
B-E=-—LAs(d-Ef ==L AcE2cos’0 (2.2.8)

A

where @ is the angle between the direction of the electric field and the director . The
minimum values of U, are obtained for Ae > 0 when &= 0° and for A < 0 when
60=90°.

Analogue consideration can been made regarding the magnetic susceptibility [2].

How said above, the nematic liquid crystal appear turbid as milky fluid. This is due to
the random refractive index fluctuation present in the liquid crystalline phases. After the
alignment of the nematic liquid crystal the two refractive indexes (eq. 2.2.4.b) can been
observed. Therefore, as well as for dielectric permittivity, the optical anisotropy, better

known as birefringence, can be defined:
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An=n,-n =n,—n

0 I 1 (2.2.9)
where n, is the refractive index corresponding to the “ordinary” ray with the electric
field perpendicular to the optic axis of the molecule and n. the refractive index
corresponding to the “extraordinary” ray with the electric field parallel to the optic axis
of the molecule.

The discussion done above assumes that the director is perfectly uniform. Actually,
quite small variations can be found at molecular level depending by the position.
However, these variation are not so remarkable to induce modifications of the order

parameter.

2.3 Lyotropic Liquid Crystals

As state above, when the occurrence of the liquid crystal phase depends, besides on the
temperature, also by the concentration of the liquid crystal molecules dissolved in a
right solvent the liquid crystals is said lyotropic.

There are many different types of lyotropic liquid crystal phase structures, with different
extend of molecular ordering within the solvent. However, it is possible to change the
type of exhibited lyotropic phase to each concentration by changing the temperature.

In everyday life many kinds of lyotropic liquid crystal phases can be seen; for example:
surfactants in water give lyotropic liquid crystal phases as soap used with water. Very
important is the occurrence of lyotropic liquid crystal phases in biological systems, for
example: phospholipid, mixtures of lipid, micelles, membranes cells, blood and so on
(see Chap.1). Lyotropic liquid crystal molecular structure consists in amphiphilic
molecules. Amphiphilic molecules form liquid crystal phases, that are slightly different
from the calamitic and discotic phases, that at low concentrations form micelles and
vesicles. There is orientational and sometime positional order of the molecules within
these structures, but there is no ordering of the micelles or vesicles themselves. At
higher concentration, the structure changes to one in which the micelles or vesicles

themselves are also ordered.
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Amphiphilic molucules have both polar head group, made by a carboxylate salt, and by
a non-polar tail group, that is a long hydrocarbon chain. Lyotropic liquid crystal phases
are formed on the dissolution of amphiphilic molecules in a right solvent (usually

water). In Fig. 2.3.1 amphiphilic molesules as surfactants and phospholipid are shown.

(b) o o
Il
/\/\/\/\/\/\/\)ko/\s(\ofr-ﬁo\/\ N*’

o

Fig.2.3.1 Two lyotropic liquid crystals, soap sodium stearate (a), and synthetic
phospholipid 1,2-Dimyristoyl-sn-Glycero-3-Phosphocholin (DMPC) (b).

When amphiphilic molesules are dissolved in a polar solvent, like water, the
hydrophobic “tails” assemble together and show the hydrophilic “heads” to the solvent.

Two structures are known to arise from this reorganization: micelles and vesicles (Fig.

2.3.2).

hydrophilic head

Fig.2.3.2 Representation of a micelle cross-section(a) and vesicle (b).

Both soaps and phospholipid molecules also form a bilayer structure, with the

hydrocarbon chains separated from the water by the “head” groups [3].
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Soaps improve the efficiency in removing dirt and grease of the pure water because the
non-polar parts insides of the micelles dissolve non-polar substances that otherwise are
not dissolve in water. In non polar solvent, polar substances can be removed, since the
micelles are made with the polar head inside the micelles and the non-polar part are
outside (inverse micelles). Soaps also help water dissolve more because the molecules
tend to remain at the surface, hydrocarbon tail away from the water, thus lowering the
surface tension of the water and allowing more material to enter it the water and be
dissolved [3].

Self-assembled structures of lyotropic liquid crystals are not covalently bonded and they
can assume several different geometry dependently by the thermodynamic conditions
and the chemical nature of the molecule. These aggregates can be rod-like or disk-like
which can be orientationally and/or positionally ordered to exhibit a high number of
liquid crystalline phases including, nematic, lamellar, hexagonal and cubic phases [8].
The hexagonal phase (or middle soap phase),for example, shows an hexagonal
arrangement of long cylindrical rods of amphiphilic molecules. At some concentrations
the lamellar phase (sometimes called the neat soap phase) forms with a uniform amount
of water separating the bilayers. Cross-sections of the hexagonal and lamellar phases are

illustrated in Figure 2.3.3.

Fig. 2.3.3 Lamellar and micelles of lyotropic liquid crystal phase.
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Sometimes a cubic (or viscous isotropic) phase it is made between the hexagonal and
lamellar phases. In this phase the amphiphilic molecules arrange themselves in spheres,
which in turn form a cubic lattice. These spheres may be closed or they may be
connected to one another, thus forming a bicontinuous phase.

Under particular conditions, a mixture of highly polar liquid, slightly polar liquid and
amphiphilic molecules form micelles that are not spherical. They can be rod-like, disc-
like, or biaxial (all three axes of the micelles are different). These anisotropic micelles
sometimes order in the solvent just as liquid crystal molecules order in thermotropic
phases. There is a nematic phase of rod-shaped micelles, another nematic phase of disc-
shaped micelles, and even a biaxial nematic phase, in which the molecular axes
transverse to the long molecular axis partially order. Chiral versions of these phases
with the same structure as the chiral nematic phase also form [3].

As state above, lipids exhibit both water-soluble and water-insoluble domain. Many
properties are coming up from their interactions (of such domains and the water
molecules). In micelles the lipids regroup through tail associations creating a three
dimensional structure (i.e. sphere or cylinder), where only the polar headgroups are
exposed to the solvent [9]. Because their cores are non-polar while the outside surface
remains water soluble, micelles are ideal for encapsulating other non-polar molecules.
For example, artificial amphiphilic (lipid-like) copolymers are designed to assemble
into micelles for the encapsulation of single wall carbon nanotubes [10]. This
encapsulation is found to change the fluorescent properties of the nanoparticles. It is
also important to note that the reverse structure can assemble inside non-polar solutions
(i.e. oil) and are know as reverse-micelles.

In vesicles, the lipids stack in two reflecting layers, in a head-tail-tailhead manner, such
that only the head groups are exposed to the water molecules on both sides of the dual-
layer. Because the hydrophobic tails are sandwiched between sheets of polar head
groups, vesicles are ideal for the encapsulation of various solvents. This is the primary
structure of animal cells where both the interior and exterior of the cells are aqueous.

If these amphiphilic molecules are mixed with a non-polar solvent such as hexane,
similar structures are made but now the polar “heads” assemble together with the non-
polar “tail” groups in contact with the solvent. These are called reversed phases to

distinguish them from the phase that occur in polar solvents.
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Solution of biomolecules such as protein and sufficiently concentrated solutions of
surfactants can make interesting class of liquid crystals such as synthetic polypeptides,

biomimetic vesicles and membranes cells.

2.4. Biological Membrane Protein

Membrane proteins are crucial players in the cell and take center stage in processes
ranging from basic small-molecule transport to sophisticated signaling pathways [11].
Many membrane protein are also prime targets of contemporary or future drugs, and it
has been estimated that more than half of all drugs currently on the market are directed
against membrane proteins [12]. By contrast, it is still frustratingly hard to obtain high-
resolution three-dimensional (3D) structures of membrane proteins, and they represent
less than 1% of the structures in the Protein Data Bank [13]. Among the membrane
proteins, one of the most important class is represented by the transmembrane (TM)
proteins. To the TM class protein belongs the G-protein-coupled receptor (GPCR)
superfamily. The GPCR, upon their activation by extracellular signals, initiate an
intracellular chemical signal cascade to transduce, propagate, and amplify these signals.
GPCR has a single chain with seven helical TM domains threading through the
membrane. Signal transduction begins when an extracellular agonist “ligand” binds and
switches the receptor from an inactive state to an active state conformation. In particular
a ligand such as a hormone, neurotransmitter, glycoprotein or syntetic agonist interacts
with a heptahelical receptor on the surface of the cell and the ligand can stabilize or
induce a different conformation of the receptor (GPRC) that activates the heterotrimeric
G protein (composed of a, B, and y subunits) on the inner surface of the membrane cells.
[14,15]. The G protein bind the guanilic nucleotides (GDP and GTP). In the inactive
heterotrimeric state, GDP is bound to the G,-subunit. Upon activation, GDP is released,
GTP binds to G,, and subsequently G,-GTP dissociates from both Gg, and the receptor,
as shown in the Fig. 2.4.1. Both G,-GTP and Gg, are then free to activate downstream
effectors. The duration of the signal is determined by the intrinsic GTP hydrolysis rate
of the G,-subunit and the subsequent reassociation of G,-GDP with Gg, [14,16].
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Fig.2.4.1 Receptor-mediated G protein activation. The interaction of an ligand with its cell surface

receptor facilitates the coupling of the activate receptor with intracellular heterotrimeric G proteins.

As said above, the GPCR play a crucial role in many essential physiological processes,
ranging from the detection of the light (involving rhodopsin) and odorant signal, to the
mediation of neurotransmission, hormonal actions, cell growth and immune defense.
GPCRS mediate responses interacting with a variety of bioactive molecules including
ions, lipids, aminoacid, peptides, proteins and small organic molecules.

To the GPCR superfamily belong the GPR30 which is an estrogenic membrane receptor
found in the human breast cancer cells [16-19]. Although, usually, the GPCRs are found
on the plasmatic membrane the GPR30 is found in major amount on the endoplasmic
reticulum [16-20]. The localization of the GPR30, of course, is well understood also by
taking into account its function since the endogenous estrogen ligand is permeable to
the membrane.

The chance to characterize (by doing in situ analysis) the GPR30, its synthetic ligand
(G-1) (see Chap.4) and maybe the physical chemistry mechanism of their interaction
can strongly help to understand how to project the right drugs in order to solve the

diseases that regard this receptor.
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2.5 Mimetic models

Lipids are integral parts of the cell membrane. The understanding of their behavior is
therefore essential for the study of cell functions.

Among them, during the last years great interest was devoted to the study of
phospholipids-water mixtures in order to evaluate the structural and functional
properties of these systems [21]. In fact, cells of living organisms can be thought as
phospholipids membranes, sometime functionalized by proteins, which are immersed
into water environment [22]. Among the usual topics, including protein misfolding
diseases, drug discovery, pathogenesis, gene therapy, etc. [23, 24], the membranes of
the cells are attracting great attention as possible components for applications such as
sensors, electronics and bioprocessing [25]. The great incentive coming from the
different kind of applications has supported the development of membrane mimetic
models made, usually, by phospholipids layers that represent the major component of
most cell membranes with its typical chemical structure made by a hydrophilic charged
head group bonded by glycerol backbone to hydrophobic long acyl chains [26].

It is well know, that phospholipids spontaneously adopt the bilayer organization when
dispersed in water to form closed vesicles (liposomes) [27]. The vesicle is a
compartment, formed in vitro, where the interior is made by a small water volume
enclosed by one or few layers constituted by amphiphilic molecules [28]. By selecting
the preparation method it is possible to obtain vesicle with different diameters in the
range between some nanometer up to tens of micrometer: large unilamellar vesicle
(LUV), giant unilamellar vesicle (GUV) and multilamellar vesicle (MLV) [28, 29].

The phospholipids bilayer vesicles (multilamellar and unilamellar) as a function of the
temperature can be found in three different phases: gel (Lg), ripple (Pg) and liquid
crystalline (L) [30,31]. In the Lp phase the acyl chains are arranged in ordered way
which approximate an hexagonal lattice, while above chain-melting temperature the
lamellar liquid crystal phase (L,) is found (Fig. 2.5.1), characterized by a fast diffusion
of the molecules in the plane of bilayer. The intermediate phase Pg is characterized by a
long range periodicity of the structure in the plane of the bilayer [30,31]. Nevertheless,

much efforts need to be done in order to obtain information about the hydrocarbon
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chain order and mobility in the bio-mimetic membrane in order to fully understand of

“order degree” of the different phases and the mechanisms of the phase transition.

Fig. 2.5.1 Schematic illustration of PC bilayer structure Lgand L, phases

2.6 Liquid Crystalline Composite Materials

In recent decades, great attention has been devoted to the realization of electrically
switchable holographic gratings in liquid crystalline composite materials. It has been
shown, indeed, that devices based on holographic polymer dispersed liquid crystals
(HPDLC:s) are of low cost and can exhibit a good diffraction efficiency (DE) [1, 2].
However, application oriented utilization of these devices is limited, in general, by their
strong scattering of light, due to the circumstance that the droplet size of the nematic
liquid crystal (NLC) component inside the polymer matrix is comparable to the
wavelength of the impinging light. It has been recently proposed a new kind of
holographic grating called POLICRYPS (Polymer Liquid Crystal Polymer Slices),
made of polymer slices alternated to films of regularly aligned NLC. These structures
do not present those optical inhomogeneities that are due to the presence of NLC
droplets in usual HPDLC samples [3], and can therefore exhibit good optical
characteristics, with values of the diffraction efficiency as high as 98%.

POLICRYPS, as novel technology for making switchable holographic gratings, is

characterized by the formation of periodic structures in liquid crystalline composite
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materials cured by the periodic intensity distribution of a UV (or visible) interference
pattern [4].

Following this model, diffusion and curing intensity are the two features that play the
main roles during the curing process, determining the morphology of the sample. In
particular, only a good diffusion of monomer molecules (realized, in fact, only when the
NLC component is in the isotropic phase) can avoid the formation of NLC droplets,
thus allowing a complete separation between polymeric structures and pure NLC in the
cured mixture.

These considerations explain why, in order to fabricate POLICRYPS, before starting the
curing process it is necessary to heat the initial mixture above the nematic—isotropic
transition temperature and allow a very slow cooling down to room temperature only
after the whole curing process has come to an end. In the equations of the model, two
control parameters can be singled out, which are related to the monomer diffusion
coefficient and to the curing intensity respectively; actual values of these parameters
determine which kind of structure (HPDLC or POLICRYPS) is going to be formed. The
high diffusion allowed during the curing process determines a morphology of the
POLICRYPS that is quite different from the HPDLC one. Optical microscope and
scanning electronic microscope (SEM) investigations have shown that the structure
consists of rigid slices of almost pure polymer alternated to films of almost pure NLC,
with a periodicity that reflects the pitch of the curing interference pattern. The
polymeric slices are well glued to the cell glasses and represent a rigid frame that,
somehow, “stabilizes” the NLC component and, therefore, the whole sample.
Separation interfaces between polymer slices and NLC films are quite regular and
sharp.

The uniform and regular alignment of the director in the NLC films of the structure
determines the main optical and electro-optical properties of the POLICRYPS. From the
optical point of view, losses due to the scattering of the visible light (which is
eventually brought to impinge onto the POLICRYPS) are reduced to less than 2%,
thanks to the absence of droplets, which exist in HPDLC samples, with an average size
comparable to the light wavelength and an arbitrary director alignment. Afterwards, by

suitably choosing the values of the refractive index of the polymer and the
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ordinary/extraordinary refractive index of the NLC, this director reorientation can be
exploited to vary the spatial modulation of the refractive index of the POLICRYPS.

Low scattering losses and good switchability of the POLICRYPS open a wide range of
possible applications. In fact, POLICRYPS has been designed and patented [5] to work
as a good “switchable” diffraction grating [28], but it is well known that this structure is
suitable for different interesting exploitations, depending on the way a light beam
propagates through the structure. In particular, we have found that, in addition to the
possibility of using the refractive index modulation with light also propagating “in the
plane” of the structure, the polymeric rigid frame of POLICRYPS can not only be
exploited to realize a good “physical confinement” (stabilization) of the NLC
molecules, but also can become an array of regular “channels” where light can be

guided and, eventually, amplified.
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3.1 Raman Scattering

3.1.1 Raman effect

Since the discovery of the Raman scattering in the 1928 a huge number of related
reports and monographs have been written regarding the theories, instrumentations,
applications and interpretations of the spectra [1-6].

When a radiation, monochromatic of frequency w; is incident on a material, some
“part” of the radiation is transmitted, some reflected and some scattered. The scattered
radiations may show three kind of frequencies (w;): @; and w;+ wy, where wy, are the
frequencies of some transitions which occur in the material.

The scattering without change of frequency is called Rayleigh and it is also said elastic
scattering whereas the scattering that depends on the transitions of the material is called
Raman scattering or inelastic scattering.

In the Raman scattering the lines or bands with frequencies lower than the frequency of
the incident radiation are called Stokes while those with increased frequencies are called
anti-Stokes.

In both classical and quantum models the origin of the scattered radiation is attributed to
the oscillating electric dipole moments induced by the incident electromagnetic
radiation. The contributions of the oscillating magnetic dipole and electric quadrupole
are several order of magnitude smaller with respect to the dipole electric contribution,
and for this reason they will not be considered in this treatment.

The intensity (/) of the scattered radiation radiated by an oscillating electric dipole

induced by the electrical field of the radiation incident (®;) is given by:

w; pssin® 0 _ ey pesin® 0
2. 3
327[ 8000 28()

I= (3.1.1)

where w; (a)s = 27rcol7s) and py are the frequency and the amplitude of the induced

electrical dipole and @ is the angle between the electrical field of the radiation and the

axis of the dipole.
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The induced electric dipole moment vector P (time dependent) is linearly dependent on

the electric field E of the incident radiation:
P=aF (3.1.2)

where & is the polarizability tensor, that is a II rank tensors.

Let consider just one molecule that is able to vibrate only (it cannot rotate). In this case,
the polarizability can be modified during the molecular vibration and so the variation of
the polarizability can be expressed by expanding each component (for instance a.,) of
the polarizability tensor in a Taylor series with respect to the normal coordinates of

vibration:

(et,y) +Z(a%] 0, +13 Oty 0.0, + (3.13)
a,., =\a, | 1.
v e ), 2kl a0, ) T

where (0( Xy )

A is the value of o,

, at the equilibrium configuration and 0,0, are
normal coordinates of vibration associated with the molecular frequencies wy, w; and the
summations are over all the normal coordinates.

In “harmonic approximation” the eq. 3.1.3 is taken with the term that involve only the
first power of Q.

The eq. 3.1.3 can be rewritten as:
(@), =lay ), +a,) O (3.1.4)

where

00k

(@), = [a%] (3.1.5)
0

44



Chapter 3 Raman Spectroscopy

The (a;y )k are the components of a new tensor 5(,'( called derived polarizability tensor

because all its elements are polarizability derivatives with respect to the normal
coordinate.

Therefore, the eq. 3.1.4 in vector form becomes:
The scalar quantity Q;, in the harmonic approximation, is given by:

O = Ok, cos(@yt + ;) (3.1.7)

where O, is the amplitude of the normal coordinate and O}, is a phase factor.
o

The frequency dependence of the electric field of the incident radiation can be given by:
E =E,cosayt (3.1.8)

Substituting, the eq. 3.1.7, into eq. 3.1.6 and then taking in account the eq. 3.1.8 the eq.

3.1.2 can be written as:

P=dyE,cosmt + ;&ILEO [cos(ayt + @t + 5, )+ cos(ayt — wyt — 5,)]  (3-1.9)

where the term @jE( cos @t represents the “classical” Rayleigh scattering, whereas
1 =1 1 =1
the others two terms EakEO cos(a)lt + @t + é‘k) and EongO Cos(a)lt -t — 5k) are

indicating the anti-Stokes and Stokes bands of the Raman scattering, respectively.

It can be noticed that the Rayleigh scattering has the same phase of the incident

radiation while the Raman scattering does not: the quantity ) defines the phase of the

normal vibration (J; respect to the electrical field. Raman scattering arise from electric

dipole oscillating at w; + w; frequencies that are produced when the electrical dipole
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oscillating at frequency w; is modulated by the “system” oscillation at frequency wj.
Indeed, Rayleigh scattering come up by the oscillation at w; of the electric dipole
induced by the electrical field of the incident radiation and where w; represents the
frequency of the electrical field.

The necessary condition for obtaining Raman scattering is that at least one component

of the derived polarizability tensor 5(,2 be non-zero. From eq. 3.1.5, each component
(a;y )k of the derived polarizability tensor 07,'{ is the derivative of the corresponding

component of the polarizability tensor with respect to the normal coordinate of vibration
O, in its equilibrium position. Therefore, the condition for Raman activity is that, for

at least one component of the polarizability tensor the gradient with respect to the
normal coordinate, in its equilibrium position, must be non-zero.
It is worth to remember, that in order to obtain the eq. 3.1.9, the harmonic

approximation has been done. Actually, if the mechanical anharmonicity is considered,

the time dependence of the normal coordinate Q; (eq. 3.1.7) will include terms as
cos(2awyt + 0, ), cos(Bwyt+05,) and so on, which produce bands called

overtones and may be also terms as cOS(@yt + Oy ) cos(@yt + Oy;) which produce

combinations tones. The resulting induced electric dipoles will oscillate with additional

frequency terms as w; + 2wy etc, and w; *+ (wi £ w;) etc.
3.1.2 Quantum approach

The classical theory of Raman scattering is not able to explain thoroughly the Raman
phenomena: for example it can not be applied to the molecular rotation whose discrete
rotational energy levels, are typical quantum states. Furthermore the intensity difference

between Stokes and anti-Stokes is not accounted for in a classical approach.

A general quantum approach for explaining this phenomena starts by considering the
radiation as a photon population. Let be the incident radiation made with »n; photons and
E; the initial energetic level of the system. After the interaction with the system the
radiation will have (n; - 1) photons with the same frequency of the incident radiation

(), the system will be in the E; level and the one photon scattered will have frequency
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;s which, in order to respect the conservation of the energy the frequency, will be:

ws= w; - wy where wy=2rn(ErE)/h. Anyway, not real absorption process,
spectroscopically speaking, are involved in this process: the amount ha)l does not

induce any electronic transition but just perturbs the system. Moreover, if it does
approaches to the electronic transition energy an enhancement of the intensity of the
scattered radiation can occur.

The global scattering process evokes two photon global process: one incident and one
scattered. If Er = E; then w,= w; (wy=0) and this is the case of the Rayleigh scattering
otherwise if E; > E; then wy= @; - wy and this is the Stokes Raman scattering while if
Ey < E;then w,= w; + @) that is anti Stokes Raman scattering.

Absorption without the conservation of the energy is usually called “virtual” and the
same adjective is used for the state of the energy where the material is found after an
“virtual absorption” process.

Anyway, in order to explain the Raman effect deeper considerations have to be done.
The time dependent perturbation theory can be usefully applied in order to better
describe the Raman effect.

In quantum mechanical treatments the induced electrical dipole of classical theory is
replaced by the transition electric dipole associated to the transition from an initial state
i to a finale state f induced by the electric field of the radiation which frequency w;.

