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Abstract

Abstract

L’elettrocromismo ¢ una proprieta peculiare di alcuni materiali quando soggetti ad un
potenziale elettrico. Tale proprieta viene sfruttata in appositi dispositivi elettrocromici
formati da questi materiali e da altri che insieme provvedono alla loro realizzazione ed al
loro funzionamento. In questi ultimi anni, le performance globali di tali dispositivi sono
aumentate parecchio anche se ulteriori miglioramenti sono attualmente oggetto di studio
da parte della comunita scientifica.

Lo scopo di questo lavoro di tesi ¢ stato lo studio di materiali per potenziale uso in
dispositivi elettrocromici, la realizzazione di un dispositivo elettrocromico in grado di
modulare I’irraggiamento solare nonché una parte del calore ad esso associato e la sua
completa caratterizzazione.

Le analisi strumentali impiegate per la caratterizzazione dei vari materiali e dei dispositivi
realizzati sono state la Spettroscopia Raman, la Voltammetria Ciclica e la Spettroscopia
UV-visibile.

La spettroscopia Raman ¢ una tecnica d’indagine formidabile poiché non-distruttiva in
grado di rivelare molte informazioni chimico fisiche strutturali dei campioni analizzati.
Negli ultimi anni ha acquisito grande rilevanza nell’analisi di campioni biologici dato lo
sviluppo della tecnica Raman SERS (Surface Enhanced Raman Spectroscopy).

I risultati della tesi sono esposti in differenti capitoli che trattano i concetti teorici connessi
all’elettrocromismo (capitoli 1 e 2) e quelli relativi alle tecniche d’indagine impiegate
durante il percorso (capitolo 3). I risultati delle analisi condotte sono esposti nel capitolo
4. 11 capitolo 5 presenta le conclusioni e le prospettive future.

Nella prima parte del capitolo 4, sono state condotte delle analisi Raman su differenti
materiali polimerici quali polimetilmetacrilati (PMMA) e ossido di polietilene (PEO)
nonché polimeri naturali come il chitosano per i potenziali benefici operativi (i primi) ed
ambientali (il secondo) che questi possono apportare nella realizzazione di un dispositivo
elettrocromico. Materiali polielettrolitici possono essere impiegati come strato elettrolita
in dispositivo elettrocromico, in questo lavoro di tesi ¢ stato osservato I’effetto SERS di
strati di polielettrolita sullo spettro Raman dell’acido acetico. Film di chitosano drogati
con complesso di zinco sono stati analizzati mediante spettroscopia Raman.
L’interpretazione dei risultati ottenuti ha permesso di stabilire che 1’interazione tra il

polimero naturale ed il complesso di zinco avviene al livello dei gruppi N-H ed O-H. |
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leganti bipiridinici sono spesso impiegati nella formazione di molecole di
metallopolimero con proprieta elettrocromiche. In questa tesi, € stato studiato I'effetto
SERS di una placca d’oro sugli spettri Raman di campioni di bipiridina, mostrando un
interessante miglioramento dei segnali Raman relativi alla bipiridina. La grafite ed il
grafene possono migliorare la conducibilita dei dispositivi elettrocromici migliorandone
le prestazioni. In questo lavoro di tesi, mediante 1’'uso della spettroscopia Raman sono
state mostrate le caratteristiche strutturali di grafite funzionalizzata e di nano-placche di
grafene.

E stato dimostrato l'effetto SERS dello strato sottile di Ag sugli spettri Raman della
rodamina 6G depositata. E stata mostrata la caratterizzazione Raman di film di TiO2.
Nella seconda parte del capitolo 4, sono stati realizzati dispositivi elettrocromici formati
da una soluzione elettrocromica di viologeno e ferrocene alla quale ¢ stata aggiunto in
determinate proporzioni il bisfenolo A glicerolato. Le proprieta ottiche dei dispositivi
realizzati sono state studiate con la spettroscopia UV-vis-NIR prima e dopo la
polimerizzazione indotta da esposizione alla luce UV. In particolare, ¢ stata mostrata
l'analisi delle proprieta di trasmissione dei dispositivi negli stati colorato e trasparente
(rispettivamente lo stato ON e OFF). Inoltre, le proprieta elettrochimiche dei dispositivi
sono state studiate mediante misure di voltammetria ciclica che mostrano le differenze tra
lo stato ON e OFF dei dispositivi.