The total induced transition electric dipole vector is given by:

@%:@®%+@@%+@®%+m (3.1.10)

—

where (P(l))ﬁ is the term which is linear with E', and so, it will be the only one

—

considered in this simplified approach to Raman scattering.

—

The term (P(O))ﬁ due to the permanent electric dipole transition is independent from

the electrical field of the incident radiation and it is not involved in Raman effect and
for this reason here it was not considered.

The total transition electric dipole is given by:
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P

<z,y} w;> (3.1.11)

where ¥/ and l//} are the time dependent perturbed wave functions of initial and final

states, respectively and P is the electric dipole moment operator. The Wlf and }

wave functions can be represented by:

v =y sy, @y 0 (3.1.12.2)

v =1//§,0)+g//§})+1//§r2)+...+1//§,") (3.1.12.b)

where the apexes (0), (1), (2) ... indicate the order of the modification induced by the
electric field: l//(o) unperturbed state, l//(l) first order modification, l//(z) second order
modification and so on. Because the field acts on l//(o) once to give W(l) and twice to

give (2), it is possible for Raman effect treatment to neglect the higher orders. So

that, taking in account the eqs. 3.1.12 and by considering the terms linearly dependent

to the electric field, the eq. 3.1.11 becomes

~

P

~

(f) (l))ﬁ :<‘/’ 5’1) P

y®)+ (0

(//l-(l)> (3.1.13)

In order to maintain the treatments general the amplitudes of the electrical field should

be considered to be complex and thus the eq. 3.1.13 can be written as:

A

(ﬁ(l))ﬁ :<'/’§’1)13 P

i)+ ()

y/,.(l)> (3.1.14)

and define the real induced transition electric dipole moment (]5(1)) ; as

(ﬁ(l))ﬁ = (ﬁ(l))ﬁ +(13(1)); (3.1.15)
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where (ﬁ (1)) fi is the conjugate complex of (ﬁ (1)) -

In order to express the component (P (l)) i letbe y/;, ¥, and ¥ , the wave functions

X
time independent unperturbed of the states i, » and f, respectively. The relationship
between the time dependent function ‘¥, and the unperturbed correspondent wave

function is given by:
where W, = ry (3.1.16)

The coefficient (21,) is related to the full width of the level r. The lifetime 7, of the

level r will be given, by the uncertainty principle by:

T, =— (3.1.17)
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Thus, (P (l)) 4 is given by:

X

(P(l)) :LZ <l//f b l/jr><l//r by Wi>§ o @-opt
X r
ﬁ 2h r#£i C()rl - C()l - lr},. 70
N <l//f P, lr//r><l//r Py l//i>E* e,-(a,lJra,ﬁ),
w,; + o, +il, Yo
A R (3.1.18)
—{-LZ <l//f Py l//r><l//r PXV/Z>E* ei(w1+w<ﬁ)t+
2h 2 f w, — oy —il, 7o
N <l//f Py l//r ><V/r Px l//l>E e_i(wl_wﬁ )t +
a)rf + C()l + lrr 70
+ complex conjugate
where, E is the component y of the complex amplitude of the harmonic

Yo~
electromagnetic wave incident and the double subscript on  indicates a
correspondence of the frequency with the energy difference between the levels.
The initial and final states have their lifetime infinite and so that their total wave

functions will be:

Y=y e (3.1.19.a)

—iw f‘t

Two types of terms, can been seen in the eq. 3.1.18, looking at the exponential terms in

regards their frequency dependency: namely, (a)l - ﬁ) and (a)l twg )
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The terms that in eq. 3.1.18 involve the factor (a)l +w ﬁ) describe the induced
emission of two quanta: (a)l +w ﬁ) and (a)l) from an initial state, which is an excited
level i, to a lower energy level f, if @; + @ 7> 0.

The others terms in eq. 3.1.18 which involve the frequency dependency described by

(a)l - ﬁ) are at the origin of the scattering (if @; — @ > 0) and dependently to

o it will have:

w5 > 0 Stokes Raman scattering
w4 = 0 Rayleigh scattering

@5 < 0 anti-Stokes Raman scattering.

For the rotational and vibrational transitions that do not involve electronic transitions

the condition that Zw; —ho > 0 is always satisfied for frequency of the incident

radiation that fall in the visible —ultraviolet regions.
So that, considering what has been said above, the Stokes and anti-Stokes part of the x

component of the real induced transition electric dipole moment are given by:

Px l//r><l//r f)y l//l>

_2hi’¢i,f a)rl_a)l_lrr

(P(l))ﬁ—l 3 <V/f

X

+

A

P

oo

o + @ +iI,

~

le//i> ~ .
E, e + (3120

i
+
+complex conjugate

where

W, =0 — O (3.1.21)
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that is the absolute frequency of the scattered radiation.

Therefore, the equation,

b Blw, P Pl
@), - ;lizf v a)‘/ij)f‘/:lry 7 ’ <Wfa)ipi2)§lizr 4 (3122

defines the component of the general transition polarizability (0? ) fi

The restriction » # i, f is only due to simplify the treatment, and however, the initial and
the final state in a lot of cases do not add any contributions to the polarizability or if
they do the contributions are smaller respect to that obtained from the rest part of the
summation and thus negligible.

Independently from the sign of the term i/, which makes the eq. 3.1.22 complex, the
interest is devoted to those frequencies conditions where the term i/, can be ignored and

the transition polarizability becomes real and it will be given by:

(o) 1 5 <t//f P, wr><wr P, t//,->+<t//f P, %><t//r Py t//,-> (3.123)
REC oy w,; — W, + Oy
So that, the eq. 3.1.20 becomes:
(1)) _l (" —iwgt ¥ ia)st)
(p ﬁ—z(axy) B e+ Ey e (3.124)
that can be conveniently expressed as
1/(~ . B
(P(l)) - (P(l)) e ’”S’+(P(l)) st (3.1.25)
R AT %o /fi

where the x component of the time independent complex transition moment amplitude

and its conjugate complex have been used:
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51)) _ =
( X )ﬁ _(axy)ﬁEyO (3.1.26.a)
~(1))* _ =
( xo /g _(axy)ﬁEyo (3.1.26.b)
When the amplitude of the electrical field is real then E Vo = E;o = Ey0 and

(ﬁ (1))]“ = (IBX(S))* which may be substituted by (P (l))f .

xO‘l fi xO.Z

Then the eq. 3.1.25 becomes:

(P(l) )ﬁ = l(P(l))ﬁ (e“iwst + 'O ): (P(l))ﬁ cosm,t (3.1.27)

X _2 X0

where:
(Px(;))f —(a,, )ﬁ E, . (3.1.28)
Replacing the eq. 3.1.28 in the eq. 3.1.27 then:
(P )ﬁ —(ay,) Ey, cosoyt (3.1.29)

that is “similar” to that obtained from the classical treatment.

The electric field has still the same classical form. Indeed, the transition electric dipole
and polarizability are defined in terms of wave functions and energy levels of the
system which relate that the characteristics of the scattered radiations to the properties
of the materials.

In order to derive the eq. 3.1.22 no restriction regarding the relationship between the

frequency of the incident photon (%) and to any absorption energy material gap
(hw,;) have been requested. Idem, for the energy of the state {/, which in principle

can lie above or below the energies correspondent to i/ r and y/; states (Fig. 3.1.1).
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These aspects are important to determine the general transition polarizability given in

the eq. 3.1.22.

In the first denominator (@,; — @, —il’.) (eq. 3.1.22) the relative magnitude of @,

and ,; can be determinant because the difference of those is involved.

Fig.3.1.1  Energy levels of the I/, states.

Two cases are possible in order to analyze the behaviour of this denominator:

1) o << w,; the frequency of the incident radiation @; is much smaller than
any absorption frequency @,, . If this happens then ®@,; — @, = @,; for all the
states |/, and the factors I, can be considered negligible with respect to @, .

2) o, = w,; the frequency of the incident radiation @jis close to one or more

particular absorption frequencies @,;. It makes the denominator to tend to
— il for a particular state ¥/, which will result predominant in all the sum
over r.

The case @) << @,;1s illustrated in Fig.3.1.2.a, where the incident radiation induces an

transition from the initial stationary state to a, so said, virtual state from which it makes

a transition to a final stationary state. The virtual states are not stationary states and do
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not correspond to a well defined energy values; they are not solutions of the

Schrodinger equation.
When the frequencies of the incident radiation approach to the molecular transition

frequency others characteristic Raman scattering occur (Fig. 3.1.2).

@ (b) (c) (d)

\\ 7 -'\ 7
N \i:
o, @, @,
@,
\ 4 \ y 4 \ 4 \ V 4
7 L4 A4 A4

(a) Normal Raman Scattering, ;<< w,;
(b)Pre-resonance Raman Scattering, w,— o,
(¢) Discrete resonance Raman Scattering, o ,~ o,

(d) Continuum resonance Raman Scattering,
o, in the range of dissociative continuum levels.

Fig.3.1.2 Raman scattering processes.

The intensity of the resonance Raman scattering, can be orders of magnitude greater
than normal Raman scattering.

The second denominator (@,; + @, +iI’,.) in the eq.3.1.22 can not be zero because it

involve the sum of @,; and @; . Thus, the contribution, coming from it, to (0{ Xy ) r can
4

be neglected when the first term has one or more dominant terms. Only if stimulated

emission occurs the effect of the second term cannot be neglected.
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The numerator of the first term in the eq.3.1.22 has two transition dipole terms:

v

stato y/; to the virtual state {/,. and the second one the transition from the virtual state

~

P, l//l-> and <l,uf

A

PX

Wr>- The first one represents the transition from the initial

¥, to the final state Iz Therefore, for normal Raman scattering, @; << @,,, (0{ v ) r

is determined by a sum over the ¥/, states, weighted by factors (@,; — @, —il’, )_1 , of

)

Therefore, the normal Raman scattering can be considered as the transition between the

A

P, ><w

A

i

the products <l//f

initial state and the final state passing to all the virtual states y/,. where the electric
dipole transition between the ¥/, states and the /;and i/ , states are not zero.
1s

In resonance Raman scattering, the state y/, for which the condition @ = @,,

obtained, is predominant in the sum and the properties of (axy ) 4 reflected the

properties of a limited number of |/,. states.

3.13 Intensity of Raman scattered radiation

Let be R (the amount of the radiation which passes through a surface of unit area
perpendicular to the propagation direction in one second) the irradiance of the incident

radiation given by:
1 _
RN = EcogoEg W m 2] (3.1.30)

and /, the radiant intensity of a point source (is the ratio of the time-average power d®,
in a given direction contained in a conical beam of solid angle dQ2 about this direction,

to the solid angle dQ), given by:

== W sr'1 (3.1.31)
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Then, the relationship between the intensity of the Rayleigh or Raman scattered

radiation from a single molecule and the irradiance (R ) of the incident radiation can be

given by:
I=0c'M (3.1.32)

where o' is the first differential scattering cross-section per molecule and it has the
units [m” sr”’ molecule™].

The total scattering cross section per molecule, O, is defined as:

o= 104” odQ [m* molecule™ ] (3.133)

If the scattered intensity is function also of the wavenumber then the second differential

cross section O will consider the last dependence:

. 0o 0o
O' = =
o0 00O

[m sr! molecule_l] (3.1.34)

It is wanted to underline that differently from (/) the cross sections do not depend by
the incident irradiance and are characteristic of the materials.

Before to go ahead with the considerations regarding the scattering geometry shown in
Figure 3.1.2 is useful to write in explicit form the relation between the amplitude of the
components of the induced electric moment vector and the components of the electric

field:

(e
Dyy )= (ayx )Exo + any )Eyo + (ayz )Ezo (3.1.35)
o
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Let be considered the geometry shown in Fig. 3.1.3 where €,,¢, and é, are the unit

vectors associated to the Cartesian axis system x, y, z.

Az

E, (1)

Ab=eé

A l A AS ~
Fig.3.1.3 Components of E, and P, when I’lO = €Z and no = ex , respectively.

The terms 7716, ﬁ(s) are the unit vector defining the directions of propagation of the

incident and scattered observed radiations, respectively. These vectors define the
scattering plane, and the field directions, in the following, will be described as parallel

(I), when they belong to the plane, or perpendicular (L)to this plane. For linear

polarized incident radiation the components of the electric field of the incident
radiation, propagated along z , are restricted to £ %o (||l), E o (J_i) and for scattered

radiation with (i.e scattering angle 8 = 90°) the components of the polarization are

s ori s ori

. s K .
restricted to Pyo (L), PZO (I'). The symbols in the brackets (|| ), (L ),

indicate if the components of the scattered (s) or incident (i) radiations are parallel or
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perpendicular, respectively, to the scattering plane defined by the unit vectors fl(l) and
A
7 .
If the intensity of the radiation polarized perpendicular to the scattering plane

I(7/2,1°, J_i) is observed, the only active components of the transition polarizability

yy), and I(7/2,1° ,_Li) will involve its isotropic

tensor along the diagonal will be (0(
average <(ayy )2> whereas in others configurations off diagonal terms of the transition

polarizability tensor will be active and the relative intensity will involve their averages

values.

Thus, for 1(z/2,|°,L1"), (azy) will be the active components and <(azy)l> will be

the term involved in the intensity of the scattered radiation, for I(7z/2,|°, ||l) > (a Zx)

will be the active components and <(a o )2> will contribute to the intensity and the last
possibility, for the geometry shown in Fig.3.1.3, will be 7(77/2, L% ,||"), where (ayx)

will be the active component and <(axy)2> will be involved in the intensity of the

scattered radiation.
It is remarkable that all the isotropic average of the off diagonal components of the
transition polarizability are equal between them but they are different from those

obtained by the diagonal components.

Moreover, only in the first case (/(7/ Z,J_S,J_i)) the components of the electrical

field and the polarization are parallel each other while in the others cases they are
always perpendicular. Therefore, just two appropriate measures of intensity of the

scattered radiation are enough in order to characterize a symmetric transition

polarizability tensor in the Cartesian basis: one should be /(7/2, 1%, 1") and the
other one can be any of the others three also if generally (7 /2,||°, L") is chosen.

Let be the components of the electric field of the incident radiation £\ ([)=0 and

E, (L)#0.
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For a single molecule the components of the amplitude of the transition electric dipole

moment po will be:

P, (L%)= (ayy )Ey0 (L (3.1.36)

P (") =(a )E,, (L)) (3.137)

The intensity of the scattered radiation by N o molecules of an ideal gas which are in
the initial state ' , in the geometry above described, will be obtained by multiplying for
Nvi the eq. 3.1.1 in which where 6 = 90°, taking in account the eqs.3.1.36-3.1.37

where at the place of the square of the component of the transition polarizability tensor

the corresponding isotropic average are used. Thus,

I(/[/Z,J_? ,Li) — NVi 0)?<(ay; )2 >f)2;0 (J_l) _ ﬂ-chNvi‘?:‘ <(aJ/y )2 >E)%0 (J‘l) (3.1.38)
327 gych 2¢&
s < Nviwf<(azy2)2>f§0 (L") _ nzcoNvi;‘<(azy F >Ey20 (L) (3.139)
327 gycy 28,

For symmetric tensor, as the polarizability, the isotropic average can be expressed as:

<(ayy)z> :W (3.1.40)
llay F)=7 @141

The general definition of a2 and ¥ 2 are:
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a :%(axx +a,, + azz) (3.1.42)

1 2 2 2
7= {axx —ayy‘ +‘ayy —a_| +la, —a, }+
(3.1.43)
3 2 2 2
" {axy +a, | +la, +a, [+ ‘ayz +a,, }

Introducing the irradiance R defined in eq.3.1.30 and, taking in account the egs.

3.1.40-3.1.41, then the egs. 3.1.38-3.1.39 become:

; N 2 2 7N vd 2 2
I(ﬂ/Z,Ls,LZ): v Hs {4561 +4]/ }SR— virs 45a +4]/ R (3.1.44)

167[283 cg 45 83 45

. N ,-a)4 2 7[2N i~4 2
1(7;/2,|S,ﬂ)_”{7}m_w{7}m (3.1.45)

167%sicy |15 o 15

The sum of the eqs 3.1.44 and 3.1.45 gives the total intensity of the radiation scattered

when no care is devoted to the polarization of the scattered radiation:

4 2 ~4
. oM 2 2 °N V, 2 2
1(72'/2,J_S + ||S,J_l) _ {450 +7]/ }% _ " {4561 + 7]/ }SR (3‘1'46)

Vi
1677 ¢5c) 45 £l 45

Continuing, the ratio of the eq. 3.1.45 by the eq. 3.1.44 define the depolarization ratio

(also knows as degree of polarization) ,0(72' / 2, 1! ):

i 1(72 /2,||S,J_i) 3]/2
[? T /2,J_ - ) T — . .4
( ) 1(72'/2, J_A,J_l) 45612 + 47/2 (3 ! 7)
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If the components of the electric field of the incident radiation are inverted, that is,

E,, (F)#0 and E o (L") =0 the active components of the transition polarizability

tensor will be off diagonal, (eq. 3.1.35) and I(7/2,L1%,|') will be equals to
I(z/2,|]°,]]') and is given in eq. 3.1.45. If ¥ #0 then the depolarization ratio

p(72'/2,||i) will be equals to 1.

Let consider the cases in which §=0 and @ =-—7x (forward scattering and
backscattering, respectively). In this particular case the scattering plane is not defined
and the electric vectors are no more defined parallel or perpendicular to the plane. In

any case we can still analyze the depolarization ratios.

P, (°) and P, (") are the components of the amplitude of the electric dipole moment

}30 involved. The active components of the polarizability tensor, from the eq. 3.1.35, if
E ()=0 and E, ()#0 are (Otyy), (Otxy) and the corresponding intensity of the
scattered radiations /(0 or —x,s||i) and I(0 or —z, s_Li) will be given by the eq. 3.1.45

and eq. 3.1.44, respectively. It should be underlined that all the relationship for the
intensity conduce to two geometries: the first one is that where the electrical vectors of
the incident and the scattered radiations are parallel to each other and this case conduce

to the expression containing @ and )/, while the second one is the case where the

electric vectors are perpendicular and in this case only ) is involved.

3.1.4 Raman Scattering in Solid

In the previous paragraphs the Raman effect has been presented and it has been seen
that the vibration is quantized.

Also in solid system the reticular vibration or elastic wave is quantized [7-8]. As well as
for the electromagnetic wave the energy quantum is the photon for the reticular
vibration the quantum of energy is called phonon. Nearly all the concepts developed for

photon are valid for the phonon, for example: the wave-particle duality, and so on.
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Let be, as above, a monochromatic light beam of frequency (J,. The light will

propagate with the propagation vector l?l , ];1‘ =, -n(w;)/ ¢y where 17(w,) is the

refractive index.

—

kS

The propagation vector of the scattered light is k o k=0, n(w,)/c.

Thus, it is possible to define the scattering frequency as:

W= W — W

(3.1.48)

and the scattered wave vector as

(3.1.49)

In order to have Raman scattering the conservation of the energy and of the moment
laws (egs. 3.1.48-3.1.49) must be satisfied.

In a perfect crystal the elementary excitations (phonon) are represented by the wave

vector ¢ and frequency @,, connected by a dispersion relation that specifies a

e
frequency @, for each value of ¢ .

In the first order process only one elementary excitation will take place and thus the
scattered wave vector as well the scattering frequency will be equals to g and op
respectively.

For typical visible —near infrared set up the maximum phonon wave vector excited by

1

the light has an order of magnitude = 10* ¢m™! that is much smaller (about three

order of magnitude) of the wavevectors corresponding to the Brillouin zone boundary of

typical crystals (= 107 em™ ). Thus, for first order process that conserves the wave

vector only elementary excitations close to the centre of the Brillouin zone must be

considered. This, means intuitively, g = 0, thus the incident radiations “sees” the many

unit cells of a perfect crystal to vibrate in phase.
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This allows to evaluate the symmetry of the vibrations by considering the point group
symmetry of the unit cell instead of the space group symmetry, treating the unit cells as
molecules, with the consequent reduced difficulty because the point groups are just 32
while the space group are 230.

The theoretical treatment of the Raman effect on solid crystalline systems can,
therefore, be deal with the above exposed theories.

In imperfect crystals, with a small concentration of defects, as well as in solid solution
or in amorphous solids the conservations of the wave vector is not anymore respected
and Raman spectra display such features, reflecting the density of the states of the
particular excitation and this aspect make the Raman spectroscopy to play a
fundamental role in the characterization of such systems.

However, the condition of the conservation of the wave vector has to be studied with
some attention when the systems are constitute by quantum structure such as artificial
multilayer systems which display size quantization along one or more directions.

The size quantization, also known as confinement, occurs when there is a small
characteristic length, so that along that direction the motion is quantized into distinct
energy levels, as in a quantum well: for electrons typical lengths are in the nanometers
range and the structures are said nanostructures.

The Raman spectra collected on amorphous materials will generally consist in broad
bands with maxima approximately close to the frequency of the same mode of the
materials in the crystalline phase, that shows a narrow bands. For this reason, Raman
spectroscopy is a useful tools in order to study the structural phase transitions. Most
studies show effects, on the materials, due to thermal or pressure treatment that usually
are opposite: the increases of the temperature tends to increase the inter atomic distance
while the increase of the pressure tends to reduce that.

The thermal expansion is usually associate to a decrease of vibrational frequencies, as
observed in Raman measurements, while the bandwidth usually increase wvs.
temperature.

In addition to these general trend, specific interactions among vibrational modes in
some narrow temperature range can occur, generating particular dependences on
temperature, like anomalous band broadening at some temperature and anomalous

decrease or increase of the frequency [9-11].
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3.1.5 Raman Scattering in Polymer

Raman spectroscopy has be an useful tools for studying both amorphous and crystalline
polymer structures. Raman spectroscopy in polymer science, is nowadays very
common, because it can give information regarding the characterization of the
molecular compositions, segmental orientational, chains conformation and, quite
important, regarding intermolecular interactions. Moreover, since the Raman scattering
from water is very much weak, it is used often is biological systems.

An area of current interest in polymer science is to use Raman spectroscopy in systems
the show disordered chains that can affect macroscopic properties such as ionic
conductivity, mechanical properties, solvation efficiency, corrosion inhibition and etc.
In fact, the frequency and the relative intensity of the Raman bands depends on the
relative concentrations of the specific localized structures. For systems that involve well
defined structures and precise assignments to the Raman band the technique works very
well. However, it is not easy to reach the results, because for disorder systems, the
Raman bands are generally broad and weak and often they are overlapped. The efforts
that should be done in order to have information regarding the macroscopic properties
are often behind these features that have to be resolved.

However, changes of the polarizability associated with different carbon-carbon
backbone conformations are shown in the Raman spectra. Being the Raman scattering
associated to the transition of the polarizability tensor, Raman spectra collected in
polarization way contains still considerable structural information for samples that are

partially disordered or even those in melt or solution.

3.2 Surfaces Enhanced Raman Spectroscopy

Surfaces enhanced Raman spectroscopy was discovered, though not recognized as such,
by Fleischmann et al. in 1974 [12] who observed intense Raman scattering from
pyridine adsorbed onto a roughened silver electrode surface from aqueous solution.
Jeanmaire and Van Duyne [13] and Albrecht and Creighton [14] recognized
independently that the large intensities observed could not be accounted for simply by

the increase in the number of scatterers present and proposed that an enhancement of the
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scattered intensity occurred in the adsorbed state. Jeanmaire and Van Duyne tentatively
proposed an electric field enhancement mechanism whereas Albrecht and Creighton
speculated that resonance Raman scattering from molecular electronic states, broadened
by their interaction with the metal surface, might be responsible; they were both right in
concept, though not in detail [15].

Recently, SERS has been used extensively as a signal transduction mechanism in
biological and chemical sensing. Examples are trace analysis of pesticides, anthrax,
prostate-specific antigen, glucose, and nuclear waste[16]. SERS has also been
implemented for identification of bacteria, genetic diagnostics and immunoassay
labeling. A miniaturized, inexpensive, and portable SERS instrument makes the
technique practical for trace analysis in clinics and urban settings.

In the 28 years since the discovery of SERS, the technique has progressed from model
system studies of pyridine on a roughened silver electrode to state-of-the-art surface
science and real world sensor applications. SERS technique is also cited in many other
manuscripts as an application for nanotechnology.

Over the past decade, the development of spectroscopic instrumentation,
nanofabrication methods, theoretical modeling, and novel detection schemes has
spawned wide-spread interest in the use of SERS and has established the technique as a

powerful analytical tool.

3.2.1 Fundamentals on SERS

SERS has been observed for a very large number of molecules adsorbed on the surfaces
of relatively few metals: silver, copper and gold have been far and away the dominant
SERS substrates but work has been reported on the alkali metals and a few others.

The largest enhancements occur for surfaces which are rough on the nanoscale (10-100

nm).

Two mechanisms are proposed to explain the SERS effect:

» FElectromagnetic, based on the enhanced electromagnetic fields which can be

supported on metal surfaces with appropriate morphologies

66



Chapter 3 Raman Spectroscopy

» Chemical, based on the changes in the electronic structure of molecules which

occur upon adsorption and which can lead to resonance Raman scattering

3.2.1.a Electromagnetic enhancement

The collective excitation of the electron gas of a conductor is called a plasmon; if the

excitation is confined to the near surface region it is called a surface plasmon.

Surface charge density  Region of negative charge
G =-ne y

n

,,,,,,,,,,,,,,,,,,,,
a) b)[ )

uuuuuuuuuuuuuuuuuuuu

Siiface chuige deiisity Region of positive charge

a =+nyne

Fig.3.2.1 (a) Thin metallic layer, (b) section of the metallic layer with the positive charges indicated by
the “+” sign and the electron gas by the background colour (c) the negative charge is shifted towards the
top of the metallic layer of a small length n. This induces a negative surface charge density on the top of

the metallic layer and a positive surface charge density on the bottom of the metallic layer.

Surface plasmons can either be propagating, on the surface of a grating, or localized, on
the surface of a spherical particle. The plasmon is a quantized plasma oscillation. The
excitation can be described, in the simplest way, as a uniform shift of the electron gas in
a thin metallic layer. The electron gas moves as a whole structure with respect to the
positive charges. So that, a shift of amplitude n induces a restoring electric field of :

E=4nyne. The equation of motion of a unit volume of electron gas is:

d2;7

nm——- = —nek = —477:77:2627’] (3.2.1)
dt
that is,
1
2\
d’n 2 . 4rmn
i +w,n=0 with wp = - (3.2.2)
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Where ®, is the plasma frequency that is the frequency of the charge density

oscillations.

Surface roughness or curvature is required for the excitation of surface plasmons by
light. The electromagnetic field of the light at the surface can be greatly enhanced under
conditions of surface plasmon excitation; the amplification of both the incident laser
field and the scattered Raman field through their interaction with the surface constitutes
the electromagnetic SERS mechanism.

For simplicity, the model is referred to a spherical particle. In the case of spherical
particle whose radius is much smaller than the wavelength of light, the electric field is
uniform across the particle and the electrostatic(Rayleigh) approximation is a good one.
The field induced at the surface of the sphere (Einguced) 1s related to the laser field

(Ejaser)by the following equation:

¢/(0)-2, (3.2.3)

induced ~ 81+282 ““laser

where €)(®) is the complex, frequency dependent dielectric function of the metal and &,
is the ambient phase. This function is resonant at the frequency for which Re(g)=-2¢;.
Excitation of the surface plasmon greatly increases the local field experienced by a

molecule adsorbed on the surface of the particle.
3.2.1.b Chemical enhancement

A second enhancement mechanism which operates independently of the
electromagnetic mechanism should be introduced in order to explain the SERS effect;
for systems in which both mechanisms are simultaneously operative the effects are
multiplicative.

Electromagnetic enhancement should be a non selective amplifier for Raman scattering
by all molecules adsorbed on a particular surface yet the molecules CO and N, differ by
a factor of 200 in their SERS intensities under the same experimental conditions. This

result is very hard to explain invoking only electromagnetic enhancement. If the
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potential is scanned at a fixed laser frequency, or the laser frequency is scanned at fixed
potential broad resonances are observed. These observations can be explained by a
resonance Raman mechanism in which either (a) the electronic states of the adsorbate
are shifted and broadened by their interaction with the surface or (b) new electronic
states which arise from chemisorption serve as resonant intermediate states in Raman
scattering (Fig. 3.2.2).

It is not uncommon that the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of the adsorbate are symmetrically disposed in

energy with respect to the Fermi level of the metal (Fig. 3.2.2).

A

() L LUMO

ENERGY

(@)

N
HOMO

(b)

Fig.3.2.2 Typical energy level diagram for a molecule adsorbed on a metal surface. The occupied and
unoccupied molecular orbitals are broadened into resonances by their interaction with the metal states;

orbital occupancy is determined by the Fermi energy. Possible charge transfer excitations are shown.

In this case charge-transfer excitations (either from the metal to the molecule or vice
versa) can occur at about half the energy of the intrinsic intramolecular excitations of

the adsorbate.
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Molecules commonly studied by SERS typically have their lowest-lying electronic
excitations in the near ultraviolet which would put the charge transfer excitations of this

simple model in the visible region of the spectrum.
3.2.2 Substrates

The most critical aspect of performing a SERS experiment is the choice and/or
fabrication of the noble-metal substrates. Because the SERS intensity depends on the
excitation of the local surface plasmon resonance (LSPR), it is important to control all
of the factors influencing the LSPR to maximize signal strength and ensure
reproducibility [16]. These factors which include the size, shape, and inter-particle
spacing of the material as well as the dielectric environment, must be chosen carefully
to ensure that the incident laser light excites the LSPR. Traditional SERS substrates,
chosen because they provide the desired optical properties, include electrodes
roughened by the oxidation—reduction cycle (ORC), island films, colloidal
nanoparticles, and surface-confined nanostructures. The development of novel SERS
substrates to provide stable and optimized enhancement factors, to increase of substrate
lifetime, and to allow SERS studies in different environments is the aim of many

research teams all around the world.
3.3 Raman Microprobe equipment

The instrument used in order to perform Raman spectroscopy is microRaman-
LABRAM bought from Horiba Jobin Yvon Srl.

This instrument use a quite novel intuition, where it has been shown that the back
scattering geometry (9 = 7T ) allows to combine a Raman spectrometer with an optical
microscope and this allows to collected Raman spectra from very small regions of the
samples: as order of magnitude = 2 —5um [17,18].

The main parts of the instruments are summarised in Table 3.3.1:
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Element Characteristics
Laser HeNe 17mW laser, polarised 500:1 with wavelength 632.817 nm
Holographic | Super Notch Plus used a dichroic mirror. Drop off Stokes edge
Notch Filter <120cm’1; Now 200 cm™.
Adjustable between 0 and 1500 um (scaled on the sample by a

Confocal hole fac%[or: 1.4xObjective magniﬁcatiorlll) e
High stability BX40. Focus graduation 1 pm. Objectives 10x NA
0.25, 50x NA 0.7, 100x NA 0.9. Other objectives available (Long
work distance 20x, 50x).

Microscope | lllumination by transmission and reflection for opaque samples.
Macro adapter for mounting of macro 40 mm objective under
microscope.

Colour camera for the observation of the sample.

(notch exchange is required) Ar', 457.8, 514.532 nm, Kr™ 647.1,
External 752,5 nm, Yag doubled, diode pumped 532 nm, Laser diode 785
Lasers nm.

available and
Laser entrance

Removable mirrors for external Laser. HeNe beam can be directed
externally through the external laser entrance for easier external
laser alignment.

Stigmatic 300mm focal length spectrograph. Two gratings mounted

Spectrograph | on the same shaft 1800 g/mm (holographic) and 600 g/mm (ruled
or holographic). Sinus arm drive. Laser diode for alignment.
CCD Dector | Peltier cooled 1024%256, 16 bit dynamic range (pixsel size 27 pm).
Labspec software and VITEC video card for TV image
Computer dicitalisati
igitalisation.
Separated Alimentation of the Laser, drive of hole, slit, gratings, shutters,

electronic box

scanners, alimentation of the Laser diode for alignment.

Options

Motorised XY microscope stage for point by point or laser
scanning imaging. Resolution 0.1 pm, reproducibility 1 pm. Raman
90x60 mm. Y piezo table for imaging with laser scanning (X
direction), range 100 um. “PIFOC” Z-actuator for automatic
focusing of microscope objective or z-scanning (range 0-100 pm).
Autofocus device for microscope objective (correction of focus
beatween + /-5 um).

Temperature controlled cells.

Set of filters (notch + interferential) for external laser.

Table 3.3.1

Main features of the Raman Instrument.

Raman spectroscopy is widely used for analysis of small samples or small

heterogeneities in larger samples. Since the small spot size it is possible to collect

Raman spectra from several points on the sample but only at one location at a time. The

spectra collected from different points of the sample is often called point to point

mapping (Fig.3.2.1).
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laser
heterogeneityin
W
X
y
Single Point Mapping

Fig.3.3.1 Two imaging modes for microRaman spectroscopy.

The developing of the two dimensional detectors has allowed to improved very much
the microspectroscopy technique because the instruments shows the spectra obtained
from different points of the sample in one time. This method are categorized as Raman
imaging and the results are sample image based on the spectroscopic information [19].
For example the image can be obtained from light having a particular Raman shift of a
particular component and the spatial distribution could be followed, or it is possible to
choose some point on the stored spectroscopic image and then display its Raman spectra
or one more possibility is the profiling where the variation of intensity of a particular
Raman feature is observed along a straight line on the sample.

With this set up is possible to acquire or display the spectroscopic results from a data set
of intensity as a function of four independent variables: x, y, z(depth) and Raman shift.
In the mapping the laser is focused on the sample plane then the Raman spectra are
displayed, through an imaging spectrograph onto a charge coupled device (CCD) to
generate a two dimensional data set of intensity vs Raman shift and the position is on
the selected region of the sample; if the observed spectra corresponds to a specific
sample component then global imaging results in a chemically selective two
dimensional image.

The spatial resolution is determined by either the laser spot size or the optic used in

order to collect the spectra. The diameter of the laser beam at the focal spot is given by
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Spot diameter =2w, = [0, (3.2.1)

where, W, is the beam waist, f is the objective lens focal length and @, is the full

angle divergence of the laser in radiant. An alternative relationship is:

Spot diameter = 2w, =127 /w, (3.2.2)

where the spot diameter is related to the pupil (aperture) of the objective lens W, .

The insertion of a laser in a optical axis of a microscope for micro-Raman applications
can be done by using a dichroic mirror which selectively reflects the laser wavelengths

(Fig. 3.3.2).

Beamsplitter

Spectrometer ‘ Sample

Laser

Fig.3.3.2 The beam splitter combines the laser and collection axes.

In micro-Raman instrument the beam splitter (or dichroic mirror) is, nowadays, based
on holographic optical element. The reflectivity of this element is strongly dependent on
wavelength and for this reason different beam splitter are used for different laser
sources. It should be very reflective to the laser radiation and highly transmissive for the
Raman shifted radiations.

However, the Labram is equipped by holographic notch filter characteristic of the
He:Ne laser sources. The holographic notch filter, as the same function of the beam

splitter but the efficiency is higher then those. Since the filter is quite close to be
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perpendicular to the collection axis it transmits high fraction of the Raman shifted light
into the spectrometer. In addition, the filter rejects the Rayleigh scattered radiations
(elastic scattering). Thus, the holographic notch filter behaves as both an very efficient
beam splitter as well as notch filter that is able to reduce the radiations in the

spectrograph which are not coming by Raman scattering.

Mlc; oscopy Holographic
/ ody notch filter

Spectrometer

Mirror

Sample

Fig.3.3.3  Back scattering geometry in Raman microprobe equipped with holographic notch filter.

In Fig. 3.3.3 can be seen that the laser (coloured in red) is transmitted by mirrors to the
sample. The back scattered radiation (coloured in black) in transmitted to the
holographic notch filter which cut the elastic scattered radiation (Rayleigh scattered) so
that only the inelastic scattered radiation (Raman scattering) arrives to the spectrograph.
The yellow arrow indicates the optical path of the microscope.

Often, the microscope used in microRaman are confocal that is, they have an additional
aperture called confocal hole that has the effect of decreasing the depth of the focus.
This characteristic is quite useful for studying thin films, samples made which more
layers where it is researched the Raman spectra of each layer, or simply because the
signal of the substrate can overlap the signal of the thin film studied. In fact, if the

layers are thinner than the depth of the focus then the spectrum will represent an
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average of the layers. The principle of a confocal microscope is illustrated in Fig. 3.3.4,

by comparison to a conventional microscope.

Confocal hole

Conventional Confocal
Microscope Microscope

Fig.3.3.4 Confocal and conventional microscopes.

In Fig. 3.3.4 are shown the radiations scattered by two point of the samples that are
situated a different depth Z; and Z,. It can be seen that through the spectrometer
aperture (usually the slit) the light of both the points can enter in the spectrometer. If
both the point are involved in the focal cylinder of the laser beam, as said above, the
resulting Raman spectra will reflects the average sample composition between the two
points. The confocal hole limits the sampling depth to a smaller region by blocking the

radiation scattered by Z, before it enters in the spectrometer. For homogenous samples
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the confocal hole will conduce also to a decreased intensity of the signals since it
decrease the effective path length. Labram micro-Raman offer the possibility to perform
z-scans, controlled by computer, thanks to confocal optics.

The degree to which the confocal hole reduce the focal cylinder of the laser beam is a
quite complex function of the objective power and of the numerical aperture (NA)
(defined as the sine of the half angle of the collection cone) as well as the position and
the size of the confocal hole. The depth resolution improves (decreasing of the size of
the focal cylinder of the laser beam) for higher objective power, higher numerical

aperture and smaller confocal hole.
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4.1 Raman spectroscopy on G1 ligand and GPR30 receptor

In this work the ligand G1 1-((3aS,4R,9bR)-4-(6-bromobenzo[d][1,3]dioxol-5-yl)-
3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinolin-8-yl)ethanone, (Fig. 4.1.1.) and the
GPR30 protein receptor (G protein coupled receptor) were studied by micro Raman
spectroscopy, to evaluate the chemical composition and to set the possible Raman
feature to be used as marker of the ligand-receptor interaction.

The experimental setup up was a LABRAM Jobin Yvon, spectral resolution of about 2
m™ equipped with a CCD detector, a laser He:Ne (633 nm) and with an Mplan
Olympus objective of 50X which focus on a spot area of 2-3 um of diameter.

Some pre-treatments has been perfomermed to the samples before to be analyzed. In
fact, the G-1 ligand was dissolved in dimethyl sulfoxide (DMSO) (Fig. 4.1.1) while the
GPR30 was solubilized with phenylmethylsulphonyl fluoride (PMFS) in ethanol and
washed many times with a PBS soluzion (Phosphate Buffered Saline System, 1M
KH,PO4, 1M K,;HPO4, 5SM NaCl), glycerol and B- mercaptoethanol (Fig. 4.1.1). To
assign properly the Raman features of the ligand and receptor the Raman spectra of all

the solvents have been collected.

(b)
Q
I
s
Hqc/ \CHq
o (d) © .
H,C—0OH
I, | wd
H HC—OH \
5 | cH,
H,C—OH /
HS

Fig.4.1.1 Structural formula of G-1 (a), DMSO (b), PMES (c), Glycerol
(d) e B- mercaptoethanol (e).
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4.1.1 Solvents

To better understand the spectroscopic modifications of the substances investigated, it is
useful to have, for comparison, tha spectra of the solvents. The first solvent analyzed is
the DMSO. The Raman spectra were collected in the range between 200 ¢ 4000 cm™
but the data shown concern the Raman features more representative of the performed
analysis. In figura 4.1.2 the Raman spectra of the DMSO is shown. The attribution of
the Raman peaks has been done by research in the current literature, very abundant,
because of the common use of such solvents. The table below is useful to summarize

the current terminology for the molecular vibrational modes used in the following.

Symbol Designation Example Illustration
5 symmetric v,
as antisymmetric Voo
(asymmetric)
ip in-plane (ip) d
oop out-of-plane (oop) ¥y
v stretching O»<@—6-

o ip deformation i 9

<Q

Y oop deformation H
) wagging (‘*%/@
T twisting Q'K.p
Q rocking WD

Table 4.1.1: Commonly used symbols and terminology for molecular vibrational modes (From D. C.

Harris and M. D. Bertolucci, Symmetry and Spectroscopy, Dover Publication, New York, (1978).)
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The bands at 305 and 334 cm™ were assigned to the “out of plane bending” mode of the
CSO, while the peak at 382 cm™ is due to the “plane rocking” mode (of CSO) [1-5].
The more intense bands at 671 ¢ 702 cm™ are assigned to the stretching modes C-S-C,
symmetric and asymmetric, respectively, whereas the bands at 1028 cm™ is due to the
S=0 stretching mode and the peak at 953 cm™ to a rocking mode of the HCH group
[1-5].

The two bands at 1315 e 1420 cm™ (Fig. 4.1.2. on the middle spectrum) are assigned to
the H-C-H deformation mode, the peaks at 2810, 2878, 2919 cm’! (Fig. 4.1.2. on the
bottom spectrum) are assigned to the C-H symmetric stretching whereas the mode at

3003 cm’ is due to the C-H asymmetric stretching [1-5].
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Fig. 4.1.2. Raman spectra of DMSO in the range between 200 and 1100 cm™
(top), 1100 e 1800 cm™ (middle) and 2500 ¢ 3100 cm™ (bottom).
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In Fig. 4.1.3 the spectra of the glycerol it is shown.
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Fig. 4.1.3 Raman spectra of glycerol in the range between 200 and 1100 cm’'
(top), 1100 e 1800 cm™ (middle) and 2500 ¢ 3100 cm™ (bottom).
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The peaks at 419 e 490 cm™ (Fig. 4.1.3., top spectra) are assigned to the CCO mode
while the Raman feature at 555 cm™ is assigned to the “CCC deformation” mode [6].
Quite difficult was to assign the mode at 680 cm™ , assigned by some authors to the
“out of plane” mode of the hydroxyl group, while others say that it is due to the “in
plane” bending mode of the hydroxyl group and some others define this peak as the
“CCO deformation” mode [6].

The peaks at 825 and 854 cm™ are assigned to the “C-C stretching” mode, while those
at 930 e 981 cm™ are due to “CH, rocking” mode. The band at 1059 cm™ is assigned to
the alcoholic hydroxyl group present as primary alcohol (the carbon which carries the -
OH group is only attached to one alkyl group) [6].

The peak at 1118 cm™ (Fig. 4.1.3 on the middle) is assigned to the CO stretching of the
alcoholic hydroxyl groups present as secondary alcohol (the carbon with the -OH group
attached is joined directly to two alkyl groups) [6]. The modes at 1265 and 1322 cm’
are assigned to the “CH, twisting” mode and the intense band at 1473 cm™ is due to the
“CH, deformation” mode.

The band at 2896 e 2953 cm™ (Fig. 4.1.3. on the bottom) are assigned to the C-H
symmetric and asymmetric stretching [6].

In Fig. 4.1.4 the Raman spectra of the PMSF(phenylmethylsulfonyl fluoride) solution it
is shown [7-10].

The band at 232 cm™ is assigned to the “CHj; torsion” mode, the peak at 268 cm’! s
due to the 6(CH3) mode, that at 289 cm’! to the SO,F skeletal vib mode, while those
features which fall at 445, 461 e 486 cm™ are assigned to the SO, modes (rocking,
twisting, wagging). The peak at 623 cm™ can be due to both “in plane ring deformation”
mode and to the C-S stretching mode. The peaks at 700 ¢ 726 cm™ are assigned to the
“C-S stretching” and the bands at 810, 829 e 885 cm™ are due to the “S-F stretching”
mode. Il peak at 1008 cm™ is attributed to the stretching “=C-H” of the aromatic ring
and the mode at 1032 cm™ to the S-O asymmetric stretching.

The bands at 1177 e 1213 cm™ (Fig. 4.1.4. in the middle) are assigned to the (SO,)
symmetric stretching whereas, the bands at 1406, 1417, 1429 cm™! are due to the (SO,)
asymmetric stretching. The peaks at 1447 e 1460 cm™ are assigned to the “CHj

deformation” deformation mode and the mode at 1609 cm™ is due to the aromatic ring.
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The bands at 2889, 2944, 2979 e 3075 cm™ are assigned to the C-H symmetric and

asymmetric stretching.

232
I 1008

885
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/
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Fig.4.1.4. Raman spectra of PMFS in the range between 200 and 1100 cm’

(top), 1100 e 1800 cm™ (middle) and 2500 ¢ 3100 cm™ (bottom).
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In Fig. 4.1.5 the Raman spectra of the PBS solution it is shown.
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Fig.4.1.5. Raman spectra of PBS in the range between 200 and 1100 cm™

(top), 1100 and 1800 cm™ (middle) and 2500 and 3100 cm™ (bottom).
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PBS is a saline solution which contains the following salts: NaCl, Na,HPO4, KH;PO,.
So that, the main Raman signals that should be detected have to be those characteristic
of the phosphate anions.

In fact, the bands at 937 and 1018 cm™ (Fig. 4.1.5. on the top) are assigned to the P-O
bonds symmetric and asymmetric stretching and the wide band at 490 cm™ is due to the
H,PO4 anion symmetric bending. The mode at 1054 cm™ is due to the asymmetric
stretching of the phosphate ion. While, the small peaks (403, 438, 512, 529, 825 and
853 cm™) may be assigned to the presence of phosphate polyanion. It is, still, quite
difficult to assign the bands at 639 ¢ 724 cm™ [11-13]. Same difficult also to assign the
bands which fall in the range between 1100 and 1800 cm™, since in this range, there are
not Raman modes due to the any forms of phosphate ions. For this reason the Raman
bands at 1217, 1276, 1366, 1421, 1464, 1477, 1505, 1576, 1623 cm’ indicate the
presence of some additional compound present of the solution and not declared by the
company that sold it.