Osservazioni conclusive sono state fatte nell'ultimo capitolo della tesi, con la ricerca sulla
tecnologia elettrocromica che sta proseguendo con ulteriori analisi strutturali dei

materiali.
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Abstract

Electrochromism is related to the optical properties of some materials when subject to an
electric potential. These properties are exploited in special electrochromic devices formed
by these materials and others that together provide for their implementation and
operation. In recent years, the overall performance of these devices has increased
considerably, although further improvements are currently being studied by the scientific
community.

The aim of this thesis work has been the study of materials for potential use in
electrochromic devices, the creation of an electrochromic device capable of modulating
solar radiation as well as a part of the heat associated with it and its complete
characterization.

The instrumental analyses used for the characterization of the various materials and
devices were Raman spectroscopy, Cyclic Voltammetry and UV-visible spectroscopy.
Raman spectroscopy is a formidable investigation technique because it is non-destructive
and it can reveal a lot of structural chemical and physical information from the samples
analysed. In recent years it has gained great importance in the analysis of biological
samples because of the development of the Raman technique named as SERS (Surface
Enhanced Raman Spectroscopy).

The results of the thesis are presented in different chapters that deal with the theoretical
concepts related to electrochromism (chapters 1 and 2) and those related to the
investigation techniques used during the course (chapter 3). The results of the analyses
are set out in Chapter 4. Chapter 5 presents the conclusions and future perspectives.

In the first part of Chapter 4, Raman analyses have been conducted on different polymeric
materials such as polymethylmethacrylates (PMMA) and polyethylene oxide (PEO) as
well as natural polymers such as chitosan for potential operational (the former) and
environmental benefits (the second) that these can bring in the realization of an
electrochromic device. Polyelectrolyte materials can be used as an electrolyte layer in
electrochromic device, in this thesis work the SERS effect of polyelectrolyte layers on
the Raman spectrum of acetic acid has been observed. Chitosan films doped with zinc
complex have been analysed by Raman spectroscopy. The interpretation of the results
obtained made it possible to establish that the interaction between the natural polymer

and the zinc complex takes place at the level of the N-H and O-H groups. Bipyridine
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ligands are often used in the formation of metallopolymer molecules with electrochromic
properties. In this thesis, the SERS effect of a gold plate on the Raman spectra of
bipyridine samples has been studied, showing an interesting improvement of bipyridine
Raman signals. Graphite and graphene can improve the conductivity of electrochromic
devices by improving their performance. In this thesis work, through the use of Raman
spectroscopy, the structural characteristics of functionalized graphite and graphene
nanoplates have been shown.

The SERS effect of Ag thin layer on the Raman spectra of deposited 6G rhodamine has
been demonstrated. The Raman characterization of TiO> films has been shown.

In the second part of Chapter 4, electrochromic devices consisting of an electrochromic
solution of viologen and ferrocene to which glycerolate bisphenol A has been added in
certain proportions have been developed. The optical properties of the devices have been
studied with UV-vis-NIR spectroscopy before and after polymerization induced by
exposure to UV light. In particular, the analysis of the transmission properties of the
devices in the coloured and transparent states (ON and OFF states, respectively) have
been shown. In addition, the electrochemical properties of the devices have been studied
by means of cyclic voltammetry measurements that show the differences between the ON
and OFF states of the devices.

Concluding remarks have been made in the last chapter of the thesis, with research on

electrochromic technology continuing with further structural analysis of materials.
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Introduction

In 2017, buildings and appliances were responsible for around 30% of global final energy
use. Building energy use increased 0.8% from 2016 and rose 20% between 2000 and
2017. This growth was primarily driven by structural factors such as increases in floor
area, occupancy and access to services along with increases in activity, including changes
in population, climate and the use of appliances. The two fastest-growing end-uses in
buildings are space cooling and appliances. Energy consumption for space cooling has
nearly doubled since 2000, driven largely by increased penetration of cooling equipment.
Energy intensity per floor area in the residential sector increased by over 80% since 2000.
Energy consumption by appliances has grown by 58% since 2000. Space heating, water
heating, lighting and cooking have also experienced improvements of more than 20% in

energy intensity per floor area since 2000 [1].