In addition, also in the range between 2500 and 3100 cm™ there are evidences of the
presence of an organic compound with the bands at 2846, 2884 ¢ 2935 cm™, assigned to
the C-H stretching. So that, the Raman bands at 639 e 724 cm™ (Fig. 4.1.5 on the top),
those at 1217, 1276, 1366, 1421, 1464, 1477, 1505, 1576, 1623 cm™ (Fig. 4.1.5 on the
middle) e those at 2846, 2884 ¢ 2935 cm’’ (Fig. 4.1.5. on the bottom) indicate the
presence of an organic compound, most probably an anti-fungal added to the tampon
phosphate solution, that, by the comparison with the bibliographic data, seems to be the
2-phenylbromobenzene [14].

In Fig. 4.1.6 are shown the Raman spectra of the 3- mercaptoethanol.

The Raman band at 292 cm™ (Fig. 4.1.6 on the top) is due to C-C-S bending mode, the
modes at 397, 471 ¢ 512 cm™ are assigned to the CCO bending and the bands at 664 ¢
725 cm™ are due to the CS stretching. The peaks at 762 ¢ 869 cm™ are assigned to the
CSH bending, the peak at 908 cm™ to the “CH, rocking” mode and that at 1014 cm™ is
due to the C-H stretching while the peak at 1055 cm™ is assigned to the C=O stretching
[15].

The peaks at 1183 e 1242 cm™ (Fig. 4.1.6 on the middle) are assigned to the CH,
stretching, the peak at 1293 cm™ is due to the CH, wagging mode and the peaks at 1421
e 1469 cm™ are assigned to the CH, scissoring mode [15]. The Raman bands (Fig. 4.1.6
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on the bottom) at 2571 and 2882 cm’™ are assigned to the S-H stretching modes, while
the band at 2938 cm is due to the C-H stretching mode [15].
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Fig. 4.1.6 Raman spectra of 2-mercaptoethanol in the range between 200 and
1100 cm™ (top), 1100 ¢ 1800 cm™ (middle) and 2500 e 3100 cm™ (bottom).
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4.1.2 The ligand G-1

The analyzed sample was made by the G-1 ligand dissolved in DMSO (Fig.4.1.1.). The
representative spectra of the G-1 ligand dissolved in DMSO is shown in Fig. 4.1.7.

The Raman band at 675 cm™ (Fig. 4.1.7. on the top) can be assigned to the solvent
DMSO (see Fig. 4.1.2), while the doublet at 214 and 234 cm™, the sharp band 302 cm™,
the band at 349 cm™ and the two wide bands centered at 605 and 843 cm™, by the
comparison with the spectra of the DMSO (Fig. 4.1.2) are due to the vibrational spectra
of the G-1 ligand.

Since a complete work of assignation for the G-1 Raman spectrum has not been done,
in our knowledge, tentative attributions of the G-1 (Fig. 4.1.1.a) Raman features have
been performed on the basis of characteristic groups of the molecule.

The Raman spectra of the 5-bromo-1,3-benzodioxole [16] shows a similar Raman
patterns of that shown in Fig. 4.1.7. The attribution of the Raman features has been
performed by taking into account the results obtained for the high symmetric molecule
1,3-benzodioxole[17]. So that, the bands at 214 e 234 cm™ have been assigned to the
“flap ring” mode, the band at 605 cm™ it is assigned to the aromatic rings bending while
the band at 843 cm™ is due to the “C-H oop wagging” mode. The peak at 302 cm’,
characteristic of the molecule with low symmetry (similar to G-1), can be assigned to
the “-C-Br in plane bending” mode.

The band at 1223 cm™ (Fig. 4.1.7, on the middle) is assigned to “sat. ring stretching”
mode, the bands at 1357 e 1380 cm™ are due to the “C-C phenyl stretching” mode, the
peak at 1418 cm™ is assigned to the “CH, wagging”, while the peak at 1481 cm™ is
assigned to the “C-C stretching”mode, the peak at 1636 cm™ again to the “phenyl C-C
stretching” mode. The peaks at 1274, 1291 and 1313 cm™ are assigned to “C-H +ring”
modes, the band at 1528 cm™ is most problably due to the “N-H+ ring” mode and that at
1573 cm™ is assigned to the “C=C stretching” mode. The band at 1603 cm is attributed
to the “C=0 stretching” mode and that at 1721 cm’" is assigned to the C=0 in o position
with respect the aryl group and to the C=C stretching [8, 16-19].

The bands at 2809, 2871, 2918 and 3000 cm’', shown in Fig. 4.1.7 on the bottom, are

assigned to the symmetric and asymmetrc C-H stretching modes [8].
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Fig. 4.1.7 Raman spectra of G-1 ligand dissolved in DMSO in the range between
200 and 1100 cm™ (top), 1100 and 1800 cm™ (middle), 2500 and 3100 cm™ (bottom).
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4.1.3 Endogenous Receptor GPR30

The sample of GPR30 is made by a cell lysate protein. The Raman spectra of a protein
shows mainly the vibrational characteristic modes of the skeleton polypeptide together
with the Raman bands due to the characteristic groups of the side chain of the twenty
natural amino acids.

A protein, typically, shows about 30 Raman bands in the spectral region between 400
and 2000 cm™ (fingerprint region) and some other bands in the range 2500 - 4000 cm™
due to vibrational modes of localized groups for example: NH, OH, CH3, CH; and SH.
The NH, OH and SH groups may do hydrogen bonds which results in a broadening of
the Raman bands dependently of the degree of hydrogen interactions [20].

The interpretation of the bands due to the polypeptide skeleton is quite important in
order to determine the secondary protein structure while the bands assigned to the
groups of the side chains allow to obtain information with regard the intermolecular
interaction, hydrogen bonds and the chemical environment.

The chance to obtain information with regard the secondary structure of the protein is
due to the degree of the hydrogen interactions; it is quite different dependently if the
protein structure is: a-helix, B-sheet or disordered structures.

The Raman bands of peptide bond are indicated as amide bands followed by a roman
number which indicate the contribution of different normal modes of N-
methylacetamide chosen as “model” for the peptide bond [21]. In table 4.1.2 is reported

the meaning of each “amide mode” in terms of different normal vibrational modes.

NAME OF THE
VIBRATIONAL MEANING
BAND
. ~80% CO stretching + =10% CN stretching + ~=10% NH
Ammide | . .
bending vib.
Ammide 1 ~60% NH bending vib + =40% CN stretching
30% CN stretching + 30% NH bending vib.+10% CO
Ammide III stretching + 10% O=C-N bending vib. + 20 % altre
vibrazioni.
Ammide [V 40% O=C-N bending vib. + 60 % altre vibrazioni.
Ammide V N-H bending vib.
Ammide VI CO bending vib.
Ammide VII C-N torsional vib.

Table 4.1.2 Meaning of the name of some Raman bands of protein systems.
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The first band studied in order to evaluate the secondary structure of a protein is the
band Amide 1. If the conformation of the polypeptide skeleton is a-helix, then the
hydrogen bonds occur between the C=O carbonylic and the N-H aminic groups of the
same chain and the Amide I band falls at 1655 cm™. This bands is shifted at higher
frequencies, ~1670 cm’', when the conformation of the skeleton is B-sheet, where the
hydrogen bonds occur between C=0O carbonylic and the N-H aminic groups of near
chains. On the contrary, this band is down-shifted, at =1640 cm'l, in the case of
disordered structures.

Among the band Amide I also the band Amide III reflects the secondary structure of the
polypeptide; in fact, it falls at 1300-1340 cm™ in the case of a-helix conformation and
at 1235-1250 cm™ in the case of p-sheet.

The occurence of the weak band at ~ 950 cm™, assigned to the stretching mode of the
protein structure, has been proposed has a good marker for the a-helix structure.

As state above, the Raman band of the side chains of proteins are due to localized
vibrational modes of specific amino-acids. For example, the characteristic modes of
aromatic amino-acids have relatively high intensity and can be well detected also if
sometime can be overlapped by others amidi bands or other groups.

The phenylalanine shows a strong band at 1002 cm™, (stronger in a hydrophobic
chemical environment). The tryptophan and tyrosine have a Raman “cross section” ten
times higher than phenylalanine; for this reason they results easier to detect by
Raman spectroscopy.

The tryptophan shows a doublet (Fermi doublet) at 1340 and 1360 cm™. The intensity
ratio of such bands has been suggested has a good marker to determine the hydrophobic
or hydrophilic chemical environment of the indole ring of the tryptophan amino-acid:
hydrophobic if the band at 1360 cm™ is higher than that at 1340 cm™ (the ring is in
contact with aliphatic side chains ) otherwise hydrophilic (the ring interacts with water
molecules or similar). The band at about 1550 cm™ reflects the angle between the indole
ring and the plane of the peptide bond whereas the band at ~ 875 cm™ reflects the
hydrogen bond of the N-H group of the indole ring. The bands at 763, 1228, 1370, 1560
and 1776 cm™ have been assigned to the interaction between cationic side chains and

the aromatic © system of the tryptophan [20].
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Many proteins shows thio- groups, both as free standing S-H or as disulphur bridge S-S,

coming from the cysteine amino acid.
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Fig.4.1.8  Raman spectra of the receptor GPR30 in the range between 200
and 1100 cm™ (top), 1100 and 1800 cm™ (middle), 2500 and 3100 cm™ (bottom).
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The Raman bans due to the S-H group are usually weak and fall in the range between
2500 and 2700 cm'l, where, fortunately, others protein modes do not occur.

The Raman bands of the disulfide bridges fall in the range 450- 700 cm™. In particular
the bands at 508-512 cm™, 523-528 cm™, 540-545 cm™ can be assigned to the C-S
stretching while the bands that fall at 655 and 704 cm™ can be assigned to the S-S [20].
In Fig. 4.1.8 representative Raman spectra collected on the GPR30 receptor are shown.
The strong band at 1602 cm™ is an overposition of three modes: phenylalanine aromatic
ring stretching, tryptophan aromatic ring stretching (indole ring) [22] and COO°
carboxylate ion stretching present as group of a side chain of an amino acid [8]. This
indicate the presence of aspartic acid in the polypeptide skeleton [17], to which is
ascribed also the mode at 1400 cm™.

Even though the band at 1602 cm™, two weak peaks at 1642 ¢ 1658 cm™ can be
detected and assigned to disordered a-helix structures. The a-helix structure is
confirmed also by the Amide III mode which falls at 1310 cm™ and by the protein
skeleton stretching that occurs at ~ 950 cm™ (Fig. 4.1.8). To the mode Amide III is also
assigned the band that falls at 1244 cm™ (N-H bending) [23]. Moreover, it is possible to
notice the presence of the bands at 759, 1233, 1366, 1563, 1768 cm’! assigned, as state
above, to the interaction between the cationic side chains and the aromatic ring of the
tryptophan [20]. This, confirms the hypothesis concerning the presence of the charged
species and of the tryptophan in the investigated protein sample. The presence of the
tryptophan is also confirmed by the occurrence of the “Fermi doublet” at 1340 cm™ and
1360 cm™ (shoulder of the band at 1366 cm™); the intensity ratio of the band of the
Fermi doublet suggests that the indole ring is into hydrophilic chemical environment.
The band at 1002 cm™ is assigned to the phenylalanine, while the bands at 511, 521,
543 ¢ 655 cm™ are ascribed to the disulphur bridges, due to the presence of the cysteine
amino acid [20]. The band at 827 cm™ is typical of the phenylalanine amino acid [24].
The others Raman features that can be seen in Fig. 4.1.8 are assigned in the following
way [17]: 741 ecm” “CH, rocking”, 782 cm™ “ring vibrational”, 872 cm™ “C-C
stretching”, 1063 cm™ “C-N stretching”, 1310 cm™ “C-H deformation” and 1510 cm’
to a NH mode [8]. The bands at 316, 482, 581, 638, 687, 872, 1041, 1134, 1199, 1290
and 1424 cm™ are ascrive to the tryptophan amino acid [25]. The peaks at 934 and 1179
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cm’ are due to the cysteine [26]. The bands at 271, 395, 453, 604 cm’ indicate the
presence of the alanine amino acid in its charged form [27].

The broad band at about 2900 cm™ is due to the C-H stretching. The sharp peaks at
2636, 2699 e 2720 cm™ are assigned to the presence of disulphur bridges.

4.1.4 Conclusions

The micro-Raman spectroscopy has been used to characterize the Endogenous Receptor
GPR30 made by a cell lysate protein and its synthetic agonist ligand G-1.

In order to detected the Raman features of the GPR30 and of the G-1 ligand all the
solvents used to obtain the samples have been characterized. For this reason the Raman
spectra of dimethyl sulfoxide (DMSO) (Fig. 4.1.2), glycerol (Fig. 4.1.3),
phenylmethylsulphonyl fluoride (PMFS) in ethanol (Fig. 4.1.4), PBS solution
(Phosphate Buffered Saline System, IM KH,PO4, 1M K,HPO,4, 5M NaCl) (Fig.4.1.5),
and B- mercaptoethanol (Fig. 4.1.6) have been collected and assigned to the main
vibrational modes typical of each substance.

The Raman analysis of the PBS solution has shown the presence of an additive
compound made by a biphenyl substituted structure, most probably the anti-fungal 2-
phenylbromobenzene. The Raman spectra of the ligand was collected on sample made
by the G-1 dissolved in DMSO (Fig. 4.1.7). Since, the G-1 theoretical spectrum, it has
not been done, the attribution of the G-1 (Fig. 4.1.1.a) relative Raman features has been
performed by comparison with characteristic parts of the molecules: 5-bromo-1,3-
benzodioxole and the 1,3-benzodioxole. The Raman investigation performed on the
endogenous receptor GPR30 allowed to identify some amino acid present on the peptide
skeleton: tryptophan, phenylalanine, cysteine, alanine, and aspartic acid. It has been
shown that the chemical environment of the indole ring of the tryptophan amino acid is
hydrophilic. Moreover, it has been shown that the secondary structure of the peptide
skeleton is made by disordered a-helix structures.

Deeper investigation, made also by using different laser sources, to use the resonance
Raman effect, in order to investigate the interaction between the ligand and the receptor
are on the way. Preliminary studies not reported seems indicate that this interaction

occur between the ligand and cysteine side chains.

95



Chapter 4 Results and Discussion

4.2 Thermal structural evolutions of 1,2-dimyristoyl-sn-glycero-3-
phosphatidylcholine (DMPC)-water systems investigated by

micro-Raman Spectroscopy

During the last years great interest was devoted to the study of phospholipids-water
mixtures in order to evaluate the structural and functional properties of these systems
[28]. In fact, cells of living organisms can be thought as phospholipids membranes,
sometime functionalized by proteins, which are immersed into water environment [29].
Among the usual topics, including protein misfolding diseases, drug discovery,
pathogenesis, gene therapy, etc.[30-31], the membranes of the cells are attracting great
attention as possible components for applications such as sensors, electronics and
bioprocessing [32]. The great incentive coming from the different kind of applications
has supported the development of membrane mimetic models made, usually, by
phospholipids layers that represent the major component of most cell membranes with
its typical chemical structure made by a hydrophilic charged head group bonded by
glycerol backbone to hydrophobic long acyl chains [33].

It is well known that phospholipids spontaneously adopt the bilayer organization when
dispersed in water to form closed vesicles (liposomes) [34]. The vesicle is a
compartment, formed in vitro, where the interior is made by a small water volume
enclosed by one or few layers constituted by amphiphilic molecules [35]. By selecting
the preparation method it is possible to obtain vesicle with different diameters in the
range between some nanometer up to tens of micrometer: large unilamellar vesicle
(LUV), giant unilamellar vesicle (GUV) and multilamellar vesicle (MLV) [35,36].

The phospholipids bilayer vesicles (multilamellar and unilamellar) as a function of the
temperature can be found in three different phases: gel (Lg), ripple (Pg) and liquid
crystalline (L) [37,38]. In the Lp phase the acyl chains are arranged in ordered way
which approximate an hexagonal lattice, while above chain-melting temperature the
lamellar liquid crystal phase (L,) is found , characterized by a fast diffusion of the
molecules in the plane of bilayer. The intermediate phase Pg is characterized by a long
range periodicity of the structure in the plane of the bilayer [37,38]. Nevertheless, much

efforts need to be done in order to obtain information about the hydrocarbon chain order
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and mobility in the bio-mimetic membrane in order to fully understand of “order
degree” of the different phases and the mechanisms of the phase transition.

Raman spectroscopy is a very powerful technique in this field. In fact, it has been
already used to study the molecular organization of phospholipids in relation to the
bilayer structure, affecting the fluidity and the conformational order in lipid
mesophases, and to determine the average orientation of the mesophases molecules
inside gratings [39-41].

In this framework, the thermal evolution, in the range between 10 up to 35°C, of
biomimetic membranes made by the synthetic phospholipid 1,2-dimyristoyl-sn-glycero-
3-phosphocholine (DMPC) and water has been studied by Raman spectroscopy, in order
to investigate the mechanisms of the phase transition. Such study allow us to define the
shift of a Raman band as a marker of the phospholipids bilayer phase and a qualitative
model of the interaction between the water molecules and the lipid chains has been

proposed.

4.2.1 Experimental

The sample have been obtained by dissolving the DMPC (supplied by Echelon) in

water, with weight ratio 90 to 10 respectively (see structure in Fig. 4.2.1)

C13H27C00_ CHZ

/
C,;3H;,C00—CH ﬁ (|:H3

H,C P N
0O - H3C

Fig. 4.2.1. Chemical Structure of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)

Raman spectra were recorded with the same software controlled Jobin-Yvon micro-
Raman LABRAM apparatus described before, equipped by a He-Ne laser (A=632.8nm);
a 50x Mplan Olympus objective (Numerical Aperture 0.90) was used, focusing the laser

spot to 2-3 um of diameter. The spectral resolution using was of the order of 1 cm™. The
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temperature was controlled by placing the samples in a LINKAM THMS cell. The
measurements were performed from 10 to 35°C using a heating rate of 1 °C/min. Prior
to performing the measurements, the samples were held at the selected temperature for

20 min for thermal stabilization.

4.2.2 Discussion

Before of the Raman investigation on thermal evolution, the attribution of the Raman

modes of the DMPCwas carried out. In figure 4.2.2 are shown the representative Raman

spectra collected on the DMPC as powder.
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Fig. 4.2.2. Representative Raman spectra of 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) powder in the ranges 300-1000 cm™ (a), 1000-1800 cm™ (b), 2600-3100 cm™ (c).

The main Raman features are indicated in Fig. 4.2.2 and have been assigned taking into
account the data reported elsewhere [39,40,42,43]. The bands at 2856 and 2892 cm’ are
assigned to the symmetric (vs(CH;)) and antisymmetric (v,(CH>)) stretching modes of

methylene groups. The band at 2740 cm™ is due to a combination of the scissoring and
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wagging (y(CH,)) methylene groups. The two modes at 2969 and 3046 cm™ correspond
to the antisymmetric stretching modes (v,(CHs)) of the methyl terminal groups of the
chains of the phosphocholine head, respectively. The bands at 2946 cm™ is assigned to
the overtone of the methylene scissoring mode (8(CH;)) enhanced by Fermi resonance
with the V4(CH,) mode. The bands at 1302 and 1465, cm” are assigned to the
methylene scissoring mode (8(CH,)) and the band at 1448 cm™ to the methylene
twisting mode (t(CH,)). The modes between 1069 and 1134 cm™ (enclosed the modes at
1092 and 1111 em™ ) are assigned to the skeletal vibrations of the C-C bonds. In
particular, the modes at 1111 and 1134 cm™ are assigned to the trans C-C bonds,
whereas, the mode at 1092 cm™ has been assigned to the stretching of the C-C skeleton
of different kinds of gauche structures. The C=O ester groups stretching is responsible
of the mode at 1739 cm™. The modes at 769 and 895 cm™ are assigned to the C-N
stretching of the O-C-C-N" (see Fig. 4.2.1) in the trans conformation while the choline
gauche conformation it is associated to the modes at 724 and 878 cm™'. The mode at 958

cm’ s assigned to the CH; rocking mode.
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Fig. 4.2.3. Representative Raman spectra collected on the 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) and water mixture with weight ratio 90 to 10 in the range between 300 and 1000 cm™ (a), 1000
and 1800 cm™ (b) and 2600 and 3100 cm™ (c).
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In Fig. 4.2.3 are shown the representative Raman spectra collected on the mixture made
by DMPC and water as a function of the temperature.

As it can be noticed from Fig. 4.2.3, only weak modifications occur on the Raman
spectra of such sample as a function of the temperature. It can be seen as the band
assigned to the C-N stretching of the O-C-C-N" (Fig. 4.2.3.a) due to choline gauche
conformation at 878 cm™ (in solution at 883 cm™) increases as the temperature increases
, while that at 895 cm™, assigned to the trans conformation of choline group seems to
decrease vs. temperature [39]. Such evidence seems to be confirmed by the observed
behaviour seen in Fig. 4.2.3.b where the modes at 1111 and 1134 cm™ (assigned to the
trans C-C bonds) increase against the mode at 1097 cm™ (assigned to the stretching of
the C-C skeleton of different kinds of gauche structures).

In order to better understand the evidence obtained by the Raman analysis, some parts

of the Raman spectra shown in Fig. 4.2.3 have been magnified.
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Fig. 4.2.4. Magnification of the representative Raman spectra collected on the 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC) and water mixture with weight ratio 90 to 10 in the
range between 800 and 1000 cm™ (on the left) and between 1000 and 1200 cm™ (on the right).
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The observations stated above are confirmed from the Fig. 4.2.4. In fact, the described
trends of the ratio between the bands at 883 and 895 cm™ as well as the ratio between
the bands at 1097 on 1111 cm™ indicate that both choline groups and carbon chains
change from trans-trans conformation to the gauche conformation during the phase
transition of the system DMPC-WATER from the well ordered gel phase to the liquid
crystalline phase as the temperature increases[42,44-45].

In Fig. 4.2.5 is shown the magnification of the spectra in the range between 1200 and

1800 cm™.

Intensity / Arb. Units

15.0°C

N
1000 A |

1200 1400 1600 1800
Raman Shift /cm™

Fig. 4.2.5. Magnification of the representative Raman spectra collected on the 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) and water mixture with weight ratio 90 to 10 in the range between
1200 and 1800 cm'™.
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As it can be seen a remarkable modification in the Raman spectra of the systems
subjected to heating treatment is the occurrence of the band at 1427 cm™ near the
strongest band at 1444 cm™ (with its shoulder at 1463 cm™) induced by the increased
temperature. Such Raman features assigned to the acyl chain CH, deformation indicate
a change in the lattice packing [44].

Of great interest it has been for us the observation of a light up-shift of the band at 724
cm’™. For such reason, the parts of the Raman spectra, at the different temperatures, in
the range between 690 and 810 cm™ have been detailed studied and the deconvolution

fit of each spectra has been done (Fig. 4.2.6).
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Fig. 4.2.6. Deconvolution of the Raman bands in the range between 690 and 810 cm™ where are shown

the experimental spectra (black lines), the single lorentzian functions (green lines) and the calculated

spectra (red lines).

As it can be seen only three lorentzian curves have been used to obtain the experimental
spectrum. The increased intensity of the band at 769 cm™ with respect the one at 724

cm™ confirm the change from trans to gauche conformation of the choline group during

103




Chapter 4 Results and Discussion

the phase transition (Fig.4.2.6). Anyway, the frequencies of the bands at 724 cm™
obtained for the spectra collected at different temperature have been plotted as a

function of temperature (Fig. 4.2.7).
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Fig. 4.2.7. Plot of the calculated frequencies of the band at 724 cm™ versus the temperature.

From Fig. 4.2.8 it is possible to see that temperature dependent frequencies are grouped
in three ranges. In particular, from 10 to 20 °C the bands frequency falls in the range
between 726 and 725 cm’™, from 21 to 25°C the frequency range is between 722.5 and
721 em™ and for temperature from 25.5 to 35°C the frequency range goes from 723 to
724.5 cm™. The blue shift of the bands at 724 cm™ assigned to the C-N stretching of the
0-C-C-N" is due to the water molecules that dependently by the phase of the system can
be able or not to offer their lone pair, , to the positive charge of the nitrogen in the
choline groups. In the gel phase longer chains and greater chain ordering of DMPC
should produce a greater hydrophobic barrier to the water molecules. Of course, in the
liquid crystalline phase, the order is reduced and the water molecules are able to interact
to the cationic site. It is however evident by Fig. 4.2.7, that between the ripple phase and

the liquid crystalline phase an increased interaction of the water molecules with the
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nitrogen of the choline group is found, suggesting a “more” disorder phase with respect
the liquid crystalline one.

However, in this work, the use of the Raman band of the C-N stretching in the O-C-C-
N group is proposed, for the first time in our knowledge, to detect the “order degree”

and subsequently the phases of a biomimetic membranes made by DMPC.

4.2.3 Conclusions

The attribution of the Raman modes of the DMPC powder has been given. It has been
shown that as the temperature increases the conformation of the choline groups and of
the hydrocarbon chains change from trans to gauche. In addition, it has been shown that
the C-N stretching band shows a peculiar frequency shift across the transition gel-
ripple-liquid crystalline phases. This behaviour could even provide a useful diagnostic
marker of such kind of transition.

A more extensive and accurate investigation on the temperature dependence of all the
Raman modes across the phase transitions of this systems are planned, to better
characterize the relationship between the vibrational dynamics, the change of packing

and the degree of disorder.
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4.3 Polarized Micro-Raman investigation of E7 liquid crystal in
POLICRYPS

During the recent years great interest was aroused by the POLICRYPS (Polymer
Liquid Crystal Polymer Slices), as novel technology for making switchable holographic
gratings [46]. As it can be seen in Fig. 4.3.1, POLICRYPS consist in polymer slices
alternated to films of regularly aligned nematic liquid crystal cell. All the electro-optical
applications of POLYCRYPS are due to the uniform and regular alignment of the

molecular director inside the nematic liquid crystal films.

COVER
GLASS
«— ITO
GLASS ——
LIQUID POLYMER
CRYSTAL SLICE

Fig. 4.3.1. Schematic view of a POLICRYPS.

Nevertheless, in our knowledge, a direct estimation of the orientation of the director of
Nematic liquid crystal was never performed. Polarized Raman spectroscopy can be
considered a very useful technique in order to follow the orientations of the nematic
liquid crystal molecules inside the POLYCRYPS device, and its application to this aim
will be presented in this paper. In this work a specific investigation of the liquid crystal
E7, of the monomer (Norland Optical Adhesive NOA-61) and its derived polymeric
form will be carried out, in order to assign the main Raman features to be used for the
polarized Raman spectroscopy investigation. The orientation of the director of the
nematic liquid crystal POLYCRYPS will be determined by a modified experimental

setup used for polarized Raman spectroscopy.
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4.3.1. Experimental

The POLYCRYPS studied in this work are prepared by using liquid crystal E7
(supplied

by Merk) and the monomer NOA-61 (Norland Optical Adhesive). The used procedure
to make the POLYCRYPS is described elsewhere [46,47]. Briefly, the mixture made by
the nematic liquid crystal, monomer and photo-initiator is heated above the nematic—
isotropic transition temperature of the E7 component and then cured by interference
pattern of a UV radiation. When the curing process is finished the sample is slowly
cooled down at room temperature. An Ar-ion laser is the source of a single-mode
radiation at the wavelength Az = 351 nm. The beam is broadened up to a diameter of
about 25 mm by a beam expander BE and divided into two beams of almost equal
intensity by the beam splitter BS. These two beams overlap and give rise to the ‘curing’
light beam, spatially modulated by the interference pattern at the entrance plane of the
sample cell. Depending on the required nano/microscale dimensions of the structure, the
spatial period of the interference pattern can be varied in the range A= 0.2—-15 pm by
adjusting the total interference angle 20.,. A commercial, metal-coated, reflective
diffraction grating (Edmund Optics) placed above the sample is used as a test element
for the interferometric monitoring of vibrations. Part of each of the curing beams is
reflected and diffracted by this grating. The set-up is adjusted to make the reflected part
of one beam spatially coincident with the diffracted part of the second one. These two
radiations are wave coupled by the test grating and their interference pattern is detected
by an additional photodiode. The signal of this photodiode is sent to a computerized
active feedback system, which exploits a software based on a proportional—integral—
derivative protocol; this drives a mirror-holder whose position can be controlled by a
piezoelectric mechanism, used in feedback configuration. This control system has
proved to be able to continuously compensate for changes in the optical path length due
to vibrations as well as variations in environmental conditions such as room pressure,
temperature or humidity; residual fluctuations are of the order of 6-7 nm, which
correspond to the sensitivity of the piezo-system used.

Raman spectra were collected by a Raman microprobe Jobin-Yvon Labram (spectral

resolution ~ 2 c¢m™ ) equipped with a CCD detector and a He-Ne laser (632.8 nm
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emission). A 50x Mplan Olympus objective was used (Numerical Aperture 0.90),
focusing a laser spot of 2-3 um apparent diameter. Polarized spectra have been collected

by using the experimental set-up shown in Fig. 4.3.2.
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Fig. 4.3.2 Experimental set up used for polarized Raman spectra and laboratory frame axes: in red the
axis systems of the laser source, in orange those of the sample and in blue the system of the scattered

radiations.

As it can be seen, the laser source (He:Ne, 633nm) is polarized in the plane YZ. In this
configuration the sample is placed under the microscope in such way that the walls of
the polymeric slices are parallel to the polarization of the incident light. The analyser
allows only the transmission of the scattered radiation component polarized in the plane
YZ. By using this setup only the component YY of the polarizabily tensor will be
detected (labelled after the laboratory axes). The sample is placed on a goniometric axis
rotation stage supplied by Thorlabs. The spectra have been collected for different values
of the angle 0, between incident light polarization and the direction of POLYCRIPS
grating grooves, starting from 0=0° (polymeric wall parallel to the laser sources

polarization) up to 6=90° (polymeric wall perpendicular to the light polarization), with
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angular steps of 15°, as shown in Fig. 4.3.3. In Fig. 4.3.3 can be observed how the

polymeric wall are aligned with respect to laser polarization as a function of the angle 0.
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Fig. 4.3.3 Optical images of POLICRYPS and relative angles used in order to collect the Raman spectra.

In red is indicated the light axes and in orange the samples axes references.
4.3.2 Discussion

The liquid crystal E7 is a multicomponent nematic mixture made mainly by substituted
4-cianobiphenyls (Fig. 4.3.4) [48].

The relative Raman spectra collected on the isotropic liquid crystal are shown in Fig.
4.3.5. In the collected spectra the major Raman bands are assigned to the ring
deformations. The attribution of such modes has been performed taking into account
that biphenyl belong to the C,, point group [49-51]. So that the skeletal vibrational
modes of the biphenyl can be described just in four symmetry species; in particular the
bands at 1020 (v;sa), 1184 (v9a), 1529 (v19,) and 1609 (vs,) cm’! are described by the A,
symmetry representation; the modes with symmetry A, falls at 781 cm’' (v10,) while the
peaks at 810 (vs) and 830 (v;;) cm™ have B, symmetry and the modes with B,
symmetry are at 638 (vg) and 1288 (v3) cm™ [49-51]. In addition the vibrations which
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fall at 1020 (viga), 1184 (v9,), 1529 (v19,) and 1609 (vg,) cm™ occur in the molecular

plane while the others occur out of the molecular plane.

Fig. 4.3.4 Main components of the E7 liquid crystal: (a) 4"-pentylbiphenyl-4-
carbonitrile, C;sH 9N, (5CB); (b) 4’-heptylbiphenyl-4-carbonitrile, C,oHy;N,
(7CB); (c) 4'-(octyloxy)biphenyl-4-carbonitrile, C,;H,sNO, (80CB); (d) 4"-
Pentyl-p-terphenyl-4-carbonitrile, C,4H;N (5CT).
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Fig. 4.3.5 Representative Raman spectra collected on isotropic liquid crystal E7 in the ranges

200-1100 cm™ (bottom), 1100-1800 cm™ ( middle) and 2000- 2400 cm™ ( top).
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The others modes at 409 (y deformation) and 2232 (symmetric stretching) cm™ are
assigned to the CN group [49-52]. A detailed attribution of the E7 liquid crystal

observed modes can be found in Table 4.3.1.

Liquid Crystal E-7
Raman Shift (cm™) Relative Intensity Assignments®
216 (W)
409 (S) vs(CN)
479 (W) v(CC)
512 (W) 5s(CN)
542 (W) v(CC) (16b)
553 (W) B(CN)
638 M) B(CC) (6b)
651 (VW) 3,(CCC)+ B(CC) (6b)
739 (VW) Bas(CH,)+y(CH)
781 M) v(CH) (10a)
810 M) L(CCC) + B(CCO)(1) + B.s(CH,) (4b1)
830 (M) v(CH) (11)
899 (W) v(CCO)
970 (W) v(CCC)
1006 (W) B(CC) (12)
1020 (W) B(CH) (18a)
1062 (W) v(CCC) + B(CH) (18a)
1184 (S) B(CH) (9a)
1288 (S) Yas(CHa)+ v((CH,) (3b2)
1529 (VW) v(CC) (19a)
1609 (VS) v(CC) (8a)
2232 (VS) v(CN)

TABLE 4.3.1. Raman modes frequencies, relative intensities and assignments of E7 liquid crystals [2-
4] (key: v = stretch, 6=bend, v... =skeletal, f =in plane deformation, y= perpendicular deformation, s=
symmetric, as= asymmetric); VS= very strong, S=strong, M=medium, W=weak, VW=very weak).

* In Wilson notation with symmetries based on C,, point group.

The optical polarizability tensor for the molecular components of the E7 liquid crystal

can be represented with good approximation by an ellipsoid oblate with «,, > @, = a,,,

if the molecular axes are the same described in Fig. 4.3.6 (In this work the molecular
axes will be labeled by lowercase letters, while the laboratory frame axes are indicated
by capital letters). It is well known, from the basic Raman theory, that each vibrational

modes induce a dynamic distortion of the polarizability that is synchronized with the

da.
vibrational normal coordinate Qy: [ 604] J
k
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Fig. 4.3.6 Molecular reference axes of the component of the E7 liquid crystal.

The symmetric stretching of the aromatic rings of the biphenyls molecules and the
stretching of the CN groups induce the major change along the long molecular axis of
biphenyl molecules. In this frame, if the electric field of the incident polarized radiation
is parallel to the molecular z-axis then the induced dipole moment lies along that axis

and it is given by u, = a,,E . If the electric field of the incident light it perpendicular to
the molecular z-axis then the induced dipole moment is given by u, = &, E . Therefore,

since the intensity of the scattered radiation depends on the square of the induce dipole
moment, the Raman intensity of the modes which occur along the z-axes will be biggest
for the biphenyl molecules with their long axes (z-axis) parallel to the electric field of
the incident radiation. So that, the orientation of the liquid crystal molecules can be
identified by finding the axis at which the maximum Raman signal, for the above
described Raman band, occurs [52,54]. Therefore, before performing Raman
spectroscopy investigations of POLICRYPS it was necessary to investigate the
monomer component used to make the holographic grating. The NOA-61 has been
studied before and after the polymerization process. It should be underlined that the
exact composition of the NOA-61 it is still unknown but it should be a mixture of a

mercapto-ester with acrylate monomer as described elsewhere [55] (Fig. 4.3.7).

H\ /H
C=( H 0
/7 \ 4 I
H //C'--...O/C'---..O/C ---.._S/H
0o

Fig. 4.3.7 Basic structure Norland Optical Adhesive NOA-61:

mercapto-ester with acrylate monomer.
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In Fig. 4.3.8 the Raman spectra collected on NOA-61 monomer are shown. It is possible
to notice the characteristic Raman features of the thiol groups (S-H) at about 2582 cm™,
vinyl group (C=C symmetric stretching, non conjugated) at 1650 cm™ and of the
carbonyl group (C=0) at 1746 and 1764 cm™ of the carboxyl group (COOR) [56-59].
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Fig. 4.3.8 Representative Raman spectra collected on the monomer Norland Optical Adhesive NOA-61.

At 1604 cm™ falls the aromatic ring vibration, evidently present on the R group of the
molecule (Fig. 4.3.7) [56,60]. The Raman band at 677 cm™ is assigned to the C-S bond,
while the peak at 1297 cm™ and the bands that fall in the region between 1400 and 1500
cm” are assigned to the CH; bending and those in the range between 2900 and 3100 cm™
" are assigned to C-H stretching [60-64]. It is interesting to see the Raman spectra
collected on the polymerized NOA-61 that is the material which make the walls in the
POLICRYP gratings. It is possible to see in Fig. 4.3.9 the absence of the band at 2582
cm’ and, simultaneously, the strong reduction of the band at 1650 cm™ indicating that
the curing process regard a reaction between the thiol group and the vinyl group present

on the monomer [57-59].
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Fig. 4.3.9 Representative Raman spectra collected on the polymerized Norland Optical Adhesive
NOA-61.

In Fig. 4.3.10 are shown the Raman spectra collected on the whole POLICRYPS
(NOA-61 polymerized and E7) where it is possible to notice the typical bands at 1609
cm™ and 2231 em™ assigned above to the liquid crystal molecules and the bands at
1746 and 1764 cm™ of the carboxyl group of the NOA-61. Such bands will be used to
study the liquid crystal orientation inside POLICRYPS.

In order to study the orientation of the liquid crystal molecules with respect to the
polymeric walls of the POLICRYPS, polarized Raman spectra have been collected with
the experimental setup described above (Fig. 4.3.2). In Fig. 4.3.11 (on the left) are
shown the Raman mapping, obtained by the intensity ratios between the frequency
region 1590-1640 cm™ and the frequency region 1735-1785 cm’™. In this way, since the
band intensity in the range between 1590-1640 cm™ is strongly dependent from the
liquid crystal molecules while the other range 1735-1785 cm™ is assigned to the

polymer then when this ratio is lower than 1 (in the pictures the darker squares) then the
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analyzed point shows the prevalent presence of the polymer otherwise if the intensity
ratios is higher than 1 then prevails the liquid crystal presence. It can be seen (Fig.
4.3.11, on the left) as the “colored” squares (indicating the polymer walls) turn as well
as the angle 0 increases starting from the bottom to the top of the figure; so that, it has
been possible to confirm through the micro-Raman investigation the initial alignment of
the POLICRYPS which results to be with the polymeric walls parallel to the
polarization of the laser sources. In addition, it can be seen, when the sample is turned
those walls assume a perpendicular orientation with respect the polarization of the light
sources. The corresponding polarized Raman spectra of the mapping are shown in Fig.

4.3.11 (on the right).
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Fig. 4.3.10 Representative Raman spectra collected on POLICRYPS grating.
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Fig. 4.3.11 Raman mapping (on the left) and relative representative Polarized Raman spectra (on the

right) collected on the POLICRYPS grating at different angle 6 between the polymeric walls and the

polarization of the laser sources starting from 0° to 90°.

It can be seen that for 6=0°, there is not a remarkable difference between the spectrum

collected on the point A with respect to that collected on the point B. Nevertheless, by

increasing 0 the intensities of the bands of the spectra B results to be bigger than those
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observed in the spectra A; in particular, for the peaks at 1184, 1288, 1610 and 2233 cm’!
respectively assigned to the aromatic C-H in plane deformation, C-C stretch of biphenyl
bond, C=C stretching of biphenyl rings and C-N stretching there is a remarkable
increasing of the relative intensity. The increased intensities of such modes, as stated
above, reflects the preferred E7 molecular orientation indicated by the director n with
respect to the polarization of the incident light [53,54, 65-69]. In particular since the
biggest intensities difference is observed for 6=90°, it means that the director n is
parallel to the polarization of the laser for 8=90°, when, namely, the polymeric walls are
perpendicular to the polarization plane of the light. So that, it can be concluded that
POLICRYPS gratings are made by polymer slices regularly alternated to films of
nematic liquid crystal molecules which are oriented perpendicular to the polymeric
walls. Moreover, the presence of the characteristic peaks of the liquid crystal (1610 and
2232 cm™) in all the spectra collected in both the points (points A and B of Fig. 4.3.11),
allows to state that during the formation of the POLYCRYPS grating there is not a
complete separation of the liquid crystals molecules toward the “liquid crystals slices”,
but some of them are involved inside the polymeric structures. From a qualitative
analysis, it can be seen (black spectra Fig. 4.3.11) that, also, the liquid crystal molecules
enclosed on the polymeric walls show the same orientation seen above (on reduced
scale) which is reflected by the small increased intensities of the bands at 1610 and
2232 ecm’', when the sample is turned from the parallel to perpendicular alignment. This
last result can be very useful in order to explain the physics involved during the
POLYCRIPS formation; in fact, the polymerization which occurs along the polymeric
walls trapped the E7 liquid crystal molecules in a perpendicular orientation with respect
to the walls formations. Such liquid crystal molecules are distributed homogenously in
the polymeric walls and some of them are linked on the walls surfaces, as tails, inducing
the alignment of the liquid crystal molecules in the “liquid crystal slices™.

In order to deeper investigate the orientation of the liquid crystal molecules inside the
POLICRYPS, different polarized Raman spectra have been collected on the liquid
crystal slices as a function of the angle 6 between the polymeric walls and the
polarization of the incident light, in the range between 0° and 180° (Fig.4.3.12). As it
can be seen in Fig. 4.3.12, the intensity of the band at 1610 cm™ increases as well as 0

increases until to reach its maximum for 6=90° decreasing again when 0 increases from
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90° to 180°. The intensity of the band at 1610 cm™ in the spectra shown in Fig. 4.3.12
has been determined throughout baseline corrections and peak deconvolution. The ratio
between the intensity of the band at 1610 cm™ collected at each angle to that collected at
90°, as function of the rotational angle 6 (Fig. 4.3.13), confirms the occurrence of the
maximum for 6= 90°, indicating that the director n of the liquid crystal E7 is

perpendicular to the polymeric walls.
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Fig. 4.3.12. Representative Polarized Raman spectra collected on the Liquid crystal slices of
POLICRYPS grating at different angle between the polymeric walls and the polarization of the laser

sources starting from 0° to 180°.
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Fig. 4.3.13. Raman intensity ratios of the band at 1610 cm™ obtained at each angle (between 0 and 180°)

with the intensity of the band obtained at 90° as a function of the rotational angle 0.
4.3.3 Conclusions

Polarized Raman spectroscopy has been used for the first time in order to monitor the
orientation of the liquid crystal molecules in POLICRIPS holographic lattice. The
Raman characterization has been performed on all the components used to make the
holographic device which involve the liquid crystal E7 and the NOA-61, monomer and
polymerized; the main Raman features of each component have been assigned. In
particular the Raman bands due to the symmetric stretching of the aromatic rings of the
biphenyls molecules and the stretching of the CN groups have been selected as
“marker” of the liquid crystal orientation since they occur along the long molecular axis
of biphenyl molecules. The Raman mapping of POLICRYPS, obtained by the
intensities ratios of the bands between the frequency region 1590-1640 cm™ and the
frequency region 1735-1785 cm™ have been shown and those reflected by false colors
images the slices structure of the POLICRYPS. The presence of liquid crystal molecules
inside the polymeric walls has been detected supporting an hypothesis with regard the

119



Chapter 4 Results and Discussion

alignment of the liquid crystal E7 molecules in the liquid crystals slices: liquid crystal
molecules are distributed homogenously in the polymeric walls and some of them are
linked on the walls surfaces, as tails, inducing the alignment of the liquid crystal
molecules in the “liquid crystal slices”. The orientation of the liquid crystal molecule
inside the POLICRYPS holographic lattice has been detected and it results to be
perpendicular to the polymeric walls of the systems.

In the future others polarized Raman investigations on POLICRYPS are planned, by
changing the polarized component analyzed, to determine the order parameters, <P,>

and <P,> of the liquid crystal molecules inside the POLICRYPS holographic grating.

120



Chapter 4 Results and Discussion

44  Thermal evolution of tungsten trioxide thin film obtained by sol

gel deposition

Since long time [70-75] tungsten trioxide (WOs3) films have attracted the interest of
many researchers because of its electrochromic properties. Today it is still studied for
electrochromic applications and as semiconductor gas sensor, catalyst, satellite thermal
control, being an indirect band gap semiconductor with interesting photoconductive
properties for solar energy applications [76-81]. Very interesting applications have been
observed when films of tungsten trioxide, deposited on indium tin oxide covered glasses
(ITO glasses), were inserted as electrodes in asymmetric nematic liquid crystals
(ANLC) cells [82-86].

In the usual nematic liquid crystal (NLC) cell (glass-ITO-polymer-liquid crystal-
polymer-ITO- glass) the electro-optical response obtained does not depend of the
polarity of the applied voltage. On the contrary, the electro-optical response obtained
when WO; films are used as electrode in the ANLC cell (glass-ITO-WOs-liquid crystal-
polymer-ITO- glass) results rectified namely polarity sensitive.

It has been shown that the rectified responses collected from the ANLC cells depend
from the structural order of the WOs; films inserted: if the WOs; film is amorphous the
rectified response will be in phase with the applied voltage otherwise if the film is
crystalline the electro-optical response will be in opposition of phase with the applied
voltage.