In addition, the recent events have product the actual global energy crisis which has driven
up the cost of fuel and electricity with the oil prices that hit their highest level since 2008.
The price of natural gas reached record highs, and as a result so did electricity in some

markets [2].

In order to impose control prices on traditional energy sources, various instruments are
being used in addition to the transition to sustainable and renewable energy sources, but

once again the topic of energy efficiency is central.

The energy efficiency is defined as the least amount of energy required to perform the
same tasks or produce the same results and can bring many significant economic and

environmental benefits.

The development of the electrochromic technology can be part of this topic. In fact, an
electrochromic device applied to the windows of the buildings could reduce energy
consumption by up to 30% because of its intrinsic characteristic: the ability to absorb the

IR radiation responsible for the heat carried by light.

The performances of electrochromic devices depends by the ionic and electronic
conductivities of the materials used in the devices. Such properties are strictly related to
the structural properties of the employed materials which have been deeper investigate

by Raman Spectroscopy.
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The Raman spectroscopy is a powerful technique, non-invasive and non-destructive
which helps to study the evolution of the established interactions between the materials
used in electrochromic device construction. Sometimes, in order to promote the Raman
response some samples have been studied placed on gold or silver surfaces to use an effect
called Surface Enhanced Raman Spectroscopy (SERS). Raman characterizations of thin
films systems and single molecular systems have been successfully performed in the last

years by SERS.
In the Chapter 1, it is shown a brief introduction on electrochromism effect and materials.
In the Chapter 2, it is shown a description of the electrolyte layer.

In the Chapter 3, the main techniques are descripted. The Raman effect is discussed from
a classical and quantomechanical points of view. In the first part of the chapter, the
mathematical tools involved in the description are adressed: some properties of matrices
are briefly descripted, the description of the polarizability tensor a is also made. In the
chapter, there are briefly descripted the UV-vis Spectroscopy and the cyclic voltammetry

techniques.

The Chapter 4 is the result and discussion chapter. Here are shown the following works:

- Realization of electrolyte solutions made with the use of Polymethyl methacrylate
(PMMA) polymers of different molecular weights and their structural analysis by
Raman spectroscopy.

- Raman spectroscopic study of blends made with PMMA and polyethylene oxide
(PEO) polymers in different proportions.

- Study of the interaction between folic acid and a polymer made of methacrylic
acid (MMA) and ethylene glycol di-methacrylate (EGDMA).

- Analysis of the Raman response of an acetic solution (10% v/v) placed on the top
of polyelectrolyte layers applied in combination with gold nanoparticles on glass
substrate.

- Raman analysis of chitosan films complexed with inorganic complex.

- Analysis of the Raman response of bipyridine placed on gold plates.

- Raman characterization of functionalized graphite.

- Raman spectroscopic study of graphene nano-plates.
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Electrochromic Effect and Materials

1.1  Electrochromism

Some materials, by application of suitable electric potentials, undergo a change of their
optical characteristic. This change is induced by reversible electrochemical oxidation and
reduction so the process involved can be described basically as a redox reaction in which
the species red_1 and ox_2 are initially in a transparent (bleached) state and, after the
potential application, become ox_1 and red_2 switching in a coloured state [1,2]. Indeed,
electrochromism is the reversible and visible change in transmittance that is associated
with an electrochemically induced redox reaction. It is connected to the visible electronic
absorption bands generated by the switching between redox states of the species involved
[1-6].

There are several parameters that allow to characterize the electrochromism of an
electrochromic device (ECD). One of the most peculiar features of those materials,
crossed by incident light, is the transmittance (T) defined as the ability of letting the light
crossing through its own body. In ECDs, the transmittance of the bleached state and that
of the coloured state can be distinguished. The transmittance is mathematically defined
as the ratio between the intensity of the light on each side of the material as shown in

figure (1.1.1):
Ty = Ib,c/IO (1.1.1)

Where the subscripts b and c refers to the intensity of the light incident on a bleached or

coloured material, respectively.