The structural order of the WOs; films used in the ANLC cells is affected by post
deposition thermal treatment processes (annealing).

It has been proposed a model to explain this effect, which is, mainly based on the
conductive properties of such films: the amorphous films have been considered
prevalent ionic conductors whereas the crystalline have been considered electronic
conductors.

Nevertheless, some additional efforts need to be done in order to understand the effects
of the annealing process on such electrodes: glass, ITO and WOj; films.

The WOs; films used in this work have been obtained by sol gel synthesis and spin

coating deposition. Such films were subjected to different thermal treatments in the
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range between 100°C to 600°C. Such annealing processes induce some structural and/or

compositions transformations of the WO; films and, also, to the substrate.

4.4.1 Films preparation

Tungsten oxide thin films were obtained by sol gel route [86-89]. The mother solution
was prepared in Argon atmosphere in Glove Box MBRAUN-unilab, by dissolving
Tungsten(VI) oxide chloride (WOCl,) supplied by Aldrich, in isopropanol anhydrous.
Indium tin oxide (ITO) coated glasses (supplied by Balzers) and Silver (Ag) coated
glasses were used as substrates. The silver coated glasses were obtained by physical
vapour deposition on glasses.

The mother solution was deposited on the substrate with a spin coater SC10 CaLCTec
S.r.l. at 1200 rpm for 30 s. Some films were obtained by three subsequent depositions.
The samples were subjected to different thermal treatments, in the range between 100°C

and 600°C for an hour, to follow the structural evolution thermal induced.

4.4.2 Raman Spectroscopy

Raman spectra were collected by a Raman microprobe Jobin-Yvon Labram equipped
with a CCD detector and a He-Ne laser (632.8 nm emission). The used objective was a
100x Mplan Olympus with Numerical Aperture of 0.90 with about 2-3 um of apparent
diameter of the focused laser spot. The frequency resolution on the Raman spectra is

over esteemed to be equals to 2 cm™.

4.4.3 Discussion

In order to evaluate the thermal induced structural modification micro-Raman
spectroscopy has been used. In Fig. 4.4.1 the spectra collected on the single layer WO;
film treated at 100°C and 300°C are shown.

No particular features can be seen in the Raman spectra which suggest that the tungsten

oxide layers are amorphous with a very low Raman cross section.
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In Fig. 4.4.2 are shown the representative spectra collected on the single layer samples
treated a 600°C.

As it can be seen, the spectra of Fig. 4.4.2 seems to be an evolution from the spectrum
(a) to the spectrum (d). The spectrum 4 (a), shows the characteristic bands centred at
about 700 cm™ and 800 cm™ with some very small features at ~265 em’, ~275 cm™,
which are assigned to tungsten trioxide crystalline [83,90-92]; since the obtained bands
are very broad they are due to the presence of nano-domains of crystalline tungsten

trioxide [93-96].

300 °C

Raman Intensity (arb. u.)

200 400 600 800 1000
Raman Shift (cm )

Fig. 4.4.1 Raman Spectra collected on the samples obtained on ITO coated glasses substrates

annealed at 100°C and 300°C.
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Fig. 4.4.2 Raman Spectra collected on the samples obtained on ITO coated glasses substrates

annealed at 600°C.

The spectra (d) of Fig. 4.4.2, cannot be assigned to any form of tungsten oxide. It shows
its main features at about ~312, ~814, ~930, ~980 cm'l, typical of some tetragonal form
of tungstate which has been identified as sodium tungstate [98-104].

Obviously, the sodium ions diffusion from the glass substrates is favoured by the
thermal annealing processes and for the highest thermal annealing it become very strong
to affect the tungsten films. In fact, the spectrum 4 (d) is the more characteristic of the
sample after the highest thermal annealing. The spectra (b) (Raman evidences: ~265,
~275, ~312, ~338, ~524, ~777, ~795, ~950 cm™) and (c) (Raman evidences: ~265,
~275, ~298, ~342, ~837, ~886, ~941, ~959 cm']) of Fig. 4.4.2 are clearly due to
intermediate phases between those above stated, which indicates the coexistence of both
phases.

The thermal evolution has been followed also for three layers samples up to 700°C, to
monitor the difference between surfaces and bulk effects. The relative Raman spectra

together to those collected on the single layer samples are shown in Fig. 4.4.3.
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Fig. 4.4.3 Raman Spectra collected on the samples obtained on ITO coated glasses substrates

annealed at 700°C.
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In the three layers samples, the broad Raman bands at ~750 and ~952 cm™, present also
for low temperature annealing such as 200°C and 300°C, indicates the presence of
amorphous tungsten trioxide [93]. The high intensity observed for the triple layer
sample treated at 200°C, is due to the presence of higher amount of the WO; since this
spectra has been collected on the centre of the samples where centrifugal force during
the spin coating is minimum. Moreover, the high frequency band indicates the
contribution of nanocrystalline domains whose size should be close to 4 nm [94]. The
relative spectra collected on the three layer sample treated at 500°C shows the evolution
from the amorphous to crystalline tungsten trioxide with its bands at ~691,~789, ~963
cm” while the 600°C thermal annealing induce the formation of a well crystallized
phase of tungsten trioxide with its typical modes at ~273, ~327, ~712, ~802 cm™', which

indicate the presences of the phase y of monoclinic WO3 [94].
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The thermal behaviour of the single layer films confirms the trends before observed. In
fact, the structural evolution due to the annealing processes below 500°C are not
detectable by the Raman spectra (Fig. 4.4.3). The annealing treatment at 500°C induce
structural modification, on single layer samples, which are reflected on the Raman
spectrum as wide bands at ~699 and ~797 cm™ which are typical [91-96] of nano size
crystals of tungsten trioxide. The further annealing at 600 °C (on single layer films)
confirms the formation of crystalline tungsten trioxide (~699,~795 cm™) and the
annealing at 700°C induces the complete formation of sodium tungstate (~310, ~811,
~928, ~976 cm™) [97-103].

The highest annealing process performed on the three layers samples induce the
formation of the same specie seen in the single layer films. In this case, anyway not the
whole film has been transformed in sodium tungstate as it is possible to see in Fig.
4.4.3, where the bands at ~263, ~274, ~310, ~337, ~775, ~792, ~947, ~975 cm’! show
the structural evolution from crystalline tungsten trioxide to sodium tungstate.

In order to obtain more information, the tungsten trioxide films have been obtained also
on silver coated substrates. In this case an enhancement of the Raman scattering is
offered by the noble metal surfaces (SERS) [104]. In Fig. 4.4.4 the surface enhanced
Raman (SER) spectra of the sample treated at 100°C and at 300°C are shown. As it is
possible to see, the intensity Raman bands observed in such spectra result to be huge
with respect to those seen for the samples obtained on ITO covered substrates and

treated at the same temperatures.
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Fig. 4.4.4 Surface Enhanced Raman Spectra collected on the

samples obtained on silver coated glasses substrates annealed at 100°C

and 300°C.

The SER spectra collected on the 100°C annealing treatment samples shows very broad
bands centred at about ~244, ~685 and ~958 cm™' which indicates the removing process
of the water molecules of the gel [100] forming the nanocrystalline domain -amorphous
tungsten trioxide [93], obtained in the 300°C thermal treatment samples as it can be
seen on its relative SER spectra that shows very brad bands centred at about ~750 and
~930 cm”. As well as for the ITO substrates samples, different SER spectra are
obtained for silver coated samples annealed at 600°C (Fig. 4.4.5).
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Fig. 4.4.5 Surface enhanced Raman Spectra collected on different point of the

samples obtained on silver coated glasses annealed at 600°C.

The SER spectrum (a) of Fig. 4.4.5 (~242, ~311, ~812, ~863, ~928 and ~958 cm™)
shows again an evolution from crystalline tungsten trioxide to sodium tungstate
detectable by the analysis of the SER spectrum (b) of Fig. 4.4.5 with its typical features
[97] at ~311, ~811, ~928 and ~957 cm’. In Fig. 4.4.6, are reported the optical
microscope images collected on the silver coated substrates samples treated at different
temperatures. It can be seen as the 100°C and 300°C show homogenous surfaces the

600°C shows the presence of many holes, homogenously distributed, on the surfaces.
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Fig. 4.4.6 Optical images collected on the silver coated glass treated at the different

temperatures.

To have a more complete investigation, some ITO-glass substrates have been subjected
to different thermal treatment. In Fig. 4.4.7 are shown the optical images of the surfaces
of such substrates. It can be seen that the 700°C induces the formation of some
micrometer eruptions homogenously distributed on the surfaces.

Single layer of tungsten oxide samples have been obtained on the 700°C pre-treated
substrates as described above and suddenly annealed at 300°C for one hour. In Fig.
4.4.8 (left) is shown an optical image collected on such samples with underline that the
deposition occur on the surfaces (point A) and above the eruption generated by the

thermal annealing pre-treatment.
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Fig. 4.4.7 Optical images collected on the ITO coated glass a) not annealed
b) annealed at 700°C.

In Fig. 4.4.8 (right) are shown the Raman spectra collected on the different points of
Fig. 4.4.8 on the left, at different power of laser.
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Fig. 4.4.8 (left) Optical image collected on the single layer sample annealed at 300°C made with
ITO covered glass substrate pre-treated at 700 °C, (right) Raman spectra collected on the 300°C samples
made with the ITO-covered glass substrate pre-annealed at 700°C relative to the zones A (solid line plot)
and B (circles plot) of the optical image. These spectra have been collected by using filters with different

optical density: D1=Py/10, D06=P/6, D03=P/2, DO=P,, where P, is the power source.

In fact, this spectra have been collected by using filters with different optical density
ranging from D1 to DO.
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As it can be seen in Fig. 4.4.8 (right), the Raman spectra collected above the eruption
are much more intense of those collected on the surfaces, which means that the
“eruption” enhance the Raman spectra. It is wanted to remark that the intensity
enhanced induced by such eruption is of the same order of magnitude of that obtained
by using the silver coated substrates.

The spectra collected above the eruption (point B) with filter D1 shows broad bands at
about ~740 and ~957 cm'l, with filter D06 shows broad bands at about ~747 and ~960
cm™, and the spectra collected with filter D03 shows broad bands at about ~749 and
~961 cm™ all attributed to the presence of tungsten trioxide amorphous [93]. When no
filter is used for collecting the spectra (DO0), the power of the laser heats the sample
point inducing the formation of tungsten trioxide crystalline [94] with its modes at about

~707, ~806 cm’".

4.4.4 Conclusions

During this work, films of tungsten oxide obtained by sol gel synthesis and subjected to
different thermal treatments have been studied by Raman spectroscopy.

Raman spectroscopy shown that all the layers are subject, after high temperature
annealing, to become sodium tungstate. The presence of tungsten trioxide has been
confirmed by monitor the evolution of the Raman spectra of three layers samples and by
collecting the Raman spectra of the single layer sample on silver covered substrate in
such a way to have an enhancement of the Raman scattering.

Very interesting issues came by analyzing the Raman spectra collected on the ITO
substrate, which were subjected to a 600°C pre-treatment annealing process. In fact, this
treatment induce the formation of some micrometer islands were are responsible of an
anomalous enhamcement of the Raman signals of the single layer film subjected at
300°C thermal annealing: above these island, the Raman signal is detectable out of such
structures no Raman signals has been detected.

It has been purposed a qualitative model to explain such evidences Fig.4.4.9.
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Fig. 4.4.9 Qualitative model of the ITO substrates and of the WO3 samples treated at the indicated

temperatures.

Such model is based mainly on the mobility of the sodium ions present on the glass

substrate, which move to the top of the samples after the high temperature annealing

treatment. When at the top of the ITO-covered substrates there is a film of tungsten

trioxide these ions react to form sodium tungstate. Otherwise when there is nothing on

the top of such substrates, this ions move on the top forming micrometer structure of

sodium oxide. It has been shown that such structures are responsible of the

enhancement of the Raman signal. Further consideration with regard the size control

and the technological application of such structures are planned for future work.

132




Chapter 4 Results and Discussion

4.5 Micro-Raman investigation on oil painting “Rebecca at the well”

Nowadays, optical spectroscopy, and in particular Raman spectroscopy, represents one
of the most powerful and useful investigation tools in many scientific areas of
interest[105]. With regard to the artistic field, the technique’s application concerned
different artifacts and art materials: medieval manuscripts [106,107], majolica [108],
ancient glasses [109], ancient roman mortars [110], frescoes [111], canvas paintings
[112], pigments, varnishes and many others. Raman Spectroscopy presents several
advantages: non-destructive analysis of materials, no chemical-mechanical preparation
of desiccation necessary for specimens prior to analysis, specific biomolecular spectral
marker recognition for the identification of genuine and fake objects which may have
been made for fraudulent purposes, high spatial resolution, analysis of organic and
inorganic materials, execution of standard and in situ analysis [113]. In this work
Raman spectroscopy was used to investigate the pigments of the canvas oil painting
“Rebecca at the well” of a Neapolitan anonymous, preserved in MAON museum of
Rende (Cosenza), Italy. The difficulty of the work was due to the absence of historical
and scientific documents about the painting: it is the first time that scientific analysis
were performed on the artwork. Art historians ascribe the painting to the XVIII century
taking into account stylistic and formal studies: it seems that the canvas was painted by
a Neapolitan artist. In conclusion Raman spectroscopy constituted an excellent probing
tool not only to study the pigments’ composition, but also to investigate the artifacts’

history.

4.5.1 Experimental

The paint has been previously photographed in two manners: natural light and grazing
light. A widespread craquelure phenomena has been showed by the grazing light
method on the paint layer. In particular, this method allows to emphasize the texture of
the painting surface. The paint was subdivided in six ideal squares, performing

measurements according to the numeric increasing order of the squares (Fig. 4.5.1).
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Square 1 Square 6

SqUare 4

Fig. 4.5.1 The subdivision of the painting in six ideal squares.

Different Olympus objectives (20x, 50x and 100x) were used to visually explore the
painting and to collect the spectra. Raman spectra were recorded with a Jobin Yvon
LABRAM instrument, equipped with a He-Ne (632.8 nm) laser.

In this work, only the spectra obtained with the 50x objective (focal length of 15mm)
are shown, being the same as those obtained with the other objectives. The spectral
resolution was estimated to be better than about 2 cm™. The illuminated spot size was
about 5 um in diameter. Neutral filters with different optical densities, 0.3, 0.6, 1, 2, 3
and 4, were available in order to reduce the impinging laser power and avoid damages
to the painting and pigment modification.

The perimeter area has been analysed first. Since the presence of a “glue paste lining”
restoration treatment (this treatment consists of positioning the original canvas on a new
canvas) has been seen, it is thought that the paint layer was restored as well. Moreover,
it has been seen that the lining canvas was larger than the original canvas. In fact, the
perimeter area of the lining canvas was covered with a special material (Fig. 4.5.2) and
painted, reproducing the original chromatic tonalism. For this reason, the analysis were
first performed on the lateral borders of the painting in order to find possible recent

pigments.
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Figura 4.5.2 The picture shows the papery material with which the painting’s perimeter area

has been covered. Broken lines define the borders of the original canvas.

Subsequently, spectra of the painting’s internal points were collected. Several problems
have been showed: strong fluorescence phenomena due to decay of the thick varnish
layer; differents areas of the painting were retouched which created the risk of
collecting currents pigments instead of the originals. For this reason, the painting was
lighted up with a Wood lamp which distinguished the retouched areas from the
originals. In particular, the different brightness observed on the painting lighted up by a
Wood Lamp, are function of various factors: pigments and medium chemistry
composition; time gone by after them application. The new pigments are darker than the
old ones, which are more fluorescent due to chemical reactions between medium-
pigment established in time [114]. In that manner, retouched areas were individuated, as
well as areas with thin medium layer that allowed to optimize spectral collection. Each

Micro-Raman spectrum was collected in 20 seconds and 3 accumulations.

4.5.2 Discussion

The probed points of the painting are shown in Fig. 4.5.3.
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Square 6

Square 2 Square 3 Square 4

Fig. 4.5.3 Probed points inside the oil painting.

The spectral collection started from lateral borders of the painting. Figg. 4.5.4-4.5.5
show optical pictures of these points, while Figg. 4.5.6-4.5.7 show the representative
spectra concerning the investigated areas. Figg. 4.5.6-4.5.7 show representatives spectra

relative to investigated areas.

Fig. 4.5.4 Optical pictures of green areas concerning the painting’s lateral borders and internal points.
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Fig. 4.5.5 Dark areas of the painting’s lateral borders.
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Fig. 4.5.6 Representatives Raman Spectra of the lateral borders, concerning the

spectral regions: 250-1000 cm™ (at the top) and 1100 - 1750 cm™ (at the bottom).
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Fig. 4.5.7 Representative Raman spectrum of the lateral borders,

concerning the 1100-1750 cm™ spectral region.

The spectrum of Fig. 4.5.6 is also characteristic of internal points of the painting.
Characteristic Raman modes at about 683, 750, 779, 1217, 1345, 1454 and 1533 cm™
have been attributed to green chlorinated copper phtalocyanine [115,116].

Raman modes at about 486, 597, 644, 955, 980, 1148 cm’' show the presence of blue
chlorinated copper phtalocyanine[117]. These pigments synthesized since 1936 [118],
are chemical complexes of copper and chlorinated phtalocyanine. In particular, in the
case of the phtalo-green, a higher number of hydrogen atoms is substituted by chlorine
atoms. The strong chlorine’s electronegativity influences the electronic distribution of
the green phtalocyanine, which is particularly stable and resistant to external agents.
Chemical formulas of this pigments are: C;H3;Cl;3CuNg (blu phtalocyanine),
Cs,H3Cl;5CuNg (green phtalocyanine). Chemical structure of phtalo-green is showed in

Fig. 4.5.8.
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Fig. 4.5.8 Phtalo-green chemical structure.

The spectrum of Fig. 4.5.7 concerns the dark areas of the painting’s lateral borders and

internal points. The two Raman modes at 1370 and 1590 cm™ have been attributed to D

and G band of amorphous carbon [119].

The spectral answer on the red areas is illustrated on Figg. 4.5.10-4.5.11, while Fig.

4.5.9 shows optical images of the red probed points.
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Fig. 4.5.9 Optical pictures of the red pigment performed with the 50X objective (focal length of 15mm).

Raman features at about 343 and 828 cm’™ (Fig. 4.5.10) have been attributed to chrome
yellow-orange6 (PbCrO4-PbO). The weak modes at about 430, 490, 570, 724, 770, 967,

1047, 1089 can be attributed to phosphates, carbonates and lead sulphate (white bone,

gypsum and calcite) [120].
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Chrome yellow-orange was introduced round about 1809 by the French chemist Louis
Vaquelin, who extracted for the first time the pigment from crocoite mineral [121]. This
pigment is used in oil painting because it makes the drying process [122] of the paint

layer faster.
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Fig. 4.5.10 Representative Raman spectrum of red internal painting’s points,

concerning 250 - 1100 cm™ spectral region.

The Raman spectrum in Fig. 4.5.11 shows three vibrational modes at about 252, 282

and 343 cm™'. This pigment has been identified as red vermilion (HgS) [123,124].
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Fig. 4.5.11 Representative Raman spectrum of red internal painting’s points, concerning

200 - 1100 cm™" spectral region.

This pigment, known and used since ancient times, was obtained from cinnabar (natural
mineral), and it was one of the most expensive pigments. Ancient Romans, who called it
minium, used it for parietal paintings. In particular, the most important Pompei’s
families, used to paint the walls of their dwellings with red vermilion, with the purpose

of boasting their richness [125]. Optical images of white probed areas are shown in Fig.

4.5.12.

Fig. 4.5.12 Optical images of the white probed pigment taken with the 50X objective

(focal length of 15mm).
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Fig. 4.5.13 Representative Raman spectrum of red internal painting’s points,

concerning 250 - 1100 cm™ spectral region.

The Raman spectra collected on the white areas have showed a characteristical
vibrational mode at 1050 cm™ attributed to “lead white”. This pigment, known and used
since ancient times (Theophrast, Plinius and Vitruvius illustrated the wide use of the
lead white for wall paintings or as siccative of linen oil in the oil painting [126]) was
progressively substituted by zinc white during the half of XIX century and by titanium
white in the half of XX century, due to its toxicity. Historical documents [127] say that
the best quality of white lead was produced in Venice, while less precious qualities were
produced in Holand and England. The lead white produces a very flexible paint layer,
easy to apply and with a good opacity. For this reason the lead white has been the most
used white in the painting history, unlike the bone white which was extremely doughy
[128]. The lead white is a basic lead carbonate (2PbCO3; Pb(OH),). In spite of the high
stability of this pigment, it becomes black with the time. This behavior depends on a
chemical reaction where H,S produced by atmospheric pollution reacts with the lead
white, creating PbS, also known as black galena.

Fig. 4.5.14 shows optical pictures relative to yellow areas.
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Fig. 4.5.14 Optical pictures of the probed yellow areas, taken with a 50X objective and

concerning the page’s yellow tunic and the horse’s ornament (square 2 of Fig. 4.5.1).

The Raman investigation provided the following spectral answer showed in Fig. 4.5.15:
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Fig. 4.5.15 Representative Raman spectrum of red internal painting’s points,

L
400

concerning 200 - 1100 cm™ spectral region.

Some of the observed peaks have been identified, by using different database. Raman

bands at 440, 451 and 977 [129] has been attributed to the presence of lead sulphate,
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while vibrational mode at 659 cm™ has been attributed to magnetite (Fe;0y), [130} an
iron magnetic mineral known since ancient times. The Raman mode at 317 cm™ has
been attributed to fluorite (CaF,).

Optical pictures of the light blue areas are showed in Fig. 4.5.16.

Fig. 4.5.16 Optical images of the light blue areas, taken by microscopy with a 50X objective,
concerning the light blue cloak put on the trunk by the page (square 2 of Fig. 4.5.1).

Raman representative spectrum is showed in Fig. 4.5.17.
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Fig. 4.5.17 Raman representative spectrum concerning 200 e 1100 cm™ spectral region.

Raman features at 139, 277 and 366 cm™ were attributed to galena (PbS). It is a mineral

pigment (known in the past as “alquifoglio” [131]) composed for the 87% by lead; it is
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the results of blackening process of the lead white [132]. Ancient Egyptians mixed

galena with malachite duster and oil for maquillage [133].
The dark probed areas, whose pictures are shown in Figg. 4.5.18 , correspond to spectra

as the ones reported in Fig.4.5.19. As expected, it is some kind of carbon, as in the dark

region of the border, shown before.