Bleached state Coloured state

I I

Iy
//
L,

Figure 1.1.1. Visualization of the light incident and passing through electrochromic devices in bleached

and coloured states.
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Another characteristic of the materials is the absorbance related to the transmittance as:
Similarly to the transmittance, the absorbance of the material in the bleached state and

coloured state can be calculated by a suitable insertion of eq. (1.1.1) in eq. (1.1.2:

Apc = —l1ogioIpc/lo = 10810 Io/1p (1.1.3)

Absorbance is often called optical density (OD) [7] and related to the concentration of the
so-called cromophore and to the length of the light path through the material:

A = ecl (1.1.4)
Where ¢ is the molar extinction coefficient of the material.

A very important operating parameter of an ECD is the spectral colouration efficiency,

defined as CE()) that in the visible region is given by:
AOD(A
CEQ) = 2207 = (A, — 43)/Q = Allog(T,/TI/Q  (1.19)

Where Q is the injected charge per unit area and is proportional to the number of colour

centres. The colouration efficiency, also called as electrochromic efficiency depends
strongly on the sample preparation. The colouration efficiency is postulated to be positive
from cathodically induced colouration and negative for anodically induced colouration.
The colouration efficiency of a complete ECD CE)y, if CE, and CE; are respectively the

primary and the secondary electro chromophore, will be given by:
CE, = CEp — CEg (1.1.6)

In addition to the parameters just discussed, there are other valuable features that describe
the behaviour of the electrochromic devices: the switching time, the contrast ratio, the
write-erase efficiency, the optical memory and the cycle life.
The switching time is the time taken by an ECD to reach the maximum colouration when
the electrical field is switched on. It is possible to obtain an average value of the switching
time by knowing the active surface of the ECD [8].
The contrast ratio is defined by:

CR = R, /R, (1.1.7)
Where R is the intensity of the light diffusely reflected through the coloured state of the

display and and Ry is the intensity of the light diffusely reflected from the bleached state

with a white back plate.

11
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The write erase efficiency is the percentage of the originally formed colouration that may
be subsequently electro-bleached and is conveniently expressed as a ratio of absorbance
changes [9].

The optical memory is defined as the time taken by an ECD to return in its bleached state
from the coloured state after the removal of the electric field. In other words it is the time
spent in its coloured form after the removal of the field [4,10]. Optical memory is very
pronounced in the solid-state electrochromic devices.

The last characteristic, the life cycle of an ECD, is a measure of the stability of the devices.
The life cycle is simply the number of time that an electrochromic device can be coloured

and bleached, that is a cycle, before the appearance of deterioration.

12
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1.2  Electrochromic devices

Electrochromic (EC) materials can be initially studied at a single working electrode, using
potentiostatic or galvanostatic control and a three-electrode system with counter and
working electrode in electrolyte liquid. For characterization, some electrochemical
techniques are employed like coulometry, cyclic voltammetry, chronoamperometry
sometimes, when required, together with in situ spectroscopic measurements [1,2]. In an
electrochromic device the active species is a layer said electrochromic electrode or
working electrode (as in a rechargeable battery) separated from a counter electrode (that
is a charge balancing) with a convenient liquid or solid electrolyte. The colour change
happens when applying the electric potential and charging and discharging the
electrochemical cell [2]. A schematic diagram of an electrochromic device is shown in

figure (1.2.1).

Figure 1.2.1. Schematic configuration of an electrochromic device. The pale blue layer is the transparent
glass, the pale grey is the ITO layer, the electrochromic material is the orange layer, the

electrolyte is the yellow layer, the counter electrode is the grey layer.

The electrochromic devices can work in transmissive or reflective mode (see Fig. 1.2.2)

and the EC material must be coated with a transparent conductive glass.

13
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Reflected light
pcident et / AN ﬁ
N

=

Transmissive mode Reflective mode

transmitted lght

Figure 1.2.2. Transmissive and reflective modes of operation of an ECD. The pale blue are ITO glass

layers and the orange layers are the electrochromic material.

In electrochromic devices that operate in reflective mode, the counter electrode can be of
any material that provides a reversible electrochemical reaction. However, in variable
light transmissive electrochromic devices (like the smart windows), the counter electrode
is generally the transparent indium-tin-oxide (ITO) glass with the counter electrode
chemical species that as to be either transparent in redox states or electrochromic but in a
complementary way with the electrochromic material [2]. Electrochromic materials are
said cathodic or anodic if the colour switching occur during reduction or oxidation
respectively.

The species involved in process can be classified according to their nature for which three
kinds of electrochromic devices can be identified [11]:

- Electrochromic materials of type 1: the species are always in solution during
process.

- Electrochromic materials of type 2: the species are initially transparent and in
solution and, after electric tension application, they form a solid layer on electrode
surface.

- Electrochromic materials of type 3: The species are deposited on electrode as thin
films.

Furthermore, electrochromic materials can be grouped in three general classes: the first
one is represented by the transition metal-oxides, the second one is composed by organic
compounds and the last one is made up of intercalated materials [3]. The subsequent

paragraphs describe these materials.

14
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1.3 Class 1 of Electrochromic materials: the

transition metal oxides

The transition metal oxides (TMO) are commonly classified under inorganic materials.
Since the first report in the 1960s of the electrochromic behaviour of the tungsten trioxide
(WO3) [4,12], several others TMOs in the form of thin films have shown electrochromic
properties like molybdenum [1], nickel [1], iridium [13,14], rhodium [15], ruthenium
[16], cobalt [17]. Thin films are generally prepared using deposing techniques on glass
substrates as sol-gel method [18,19], chemical vapor deposition (CVD) [19,20], vacuum
evaporation [21], sputtering [22], electrodeposition [23] or electrostatic spray-deposition
(ESD) [24]. The principal characteristic of TMO’s films is the capacity to be
electrolytically commuted to a non-stoichiometric redox state which possess an intense
electrochromic absorption band due to the charge transfer in the optical intervalence
[2,4,9]. The most studied TMO is tungsten trioxide (WO3) which has a roughly cubic
structure which is best represented with an empty perovskite type formed by WOe
octahedra sharing corners. The structure has empty spaces that allow to host guest ions
(like Li*) in the interstitial sites. The oxidative state of all tungsten atom in the structure
is WYl and the film is transparent, when electrochemical reduction to the WYV state occurs,
the new oxidative state generates the electrochromic effect.

The explanation of the mechanism of coloration of the tungsten trioxide film is still
subject to controversy but the process of injection and extraction of electrons and metal
cations (Li*, H*, etc.) is nowadays widely accepted. However, it is pointed out that there
are other models, as the non-localised electron model, that can explain the mechanism
and whose description goes beyond the scope of this thesis [2,25,26]. Tungsten trioxide
is a cathodically ion insertion material, consequently the blue coloration in the reduced
form of the WOs thin film can be erased by electrochemical oxidation. If the inserted

cation is Li* the electrochemical reaction can be written as follows:

WO; + x(Li* +e7) = Li, W 2 W0, (1.3.1)

While the generalised reaction is:

WO5; + xM* + xe™ - M, WO, (1.3.2)

The subscript in eq. (1.3.2) indicates the fractional number of sites of the WOs3 lattice

filled by the metal cations. For low values of x, the films have an intense blue coloration

15
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because of the photo-effected intervalence charge transfer process between adjacent
tungsten atoms with different oxidation numbers. However, insertion of cations may
become irreversible at higher values of x. The mechanism generates a metallic “bronze”
which is red or golden in colour and it is promoted by cathodic polarization which induces
insertion of ions and injection of electrons. In this manner, the inserted ions expand the
lattice of the tungsten oxide while the electrons modify its optical properties. The injected
electrons are trapped by a W"! forming a WV and in while M* remains ionized in the
interstitial spaces of the WOs lattice. The process gives rise to the tungsten bronze that
possesses optical and electrical properties very different from those of the original WOs.
Indeed, the oxidized initial state of WOs3 has a pale-yellow colour and is a poor electrical
conductor, while the reduced form (that is an intercalated MxWO3 state) becomes highly
conductive and it is blue in colour with absorption spectra of 0.5/0.6 um. This model
somehow implies delocalization of electrons because it could explain the enhancement of
the conductivity observed during the insertion process. On figure (1.3.1) (reproduced
from reference [2]) are shown the optical transmittance (a) and the cyclic voltammetry
(b) of a WOs electrode. The measurements have been effectuated with a cell in which the