Fig. 4.5.18 Optical images of dark internal points taken with a 50X objective.
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Fig. 4.5.19 Raman representative spectrum concerning 1100 e 1750 cm™ spectral region.
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4.5.3 Conclusions

In this work, some of the pigments used in the painting “Rebecca at the well” were
analysed and characterized by non-invasive Micro-Raman spectroscopic technique. This
technique has been confirmed as non-invasive and effective for the diagnostic
investigation. In particular, six pigments of the pictorial palette were characterized. The
analysis of the white pigment showed the presence of lead white, commonly known as
“biacca”; it was used since ancient times and it was progressively substituted by zinc
white during the half of XIX century and by titanium white in the half of XX century,
due to its toxicity. The identification of this pigment provided important information
about the medium used by the artist. In fact, the lead white were used as siccative of
linen oil and probably the artist used that kind of oil in this painting. The red pigment
identified has been the red vermilion, a very precious pigment, known also as cinnabar
(the mineral from which the pigment derives). The presence of a pigment so expensive
suggests not only the importance and the richness of the purchaser, but also the fame of
the artist who was able to buy such an expensive pictorial material. Moreover, the small
extent of the painting suggests that perhaps the purchaser was a nobility’s member, and
not a Church’s member, who would have preferred huge artefacts, in order to put them
in holy places.

The black pigment analysed has been attributed to amorphous carbon. In particular, it is
Lamp Black due to the absence of calcium phosphate vibrational mode, characteristic of
Ivory Black. The yellow areas showed the presence of fluorite and silica, and of
magnetite, an iron magnetic mineral, known and used since ancient times. The light
blue areas showed the presence of galena. The presence of blue and green chlorinated
phtalocyanine has been an extremely important discovery. In fact, these pigments,
synthesized since 1936, confirm the presence of retouched areas of the paint layer, seen
with the Wood Lamp analysis. Moreover, the presence of these pigments give important
information about the painting’s restoration during the XX century, of which none
historical document is available. The presence of yellow-orange chrome, used since
1809, confirmed the restoration hypothesis. In particular, since the pigment was widely

used during the XIX century and rarely used during the XX century, two restoration
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interventions are supposed: one during the XIX century and the other during the XX
century.

Finally, the diagnostic studies allowed the identification of the original pigments and of
those used in restoration intervention. These elements constitute important for the

artefact history.
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Micro-Raman Spectroscopy was used to determine the orientation of the E7 nematic
liquid crystal molecules inside the POLICRYPS (POlymer Llquid CRYstal Polymer
Slices) holographic gratings. The POLICRYPS grating was analyzed after defining
the Raman features of each single component of the system: i.e the random aligned
nematic liquid crystal E7 and Norland Optical Adhesive (NOA-61). Among the Raman
bands of the liquid crystal molecules, a specific one was selected, which exhibits strong
anisotropy of the Raman tensor. The modulation of its intensity, depending on the sample
orientation with respect to the laser polarization, provided the experimental evidence
about the orientation of the E7 molecules, which occurred to be perpendicular to the
polymeric slices.

Keywords Holographic grating; nematic liquid crystals; polymers; Raman
spectroscopy

1. Introduction

Great interest has recently been addressed to switchable holographic gratings, due to the sev-
eral potential industrial applications, e.g. imaging and diffractive optics [1]. Periodic liquid
crystalline composite materials like POLICRYPS (acronym of POlymer LIquid CRY stal
Polymer Slices), represent a significant example of a novel structure in the field of optics
and electro-optics [2-5]. Furthermore, if doped with metal nanoparticles, POLICRYPS
could possibly be exploited for the realization of tunable metamaterials [6].

POLICRYPS, as schematized in Fig. 1, consist in polymer slices alternated to films
of Nematic Liquid Crystal (NLC). The electro-optical properties of these systems, as in
all liquid crystal based devices, depend on the orientation of the liquid crystal molecules,
whose average value is given by the director n [7].

In this work, polarized Raman spectroscopy is used to investigate the orientation of
NLC molecules inside the POLYCRYPS grating. Before performing such analysis, Raman

*Address correspondence to Marco Castriota, Physics Department-University of Cal-
abria, 87036 Rende (CS), Italy. Phone: +39-0984-496145; Fax: +39-0984-496145. E-mail:
marco.castriota@fis.unical.it
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Figure 1. Schematic view of a POLICRYPS.

spectra of both the randomly aligned NLC E7 and the polymer (Norland Optical Adhesive
NOA-61) were collected separately, in order to define the main Raman features needed for
the interpretation of POLICRYPS spectra.

2. Experimental

POLICRYPS made with nematic liquid crystal E7 (supplied by Merk) and monomer NOA-
61 (Norland Optical Adhesive), were obtained by the procedure described elsewhere [5, 8].
Briefly, the mixture made up of NLC, the monomer and the photo-initiator was heated
above the nematic—isotropic transition temperature of the E7 component and then cured by
exposing it to an interference pattern of a UV radiation. After the curing process is finished
the sample is cooled down to room temperature with a cooling rate of 0.3°C/min. An
Ar-ion laser generates a single-mode radiation at the wavelength Ag = 351 nm. The beam
diameter is broadened to about 25 mm by a beam expander BE and subsequently divided
by a beam splitter BS into two beams of almost equal intensity. These two overlapping
beams originates the ‘curing’ interference pattern at the entrance plane of the sample cell.
Depending on the required nano/microscale dimensions of the structure, the spatial period
of the interference pattern can vary in the range A = 0.2-15 um by adjusting the total
interference angle 260, [5, 8]. A commercial, metal-coated, reflective diffraction grating
(Edmund Optics) placed above the sample is used as a test element for the interferometric
monitoring of vibrations [5, 8]. Part of each of the curing beams is reflected and diffracted by
this grating. The set-up is tuned to make the reflected part of one beam spatially coincident
with the diffracted part of the second one. These two radiations are wave coupled by means
of the test grating and their interference pattern is detected by an additional photodiode. The
signal coming from the latter is sent to a computerized active feedback system, based on
a proportional-integral-derivative protocol software which controls a mirror-holder tuned
by a piezoelectric mechanism, working in feedback configuration. The control system is
able to continuously compensate the optical path length changes due to vibrations, as well
as variations in environmental conditions such as room pressure, temperature or humidity;
residual fluctuations are of the order of 6-7 nm, corresponding to the sensitivity of the
piezo-system used.

The sample grating was written with a large pitch (6 um) and a 0.1 mm thick glass
employed for the upper cell window [Fig. 1].

Raman spectra were collected by a Raman microprobe Jobin-Yvon Labram (spectral
resolution ~2 cm~! equipped with a CCD detector and a He-Ne laser (633 nm). A 50x
Mplan Olympus objective was used (Numerical Aperture 0.90), focusing a laser spot of
diameter of about 2-3 um.
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Figure 2. Optical micro-image of a POLICRYPS structure and laboratory reference axes; 6 is the
angle between the direction of polarization of the incident radiation along Y axis of the laboratory
reference system (yellow line) and the direction of polymer slices of the POLICRYPS structure (white
line). In the POLICRYPS, as observed by microscopy, darker strips correspond to polymer zones and
lighter narrow lines to liquid crystals zones.

Polarized Raman spectra of POLICRYPS sample were recorded at different orienta-
tions changing the angle 6, defined as the angle formed by the light polarization direction
and the polymeric slices (Fig. 2) [7]. The laser source is linearly polarized along the Y
axis of the reference system of the laboratory. The analyzer is set to allow the passage of
exclusively the Y polarized component of the scattered radiation: only the YY component
of the polarizability tensor can be detected with this setup (small letters x,y,z refer to the
molecular reference system while capital X,Y,Z indicate the laboratory reference system).

The sample holder is a goniometric rotation stage supplied by Thorlabs. Spectra were
collected for different values of the angle 8, spanning from 0° (polymeric slices parallel to
the light polarization direction) to 180°, steps of 15°.

The spectral mappings on the POLICRYPS were recorded by using an automatic X-Y
stage.

3. Results and Discussion

The E7 liquid crystal is a multicomponent nematic mixture mainly composed of substituted
4-cianobiphenyls [9]. Raman spectra corresponding to the random aligned NLC are shown
in Fig. 3. The higher intensity Raman bands are assigned to the ring deformations. These
modes were attributed taking into account that the biphenyl group belongs to the C,, point
group [10-12], meaning that its skeletal vibrational modes can be defined just by four
symmetry species. Specifically, the 1184 (vg,) and 1609 (vg,) cm~! bands are described
by the A; symmetry representation, the peaks at 810 (v 4) and 830 (v 1) cm™! by the B
symmetry while the modes at 638 (vgp) and 1288 (v3) cm~! by the B, symmetry [10-12].
One should point out that the eigenvectors of the 1184 and 1609 cm™! modes belong to the
molecular plane while the others correspond to motion out of it. The CN group modes fall
at 409 (y deformation) and 2232 cm™! (symmetric stretching) [10-13].

The optical polarizability tensor of the cianobiphenyl NLC molecules can be repre-
sented by an oblate ellipsoid with « ; > ay, = ay,, where a,,, a,, and a_; indicate the
components of the polarizability tensor in the molecular reference system, where the z axis
is oriented along the long molecular axis. From the basic Raman theory it is known that
each vibrational mode induces a dynamic modulation of the polarizability (d«;;/0 Q) that is
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Figure 3. Example of a Raman spectrum acquired on randomly aligned E7 NLC in the range between
200 and 3200 cm~'.

synchronized with the vibrational normal coordinate Q. The most significant variation of
the polarizability tensor corresponds to the symmetric stretching of the biphenyls aromatic
rings and the CN stretching, which occurs along the long molecular axis of the molecule.
As the intensity of the scattered radiation depends on the square of the induced dipole
moment, therefore the Raman intensity of the modes occurring along the z-axis, whose
associate dipole moment is ;, = «,, E,, will be higher in the case of NLC molecules z-axis
being parallel to the polarization of the incident light (E; is maximum).

The orientation of the director n, (and therefore of the liquid crystal molecules), is
parallel to the incident light polarization for the 6 value at which are maximized the
intensities of the Raman bands of the vibrational modes occurring along the z-molecular
axis [14, 15].

The Raman spectrum of the polymeric component (NOA-61) of POLICRYPS was
collected, after the polymerization process, for comparative purposes (Fig. 4). NOA-61

1764 2956

Intensity / Arb. Units
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L]
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Figure 4. Example of a Raman spectrum of the polymerized Norland Optical Adhesive NOA-61.
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Figure 5. Example of a Raman spectrum of a POLICRYPS holographic grating.

exact composition is still unknown, probably consisting of a mixture of a mercapto-ester
and an acrylate monomer [16]. The polymerized NOA-61 Raman spectra (Fig. 4) overlaps
with a great luminescence band and it is characterized by the carboxyl group (COOR)
bands at 1746 and 1764 cm~! [17-20] and the C—H stretching bands in the region 2900
3100 cm~!.

An example of POLICRYPS (NOA-61 polymerized and E7) Raman spectrum is shown
in Fig. 5, where one can note bands, both at 1610 cm~! and 2232 cm™ !, typical of E7
molecules, and at 1746 and 1764 cm™' originated by NOA-61carboxyl groups. Hence, a
Raman mapping (Fig. 6) plotting the intensity ratio between the frequency region 1590—
1640 cm™~! (E7 bands), and the 17351785 cm™! one (NOA-61 bands), is a valid indication
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Figure 6. Raman mapping of ratio between the intensity in the frequency region 1590-1640 cm~!

(NLC band) and that in the 17351785 cm™! region (NOA-61 polymer band). Top map: # = 0; bottom
map: 60 = 90°.
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Figure 7. Example of a Polarized Raman spectra of a POLICRYPS grating, acquired from A zones
(polymer-circles) and B zones (liquid crystal-solid red line) in the maps of Fig. 6. Top spectra: 6 =
0; bottom spectra 6 = 90°.

on the material distribution: when this ratio is lower than 1 (Fig. 6, dark squares) the
presence of the polymer is prevalent; on the contrary, clearer squares corresponding to an
intensity ratio above 1 indicate the prevalence of the E7 molecules (Fig. 6).

This “chemical map”, provided by the micro-Raman measurement, matches with the
pattern of polymer slices alternating with liquid crystal zones, acquired by microscopy.
Fig. 6 displays two different experimental configurations corresponding to 6 = 0 at the top
and 6 = 90° at the bottom; the spatial distribution of the two chemical species appears well
defined, with a good parallel alignment of the polymeric slices to the Y axis when 6 = 0, and
perpendicular to it when 8 = 90°. Since the laboratory Y axis corresponds also to the fixed
direction of impinging light polarization, a strong modulation of the intensity is expected
for the Raman peak, due to the total symmetric vibrational modes of E7 molecules, as a
consequence of their orientational order in the regions occupied mainly by the liquid crystal.

Figure 7 shows spectra A (circles) and B (solid red line), collected from the polymeric
slices and the liquid crystal zones respectively, in both & = 0° (top), and & = 90° (bottom)
orientations of the sample. As one can notice, in the recorded spectra from A zones
(polymeric slices) there is no appreciable difference of intensity of the E7 bands between 0
=0° and & = 90°. On the contrary, in the B regions case (liquid crystal zones) bands at 1184,
1288, 1610 and 2232 cm~! — corresponding to the aromatic C—H in plane deformation,
C—C stretch of biphenyl bond, C=C stretching of biphenyl rings and C—N stretching,
respectively [14, 15, 21-25]—the intensity appears quite higher in the & = 90° spectra than
in the 8 = 0° ones (see Fig. 7, top and bottom graphs, focusing in particular on the intensity
scales).

A detailed analysis of the intensity modulation of NLC Raman bands, as a function
of the orientation with respect to the laser polarization, is reported in Fig. 8, where the
1610 cm~! band of a B zone (liquid crystal) spectra was taken into consideration. The data
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Figure 8. Raman intensity of the NLC band at 1610 cm ™! plotted versus #, normalized to the intensity
recorded at & = 90° (@ varying between 0 and 180°, in steps of 15°).

shown in Fig. 8 were obtained acquiring Raman spectra for increasing 6 values, going from
0 to 180°, in steps of 15°, and subsequently deriving the 1610 cm™~' band intensity, in each
of them, through baseline corrections and peak deconvolution. Finally, these intensities
values were normalized to that calculated from the spectrum recorded at 90°, and finally
plotted as a function of the angle 6. The trend of this function reaches a maximum at 6 =
90° indicating that when the polymeric slices are perpendicular to the laser polarization,
fixed along the laboratory Y axis, the director n is parallel to the latter. In other words,
in the analyzed POLICRYPS grating, the director n of E7 molecules in the liquid crystal
regions is aligned at right angles to the polymeric layers.

4. Conclusions

Polarized Raman spectroscopy was used to determine the orientation of the E7 liquid crystal
molecules in POLICRYPS holographic gratings.

The Raman characterization was first performed on the single components of which
the holographic grating is made up: E7 liquid crystal mixture and polymerized NOA-61.

The Raman bands originating from the symmetric stretching of the aromatic rings and
from the stretching of the cyano groups were selected as “markers” of the NLC orientation
because of the extent of the Raman tensor element associated to the long molecular axis of
the biphenyls.

E7 orientation inside the POLICRYPS holographic grating was detected, the NLC
director n resulted in being perpendicular to the polymeric slices.

In the future, this study will be extended, to support the possible use of POLICRYPS
as templates for fabricating metamaterials after nano-doping.
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Abstract: In situ polarized micro-Raman Spectroscopy has been utilized to
determine the liquid crystal configuration inside a periodic liquid crystalline
composite structure made of polymer slices alternated to films of liquid
crystal. Liquid crystal, Norland Optical Adhesive (NOA-61) monomer and
its polymerized form have been investigated separately. The main Raman
features, used as markers for the molecular orientation estimation, have
been identified. In situ polarized Raman spectra indicate that the orientation
of the liquid crystal director inside the structure is perpendicular to its
polymeric slices. Results show the usefulness of in situ polarized micro-
Raman spectroscopy to investigate liquid crystalline composite structures.
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1. Introduction

Switchable holographic structures are promising for a wide range of applications such as
imaging, information processing and diffractive optics [1]. Liquid crystals (LCs) are useful for
the fabrication of these devices thanks to their capability to change orientational order under
the influence of external stimuli. In the last years, great attention has been devoted to periodic
liquid crystalline composite materials like POLICRYPS (acronym of POlymer LIquid
CRYstal Polymer Slices) (Fig. 1(a)), as novel structures with a wide range of optical and
electro-optical applications [2-5]. At present, there is the possibility of exploiting the
POLICRYPS as a template to be doped with metal nano-particles for the realization of
controllable metamaterials [6].

In fact, possible electro-optical applications of POLICRYPS are due to the uniform and
regular steady state alignment of the director n of the Nematic Liquid Crystal (NLC) films
inside the structure; nevertheless, at our knowledge, there is no direct estimation of this
orientation, at microscopic level, like the one shown in the present work, obtained by using in
situ polarized Raman spectroscopy.

2. Experimental

The investigated POLICRYPS has been realized by using E7 NLC (supplied by Merk) and the
monomer NOA-61 (Norland Optical Adhesive). The used standard fabrication procedure is
described elsewhere [7,8]. Spectroscopic investigations were performed by a Raman
microprobe Jobin-Yvon Labram (spectral resolution ~2 cm™') equipped with a CCD detector
and a He-Ne laser (A = 632.8 nm emission wavelength).
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Fig. 1. (a) SEM image of a POLICRYPS structure and reference axes; (b) experimental set-up
used to collect the polarized Raman spectra and reference axes. 0 is the angle between the
direction of polarization of the incident radiation (¥ axis of the laboratory reference system)
and the polymer slice of the POLICRYPS structure.
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Fig. 2. Representative Raman spectra collected on randomly aligned NLC E7 in the range
between 200 and 1100 cm™ (on the bottom), 1100 and 1800 cm™ (on the middle) and 1800 and
2500 cm™ (on the top). (For a better presentation, the graphs are shown with different intensity
scales).
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A 50x Mplan Olympus objective (Numerical Aperture 0.90) was used, focusing the laser
spot to 2-3 pum of diameter. The sample grating has been written with a large pitch (6 pm),
while a very thin glass (0.1 mm thick) has been used for the upper cell window. In situ
polarized Raman spectra have been collected by using the experimental set-up shown in Fig.
1(b). The laser source is linearly polarized along the Y axis of the reference system (in this
work, small letters x,p,z are adopted for the molecular frame, while capital X,¥,Z indicate the
laboratory axes). The analyzer lets only the ¥ polarized component of the scattered radiation
reach the instrument grating; in this way, only the ¥¥ component of the polarizability tensor is
detected. The sample is placed on a goniometric rotation stage (Thorlabs) and, at the
beginning, it is oriented with the polymeric slices parallel to the polarization direction of the
incident light. Spectra have been collected for values of the angle 0, (formed by the light
polarization direction and the polymeric slices, see Fig. 1(a)) which vary from 0° up to 180°,
with steps of 15°. The Raman spectra shown in this paper are representative of a wider Raman
investigation performed along many liquid crystal slices.

3. Results and discussion

The E7 NLC is a multicomponent nematic mixture made by substituted 4-cyanobiphenyls [9]
(structure formula in the inset of Fig. 2). The related Raman spectra, collected on a randomly
aligned NLC sample, are shown in Fig. 2. The higher intensity main Raman bands are
assigned to the ring deformations; assignment of such modes has been performed by taking
into account that biphenyl belongs to the C,, point group [10]; therefore, the skeletal
vibrational modes of the biphenyl can be described in just four symmetry species. In
particular, the bands at 1020 (v;g,), 1184 (vg,), 1529 (v19,) and 1609 (vg,) cm™! are described
by the A; symmetry representation; the mode with symmetry A, falls at 781 cm™" (vy0,) while
the peaks at 810 (v4) and 830 (v;;) cm ™' have B, symmetry and the modes with B, symmetry
[10] are at 638 (vg) and 1288 (v3) cm™". In addition, vibrations which fall at 1020 (v,g,), 1184
(v9,), 1529 (v19,) and 1609 (vg,) cm™' occur in the molecular plane, while all other vibrations
occur out of the molecular plane. Modes at 409 (y deformation) and 2232 (symmetric
stretching) cm ™" are assigned to the CN group [10,11].

The components of the optical polarizability tensor for molecules which belong to point
group C,, are, in principle, all different. However, due to the rotational isotropy around the
long molecular axis (z-axis), the optical polarizability tensor, for the E7 NLC, can be
represented by an oblate ellipsoid with a.. > a,, = a,, where a,, a,, and a.. indicate the
components of the polarizability tensor in the molecular frame. The symmetric stretching of
the aromatic rings of the biphenyl molecules and the stretching of the CN groups induce the
major change of polarizability along the long molecular axis of biphenyl molecules.
Therefore, if there is a preferential orientation of the director n of the NLC inside the
POLICRYPS, this can be evidenced by following the behaviour of the intensities of the
Raman bands, related to the above mentioned stretchings, as a function of the angle 0: the 0
value where the maximum intensity of those Raman bands is obtained, clearly identifies the
direction of n [12,13].

NOA-61 has been investigated before and after the polymerization process (Figs. 3(a),
3(b)). It is worth underlining that the exact composition of NOA-61 is still unknown; however
it should be a mix of a mercapto-ester with acrylate monomer as described elsewhere [14]. In
Fig. 3(a), reporting spectra collected on NOA-61 monomer, we notice the characteristic
features of the thiol groups (S-H) at about 2582 cm™', vinyl group (C = C symmetric
stretching, non conjugated) at 1650 cm™', and the carbonyl (C = O) of the carboxyl group
COOR [15] at 1746 and 1764 cm™'. At 1604 cm™' we find the aromatic ring vibration,
evidently present on the R group (unknown part) of the molecule [15].

The band at 677 cm™" is assigned to the C-S bond, while the peak at 1297 cm™' and the
bands in the region between 1400 and 1500 cm ™" are assigned to the CH; bending; those in the
range between 2900 and 3100 cm™' are assigned to the C-H stretching [16]. Spectra of
polymerized NOA-61 (Fig. 3(b)) show the absence of the band at 2582 cm™' and,
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simultaneously, a strong reduction of the band at 1650 cm™', indicating that the curing process
involves a reaction between the thiol and the vinyl groups present in the monomer [15].

In Fig. 4, the micro-Raman un-polarized spectra of the POLICRYPS (polymerized NOA-
61 and E7), representative of all the spectra collected on the whole sample, are shown. The
liquid crystal characteristic bands at 1609 cm ™' and 2232 cm™" and the bands at 1746 and 1764
cm' of the carboxyl group of the NOA-61 are still well evident. For this reason, these bands
are used as markers in order to evaluate the presence and the contribution of each component
to the total Raman spectra.
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Fig. 3. Representative Raman spectra collected on Norland Optical Adhesive NOA-61
monomer (a) and (b) polymerized. (For a better presentation, the graphs are shown with
different intensity scales).
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Fig. 4. Representative un-polarized Raman spectra collected on the POLICRYPS sample in the
range between 200 and 1100 cm™ (on the bottom), 1100 and 1800 cm™ (on the middle) and
1800 and 2500 cm™ (on the top). (For a better presentation, the graphs are shown with different
intensity scales).
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Fig. 5. Representative Polarized Raman spectra collected on the liquid crystal slices of the
POLICRYPS grating at different 0 values between 0° and 180°.
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In situ polarized Raman spectra have been collected on the NLC films (confined between
the polymer slices of the POLICRYPS, see Fig. 1) as a function of the angle 0 in the range
between 0° and 180° (Fig. 5). Intensities of the bands at 1184, 1288, 1610 and 2233 cm™'
(respectively assigned to the aromatic C-H in plane deformation, C-C stretch of biphenyl bond
and C = C stretching of biphenyl rings) increase with 0, to reach the maximum value at =
90°; then, a decrease occurs when 0 goes from 90° to 180°.