Li* ions act as the conducting electrolyte and the counter electrode is made of Li [2,25].
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Figure 1.3.1. Optical transmittance (a) and cyclic voltammetry (b) of a WO3 electrode in a LiClO4 —
Propylene Carbonate (PC) solution. Light source: He — Ne laser (632.8 nm), scan rate: 20

mV/s, sample thickness 60 nm; reproduced from reference [2].

Comparing the extrapolated optical and electrochemical response of the WO3 electrode,
it is possible to investigate the characteristics of the electrochromic process.

With the cathodic scan, the current can flow through the WO3 electrode determining the
generation of the bronze LixWOj3 species and the blue colour. The direct consequence of
the blue colour is the decay of the transmittance to a minimum value that corresponds to
the voltametric peak. The process is at this stage easily reversable: the Li* ions are
removed with an inverted scan, so that the initial pale-yellow tungsten oxide is restored.
Furthermore, the process can be repeated a large number of times but the observation of
the voltammograms of the electrochemical process allows to notice slight differences
between the initial cycle and the subsequent cycles. In figure (1.3.2) (reproduced from
reference [2]) are shown the voltametric curves relative to the initial cycle (a) and to a

stabilised cycle (b) of the insertion process [2,25].
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Figure 1.3.2. Voltametric curves of the initial cycle (a) and a stabilised cycle (b) of a WO3 electrode in a
LiClO4 — PC solution. Scan rate: 20 mV/s; sample thickness 250 nm; reproduced from
reference [2].
It can be deduced by observing the curves of Fig. (1.3.2) that the process evolves through
an initial and permanent absorption of M* ions which is crucial for the subsequent process
of reversable insertion — withdrawal reactions. The criticality of the initial step depends
on the nature of the material that will undergo the electrochromic reaction because for
some materials the cyclability depends strongly on it.
The high spectral coloration efficiency, together with the reversable clear to deep blue
colouration, have made the amorphous tungsten oxide thin films the most important EC
material and as well as the viologens that we will talk about later, is of great interest.
The many insertion/extraction films can be compared evaluating some of the operative
parameters described in section 1.1. The CE(A) is defined by eq.(1.1.5), where AOD
represents a change in single pass, as cm?/C, it depends strongly on the sample preparation
and may vary from 40 to 100 cm?/C. The switching time can contemporaneously vary
from milliseconds up to few seconds. The life cycle, which is function also of the

electrolytes that can be used to assemble the devices, can reach up to 10° cycles.
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Many studies have been performed on electrochromic properties of WO3 because of the
possible commercial applications. In the optics of improving the operative parameters of
ECD based on WO3, several studies on the doping of pure films of WO3 with other TMOs
like TiO2 and with metal ions like the use of europium (Eu®*) have been published. The
doping of WOs results in a best contrast ratio, a faster switching time and higher CE when
compared with undoped WOs films [27-29]. In addition, the tungsten trioxide films have
also been combined with other TMO films as Nb>Os, NiO, Mn/Ni oxides composite films,
Taz0s, V205 and other electrochromic materials conducting polymers (CPs), in order to

make ECDs [29-34].

1.3.1 Polyoxometalates

The 3D structures made of three or more transition metal oxyanions linked together by
shared oxygen atoms are known as polyoxometalates (POMs). The structures involved
can have different variety of nuclearities, size and shapes due to the presence of up to
hundreds of transition metals of group 5, and rarely group 6, in high oxidation states such
as W, Mo, Nb, V, Ta etc. The electrochromic behaviour of the POMs is due to the mixed-
valence coloured state species present in the lattice. The oxygen-to-metal (O — M) and
ligand-to-metal charge transfer (LMCT) transitions do not cause any structural changes
on the species. The d' electrons in the (O — M) enhance the absorption of visible light
thanks to the intervalence CT among metal centers and d—d transitions. The POMs can
be seen as electron reservoirs with high chemical and UV stabilities [29].

Among the possible several advantages of POMs over the organic and inorganic metal
oxides, due to the possibility of tuning their EC properties through molecular design, a
critical step is represented by their great solubility in water and in many organic solvents.
The approach to make insoluble POM electrochromic films for liquid electrolyte-based
ECDs, consist in the addition of a stabilizer in order to elude dissolution of the
electrochromic POM into the liquid electrolyte. Moreover, the POMs EC films casted
through solution evaporation are nonuniform and result in inhomogeneous aggregate
formation that compromise the transparency of the film. In addition, POMs are very
sensible to high temperatures because of the wreckage of their crystalline structures. The
POM EC films are prepared using spin coating, layer by layer, and electrodeposition

methods [29].
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To this day, several polyoxometalates with EC behaviour have been reported. In
particular, peroxo-polymolydotungstates in organic PC Li electrolyte-based ECD have
shown reversable coloured and bleached states [35]. The problematic dissolution of
PMOs in water and common organic solvents has been overtaken with the combination
of the polyoxoanion SiMo12040* with the organic cation
[(CH3)2NC¢H4(CH3)2]4[(C4Ho)sN]* [36]. Other POMs made with Mo have been reported
in other publications [37,38].

1.3.2 Prussian blue

The coordination complex iron(IIl) hexacyanoferrate(Il) known as Prussian blue (PB) is
the prototype of class of polynuclear transition metal hexacyanometalates with general
formula M, [M"' (CN)g]; (with k and [ integers) where M’ and M"’ are transition metals
with different oxidation numbers. Hexacyanometalates are generally insoluble mixed
valence compounds. The charge/electron transfer take place between the atoms of given
elements that have two different oxidation states. In the PB, that is a ferric ferrocyanide,
a high-spin ferric ion is coupled to a low-spin ferrous ion by a cyanide bridge in which
the ferric ion is coupled to the nitrogen atom and the ferrous ion to the carbon atom:
Fe(III)-N=C=Fe(II). For a long time PB has been used in many domains as an inorganic
pigment. However, the electrochromic properties of the PB have not been knew although
its large use. The redox behaviour of the PB has been investigate at first time in 1978 with
the preparation of thin films on platinum and gold electrodes [2,39,40]. The colourless
reduced form of PB is known as Everitt’s salt or “Prussian white” (PW) and is an iron (1)
hexacyanoferrate (II), while there are two forms of oxidize PB. The completely oxidized
form is known as “Prussian brown” (PX) (it is somewhere depicted as “Prussian Yellow
(PY)) and is an iron (III) hexacyanoferrate (III), while the partially oxidized form is
known as Berlin green or “Prussian green” (PG) and is a combination (1:2) of PB and PX
[2,29,41]. The formation of PB films is generally made by electrochemical reduction of
solutions containing Fe (III) and hexacyanoferrate(Ill) ions. Electrodeposition of PB is
achieved principally by electron transfer process in the reduction of the soluble PX

complex, in equilibrium with the above ions as in the subsequent equation [2,41]:

[Fe!'Fe!' (CN)¢] + e — [Fe!'Fe!l (CN)4]™ (1.3.3)
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(PX) (PB)

Electroneutrality of the PB films is achieved with the presence of charge compensating
cations that can be either Fe** or K if the potential cycling is made with supporting
electrodes that contain potassium. The equilibrium relative to the partial oxidation of PB

in pure supporting electrodes lead to the formation of PG and could be represented by [2]:

3[Fe'"TFe'(CN) (]~ — [Fe™{Fe(CN)4},{Fe"" (CN)(}]™ + 2e™(1.3.4)
(PB) (PG)
The above composition of the PG is the believed one for the bulk composition while in

the thin films the continuous composition range between PB and PX lead to the golden
yellow fully oxidized form.