This behavior clearly evidences a preferential orientation of the NLC director within the
POLICRYPS structure [12,13,17-21]: at 6 = 90°, the Raman intensities show a maximum
because the director n is parallel to the polarization direction of the laser light (the molecular z
axis corresponds to laboratory Y axis). Since, in our geometry, this corresponds to the
polymeric slices being perpendicular to the polarization direction of light, it can be argued that
POLICRYPS gratings are made of polymer slices regularly alternated to films of Nematic
Liquid Crystal molecules whose average orientation (director n) is perpendicular to the
polymeric slices. We underline that this director configuration can be directly correlated to the
birefringence of the sample: in the past [22], a similar result has been demonstrated by
measuring the polarization dependence of a POLICRYPS diffraction grating efficiency, which
is proportional to the birefringence value. In fact, as shown by Sutherland et al. [23-25], this
birefringence also gives a unique signature to the electro-optical properties of the structure as
a function of the polarization direction of the probe beam. However, while birefringence
measurements yield macroscopic indications only, the chemical sensitivity of Raman
spectroscopy allows a detailed microscopic view of the director configuration; a Raman
mapping of a large area of the sample could be conveniently used to deduce its birefringence
distribution. It is our intention to perform new experiments in this direction.

4. Conclusions

In situ Polarized Raman spectroscopy has been exploited to investigate the orientation of
liquid crystal molecules in a POLICRYPS holographic grating. Raman spectra have been
collected both on the NLC and NOA-61 (monomer and polymerized forms). Bands due to the
symmetric stretching of the aromatic rings of the biphenyl molecules and the stretching of the
CN groups have been selected as “markers” of the NLC orientation, since they occur along the
long molecular axis of biphenyl molecules (z-axis): the orientation of the NLC director n
within the POLICRYPS structure turns out to be perpendicular to its polymeric slices.

Results represent a contribute for the determination of the orientational order parameters
(< P> and < P;>) in a POLICRYPS system. Moreover, they might allow to find an exact
relation between the director orientation and the FWHM of the curve obtained by plotting the
intensity peak at 1610 cm™" as a function of the angle 6. In future, different Raman analysis
(Raman mapping of large area sample) are planned in order to investigate the liquid crystal
birefringence distribution in POLICRYPS systems.

Above studies will support the future work concerned with the use of POLICRYPS
structures as a template to be nano-doped for fabricating metamaterials.
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Raman Scattering Enhancement Associated to
Sodium Oxide Formation after Thermal

Treatment of Glass Substrates.
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Calabria, Ponte P. Bucci— Cubo 31C, I-87036, Arcavacata di Rende (CS), Italy
An anomalous enhancement of the Raman scattering can be obtained without
SERS-active noble metals components [1] or proper periodic structures [2], for
tungsten oxide (WO ) thin films, when deposited on indium tin oxide (ITO)
coated glasses, which underwent a pre-deposition annealing at 700 °C in air.

WOs; was prepared via a sol—gel route [3,4]. In a first set of samples the mother
solution was deposited by a spin coater (SC10 CaLCTec S.r.l.) on the as-received
substrates, commercial ITO-coated glasses (Balzers); later these samples were
subjected to different thermal treatments, for 1 hour in air. A second set of
samples was prepared using a ‘two-step’ annealing procedure: i) pre-deposition
annealing at 700 °C for 1 h of the ITO-coated glass substrates; ii) after the
deposition, the samples were annealed at 300 °C, to dehydrate WOs layer.

Micro-Raman measurements were performed by a Jobin— Yvon Labram
apparatus using a 633 nm He—Ne laser. In the first set of samples, very weak
Raman spectra, typical of amorphous WO; [5-7], are observed after annealing
below 500 °C,  spectra of crystalline WO3 [6-9] appear for higher temperature
annealings. In the samples undergoing the two-step annealing procedure, the
pre-deposition treatment on the ITO/glass substrates induces the formation of
micrometer sized ‘islands’ on the film surface (see Fig.1). Raman spectra,
collected separately from the flat surface around the islands (Zone A), and from
the top of an island (Zone B), are shown in Fig. 2, for increasing laser powers
(various filters). Spectra from the islands appear much more intense of those
from the surrounding surface, suggesting that materials of the ‘islands’, mainly
sodium oxide due to high temperature reaction, induce an appreciable Raman
scattering enhancement for the spectra of the WO; overlayer, amorphous WOj3
[5-7] at low laser powers, crystalline [7-9] at the highest power.

Photoelectron surface spectra on differently annealed samples of the
WO3/ITO/glass (with ITO substrate not pre-annealed) and ITO/glass substrates,
show the following photoelectrons shallow cores peaks, all associated to oxides:
In 4d states at 18.6 eV in the binding energy scale, O 2s as a broad peak at 23 eV,
Sn 4d at 26 eV, the W 4f 5/, 7> doublet for WO3 at 38.2 and 36.0 eV, respectively,
and the Na 2p at 31.3 eV. In the ITO/glass samples, the shallow core levels due to
In, Sn and O are observed for all the annealing treatments, with comparable
intensities. The Na 2p photoemission peak, instead, results appreciable after
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annealing at 200 °C and its intensity strongly increases after the 700 °C annealing.
In the WO3/ITO/glass samples (with ITO not pre-annealed) the photoemission
signal (beside the valence band) are due to shallow cores of W, In, O and Sn, for
annealing up to 500 °C. In and Sn signal are due to their high photoelectron cross
section and also because the WO; film shows some fractures, allowing the
detection of photoelectrons coming from deeper layers. After the 700 °C
annealing an increase of the In 4d peak, and the rise of a strong Na 2p peak are
observed. These data seem to rule out a metallic colloid formation, responsible
for Raman enhancement even in the case of Na colloidal particles [10].
According to the literature, the Na chemical shift here observed (Na 2p peak
around 31.3 eV) is compatible with a Na,O oxidation state in all the samples [11].

!f"-;‘% 200004 DO Zone A
2 pm s 3, 150004 o ZoneB
5 100004
S000 4
04
—
: =
3 30004
A' . 3; 1500 4
“w
= 0
2
= 1200
ot D06
. % {111}
FIGURE 1: micrograph of a g
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FIGURE 2: Raman spectra from WO; deposited on the island and far from the
island shown in Fig.1. The optical density of the used filters are indicated inside.
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Micro-spectroscopic Raman investigation on
the canvas oil painting ‘Rebecca at the well’
of Neapolitan anonymous’

E. Cazzanelli,®* E. Platania,®P G. De Santo,® A. Fasanella® and M. Castriota®

In this work, a micro-Raman spectroscopic investigation was carried out in order to identify the pigments used in the canvas
oil painting ‘Rebecca at the well’, which is preserved in MAON museum in Rende, southern Italy. The artwork’s history is
unknown, and no scientific investigation was performed on it before. Art historians believe that the painting was created in
the XVIII century by an artist of the Neapolitan school. Raman spectra were collected by a Jobin Yvon micro-Raman LABRAM
apparatus, with a He-Ne laser (632.8 nm) as excitation source. The main original pigments were identified and modern
pigments like yellow-orange chrome and phthalocyanine were also found, providing important information about the

restoration works and the painting’s history. Copyright © 2012 John Wiley & Sons, Ltd.

Keywords: micro-Raman spectroscopy; mineral pigments; yellow—orange chrome; phthalocyanine; oil painting

Introduction

Nowadays, optical spectroscopy, and in particular Raman spectros-
copy, represents one of the most powerful and useful investigation
tools in many scientific areas of interest.! With regard to the artistic
field, the technique’s application concerned different artworks and
art materials: medieval manuscripts,>* majolica,' ancient glasses,”
ancient roman mortars,” frescoes,”’ canvas paintings,® pigments,
varnishes and many others. Raman Spectroscopy presents several
advantages: non-destructive analysis of materials, no chemical-
mechanical preparation of desiccation necessary for specimens prior
to analysis, specific recognition of biomolecular spectral marker for
the identification of genuine and fake objects, high spatial resolu-
tion, analysis of organic and inorganic materials, execution of stan-
dard and in situ analysis. In this work, Raman spectroscopy was
used to investigate the pigments of the canvas oil painting ‘Rebecca
at the well’, attributed to a Neapolitan anonymous, which is
presently preserved in MAON museum of Rende (Cosenza), ltaly,
within the collection ‘Luigi Ladaga’. This painting is a beautiful
example of baroque naturalism, depicting an episode from the
biblical history, also quite represented in other paintings: the old
faithful servant Eliezer was sent by Abraham in his original birthplace,
Upper Mesopotamia, to search a wife for the son Isaac; when arriving,
very tired, to the well outside of the city of destination, he promised to
ask as wife for Isaac the first girl offering to him some water. In fact, he
met the young Rebecca, which, by chance, was the nephew of Nacor,
brother of Abraham (Genesis 24, 17-21).

The difficulty of the investigation was due to the absence of histor-
ical and scientific documents about the painting: it is the first time that
scientific analyses were performed on this artwork. Taking into
account stylistic and formal studies, art historians ascribe the painting
to a Neapolitan artist of the XVIIl century, but many stylistic details can
also support the hypothesis of a more ancient origin, going back to
the XVII century. The information provided by Raman spectroscopy
constitutes a significant contribute to the knowledge, not only of
the pigments composition, but also of the artwork’s history.

Experimental

The painting object of the present investigation has been
previously photographed in two manners: natural light and grazing
light. A widespread craquelure phenomenon has been shown by
the grazing light method on the paint layer. In particular, this
method allows to emphasize the texture of the painting surface.

Raman spectra were recorded with a Jobin Yvon LABRAM
spectrometer, interfaced with a Olympus microscope, equipped
with a He-Ne (632.8nm) laser as excitation source and a CCD
detector cooled by a Peltier device. Different Olympus objectives
(20%, 50x and 100x) were used to visually explore the painting
and to collect the spectra.

In this work, only the spectra obtained with the 50x objective
(focal length of 15mm) are shown, being the same as those
obtained with the other objectives. The spectral resolution, by
using the 1800 grooves/mm grating, was estimated to be better
than about 2cm™". The illuminated spot size was about 5 pm in
diameter. Neutral filters with different optical densities, 0.3, 0.6,
1, 2, 3 and 4, were available in order to reduce the impinging
laser power and avoid damages to the painting and pigment
modification. Each micro-Raman spectrum was collected in 20s
and three accumulations.
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The perimeter area has been analysed first. Since the occur-
rence of a ‘glue paste lining’ restoration treatment has been seen
(this treatment consists of positioning the original canvas on a
new canvas), it is thought that the paint layer was restored as
well. Moreover, it has been seen that the lining canvas was larger
than the original canvas. As a matter of fact, the perimeter area of
the lining canvas was covered with a special material and
painted, reproducing the original chromatic tonalism. For this
reason, the analyses were first performed on the lateral borders
of the painting in order to find possible recent pigments.

Subsequently, spectra of the painting’s internal points were
collected. Several problems occurred during the investigation, as
the strong fluorescence phenomenon due to the decay of the thick
varnish layer. Moreover, evidences were found that several areas of
the painting were retouched; therefore, it was possible to observe
modern pigments instead of the originals. For this reason, the
painting was lighted up with a Wood lamp which allowed to distin-
guish the retouched areas from the originals. In particular, the
different brightness observed on the painting lighted up by a
Wood lamp, are function of various factors: pigments and medium
chemistry composition; time gone by after their application. The
new pigments are darker than the old ones, which are more fluores-
cent due to chemical reactions between medium and pigment
established in time.'” In this way, retouched areas were pointed
out, as well as areas with thin medium layer that allowed to
optimize spectral collection. The painting was subdivided in six
ideal squares, performing measurements according to the numeric
increasing order of the squares (Fig. 1).

Results and discussion

Besides the suggested dating of the painting and the attributions
to specific artistic schools, no written records exist on its history,

reporting some details about the specific techniques used by the
artist, as well as descriptions about particular treatments on
the painting during the following centuries, in particular, the
occurrence of specific restoration works.

The visual inspections on the artwork reveal the restoration
made on the old canvas, and the change of the frame, substi-
tuted with a greater one. Additional colours were applied to the
zones around the border of the painting, to mask such changes.
There is no written document reporting other restoration activi-
ties, concerning even the internal zones of the image, which
can involve the application of new pigments not in use when
the painting was made. These restoration works are experimen-
tally demonstrated by the scientific investigations performed: in
fact, an analysis of the fluorescence under Wood lamps reveals
the existence of several areas of the painting where retouches
have been performed. Thus, the micro-Raman analysis was aimed
to better investigate the nature of these pigments.

All the points investigated by micro-Raman technique are
shown in Fig. 1. The spectral collection started from lateral
borders of the painting. Figs. 2 and 3 show representative spectra
of some investigated dark areas near the borders.

One of the most significant finding is provided by the
spectrum of Fig. 2, whose spectral patterns can be found also in
internal points of the painting. Some of its characteristic
Raman modes, at about 683, 750, 779, 1217, 1345, 1454 and
1533cm ', have been attributed to green chlorinated copper
phtalocyanine,!'""'? Moreover, Raman modes at about 486, 597,
644, 955, 980, 1148cm ™' show the presence of blue chlorinated
copper phtalocyanine!’® (even other Raman modes, for instance
the one at about 815cm™', the modes around 1300cm™' and
the high frequency shoulder of the 1533 cm ™' pyrrole stretching,
can be assigned to the phtalocyanine compounds, which can
present polymorphism). These pigments, synthesized since
1936, are chemical complexes of copper and chlorinated

8

Square &

Square 6

Square 3 Square 4

Figure 1. Conventional division of the painting ‘Rebecca at the well" in 6 different sectors, and mapping of the spots explored by micro-Raman analysis.
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modern organic phthalocianine pigments.
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Figure 3. Representative Raman spectrum of other dark zones of the
lateral borders, showing the typical bands of amorphous carbon, in the
1100-1750 cm ™" spectral range.

phtalocyanine. In particular, in the case of the phtalo-green, a
higher number of hydrogen atoms is substituted by chlorine
atoms. The strong chlorine’s electronegativity influences the
electronic distribution of the green phtalocyanine, which is
particularly stable and resistant to external agents. Chemical
formulas of this pigments are: C3;HsCl;3CuNg (blue phtalocyanine),
C3,H5ClsCuNg (green phtalocyanine).

Well expected, on the contrary, is the spectrum of Fig. 3,
collected from dark areas of the painting’s lateral borders and
internal points: the two Raman modes at 1370 and 1590 cm ™'
have been assigned to the well-known D and G band of
amorphous carbon.”

Subsequently, a careful visual analysis was performed for all
the zones of the painting characterized by different colours,
and several sets of micro-images were obtained; an example of
such set is shown in Fig. 4 for the red regions. For each image,
the corresponding Raman spectrum was analysed and compared
to the others collected from the same set.

In many cases, strong Raman bands characteristic of a specific
pigment can be easily identified in each spectrum, while very
weak peaks can be associated to the presence of small fractions
of other pigments, or even other components, whose identification
is more difficult.

The most representative spectral patterns characterizing the
red areas are reported in the Figs. 5 and 6 (corresponding to
the micro-images of Fig. 4).

Raman features at about 343 and 828 (see Fig. 5) have been
attributed to chrome yellow-orange!'® (PbCrO,-PbO). Some of
the weak modes at about 430, 490, 570, 724, 770, 967, 1047,
1089 can be tentatively attributed to phosphates and carbo-
nates.l'® Chrome yellow-orange was introduced around about
1809 by the French chemist Louis Vaquelin, who extracted
for the first time the pigment from crocoite mineral®'”! This
pigment is used in oil painting because it makes the drying
process'® of the paint layer faster. Its presence in this painting,
dated to XVIIl or XVII century, can indicate the occurrence of later
retouches or even a restoration work.

Other pigments have been identified in the red internal zones of
the painting. For instance, the Raman spectrum of Fig. 6 exhibits a
quite different spectral pattern: it shows three vibrational modes at
about 252, 282 and 343 cm ™" and can be assigned to the pigment
identified as ‘red vermilion’ (HgS)"®'*?%This pigment, known and
used since ancient times, was obtained from cinnabar (natural
mineral), and it was one of the most expensive pigments. Ancient
Romans, who called it minium, used it for parietal paintings. In
particular, the most important Pompei’s families, used to paint the
walls of their dwellings with red vermilion, with the purpose of
boasting their richness.?"

The Raman spectra collected on the white areas show a
characteristical vibrational mode at 1053 cm™" attributed to ‘lead
white™®”); a representative spectrum is shown in Fig. 7. This
pigment, known and used since ancient times (Theophrast,
Plinius and Vitruvius illustrated the wide use of the lead white
for wall paintings or as siccative of linen oil in the oil painting'®?),
was progressively substituted by zinc white during the half of
XIX century and by titanium white in the half of XX century,
due to its toxicity. Historical documents'®® say that the best
quality of white lead was produced in Venice, while less precious
qualities were produced in Holland and England. The lead white
produces a very flexible paint layer, easy to apply and with a
good opacity. For this reason, the lead white has been the most
used white in the painting history, unlike the bone white which

wileyonlinelibrary.com/journal/jrs
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Figure 4. Set of optical images from of the red zone performed with the 50X objective (focal length of 15 mm).
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Figure 5. Representative Raman spectrum of ‘red’ internal painting’s
points, corresponding to prevalent yellow-orange chrome. Spectral range
250-1100cm™".

Figure 7. Representative Raman spectrum from white areas, attributed
to lead white pigment. Spectral range 250-1100cm ™.
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Figure 6. Representative Raman spectrum of other ‘red’ internal spot, (square 2 of Fig. 1). Spectral range 250-1100cm . The spectral features
where is prevalent the vermilion pigment. Spectral range 200-1100cm™".  of several pigments appear in these spectra (see text).
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was extremely doughy.?# The lead white is a basic lead carbonate
(2PbCO; - Pb(OH),).” In spite of the high stability of this pigment, it
becomes black with the time. This behavior depends on a chemical
reaction where H,S produced by atmospheric pollution reacts with
the lead white, creating PbS, also known as black galena®”

The same procedure of investigation was applied for the
yellow areas, concerning the page’s yellow tunic and the horse’s
ornament (square 2 of Fig. 1). The Raman investigation provided
the spectrum shown in Fig. 8: the identification of the observed
Raman bands at 317, 440, 451, 516, 659 and 977cm ' with
well-known yellow pigments appears difficult: some frequency
correspondence could be suggested with particular yellow
pigments based on mixed oxide containing Pb, Sn, Sb, which
had some diffusion among ltalian painters in the XVII century.”®”

It is possible that the anonymous author of this painting was
experimenting some similar complex oxide, but we must consider
also the use of pigment mixture, making the identification
even harder.

Conclusions

In this work, some of the pigments used in the painting ‘Rebecca
at the well’ were analysed and characterized by non-invasive
Micro-Raman spectroscopic technique. This technique has been
confirmed as non-invasive and effective for the diagnostic inves-
tigation. In particular, six pigments of the pictorial palette were
characterized. The analysis of the white pigment showed the
presence of lead white,®”) commonly known as ‘biacca’. Among
the red pigments has been identified the red vermilion, %™ a
very precious pigment, known also as cinnabar (the mineral from
which the pigment derives). The presence of a pigment so expen-
sive suggests not only the importance and the richness of the
purchaser, but also the fame of the artist who was able to buy
such an expensive pictorial material.

The black pigment analysed has been attributed to amorphous
carbon.”® For the yellow areas, there is a problem in the identifi-
cation of the exact pigments, the use of some complex oxide is
tentatively proposed, taking into account the geographic and
hystoric proximity with the complex yellow pigments based on
ternary oxides containing Pb, Sn, Sb. In the areas of the artwork
near the border, but also in some internal point, the presence
of blue and green chlorinated phtalocyanine®* has been an
extremely important discovery. In fact, these pigments, synthe-
sized since 1936, confirm the presence of retouched areas of
the paint layer, seen with the Wood lamp analysis. Moreover,
the presence of these pigments gives important information
about the painting’s restoration during the XX century, of which
none historical document is available. The presence of yellow-
orange chrome, ! used since 1809, confirmed the restoration
hypothesis. In particular, since the pigment was widely used

during the XIX century and rarely used during the XX century,
two restoration interventions can be supposed: one during
the XIX century and the other during the XX century, surely
after 1936.

All these elements, deduced from micro-Raman analysis,
constitute important information for the artefact history.
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During this work it has been shown that Raman spectroscopy is very powerful
diagnostic techniques to investigate systems which belong to the soft matter class
defined as “complex fluids” class.

In the first three chapters a presentation of the soft material and of the technique used
during this work has be given. In the chapter 4 the research activity made on the
representative systems is shown. In summary, this activities lead to the following

results:

e Amino acid present on the peptide skeleton, primary structure, of the GPR30
have been identified and are: tryptophan, phenylalanine, cysteine, alanine, and
aspartic acid. Its secondary structure is made by disordered a-helix structures.

e In biomimetic systems, it has been shown that as the temperature increases the
conformation of the choline groups and of the hydrocarbon chains change from
trans to gauche. In addition, it has been shown that the C-N stretching band
shows a peculiar frequency shift across the transition gel-ripple-liquid crystalline
phases that could even provide a useful diagnostic marker of such kind of
transition.

e Polarized Raman spectroscopy has been used for the first time in order to
monitor the orientation of the liquid crystal molecules in POLICRIPS
holographic lattice which results to be perpendicular to the polymeric walls of
the systems.

e It has been shown, that ITO coated glass subjected to a pre-annealing thermal
treatment up to 600°C shows structures which can be used for surface
enhancement Raman spectroscopy and a qualitative model has been purposed.

e Finally, the diagnostic studies, made on the paint, allowed the identification of
the original pigments and of those used in restoration interventions which

constitute important information for the artefact history.

In the future are planned deeper investigation, made also by using different laser
sources, to use the resonance Raman effect, in order to investigate the interaction
between the ligand and the receptor (GPR30), in order to confirm the preliminary

studies which indicate that this interaction occur between the ligand and cysteine side
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chains. Furthermore, others polarized Raman investigations on POLICRYPS are
planned, by changing the polarized component analyzed, to determine the order
parameters, <P,> and <Ps> of the liquid crystal molecules inside the POLICRYPS
holographic grating.

Of course, the new substrate purposed will be used in order to promote the Raman
scattering by the studied systems. For this reason, further consideration with regard the
size control and the technological application of such structures are planned for future

perspectives.
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