Electrochemical oxidation of PB may forms the Prussian brown as in the following way:

[FeIIIFeII(CN)6]— N [FeIIIFeIII(CN)6] + e~ (1.3.5)
(PB) (PX)
The reduction of PB yields PW which appears transparent as a thin film:
[FelllFell (CN)]~ + e~ — [FellFell (CN) ]2 (13.6)
(PB) (PW)

Electroneutrality of the above redox reactions (eqs. 1.3.3-1.3.6) is achieved with the
concomitant ingress or egress of suitable ion in the film.

At this day, many ECDs based on the use of PB have been realized and characterized. As
examples, the PB has been used as a sole EC material in a solid-state system based on a
PB-containing Nafion composite film [2,42] and in a seven-segment display with the use
of a PB-modified SnO, working and counter electrode [2,43]. A self-powered ECD
PB/aluminium-based with intense colour but long switching times has been reported
[29,44]. Thin films of PB analogues of Co, Cu and Ni have been reported and ECDs were
made with their use [29,45].
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1.4  Class 2 of Electrochromic materials: Organic EC.

Organic materials are known to exhibit some electrochromic behaviour. The viologens
are a class of material that we will discuss later and that have been studied for their
electrochromism in display devices and smart windows. The colouration of the organic
species is achieved by a redox reaction, generally in a liquid solution, with a coupled
material that undergoes the opposite redox reaction. The coupled material could be
transparent at the oxidation state determined by the redox reaction or coloured in a
complementary way to the primary organic EC. Other class of materials such as
pyrazoline, biphenyl anthraquinoides and tetrathiafulvalene (TTF) systems and
organometallics such as phthalocyanines of lanthanides and polytungsten anions show
electrochromism and have been researched [3].
The mechanism of the organic electrochromic reactions can be listed in three types [3]:

- Type 1: a simple redox reaction which gives a coloured species.

- Type 2: aredox reaction coupled with an independent reaction leading to variable

colour persistence.
- Type 3: the coupled action of a redox reaction with a chemical reaction induces
the generation of an insoluble coloured species which affords a memory effect.

The drawbacks of the type 1 mechanisms, which are the simplest electrochromic
processes, lies in the drift or diffusion of the coloured species, which could still be
suppressed by the use of gel electrolytes. In the type 2 mechanisms, the colour drift is
eliminated by conversion back to the bleached material, for example by oxidation.
However, the continuous refreshing to maintain the coloured state represents a great
drawback resulting in a reduced efficiency. The type 3 is the most attractive because of
the energy saving due to no need to refresh continuously. The coloured species generated
by the redox reaction are insoluble in the electrolyte, which make the ECDs stable. The
only inconvenient is due to the reverse leakage current that can affect the long-term

colouration [3].

14.1 Viologens

The viologen family consists of 1,1’-disubstitutes salt derivatives of the 4,4’-dipiridyum

compounds (CioHgN»2) [2,3,46]. The general structures of the viologen molecules is
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showed in figure (1.4.1) that illustrates the typical two-steps redox reactions involving
one (1.4.1.b) or two electrons (1.4.1.c). The dication (Fig.1.4.1a) is the most stable redox
state and is colourless if pure. In the radical form (Fig. 1.4.1.b) they are blue and generally
reversable on oxidation, the stability of this redox state is related to the delocalization of
the radical electron throughout the n-framework and to the delocalization of the positive
charge that involves the 1,1’ substituents which bear some of the charge [46]. The
completely reduced form (Fig. 1.4.1.c) is electrochemically irreversible in the case of
methyl viologen (MV) [2] or form an insoluble salt of bromide in the case of
diheptylviologen — dibromide [3], two of the most studied viologens. In general, the
insolubility of the radical cation and of the completely reduced form of the viologen is
related to the length of the alkyl chain: the longer is the alkyl chain, the more insoluble
they are [46].

_.\\/x'

Figure 1.4.1. Molecular structure of the viologen in the redox state: a) dicationic form; b) radical form;

¢) fully reduced form. R is a substitute (alkyl, cyclo-alkyl or other) and X is a halogen.

The radical cation form of the viologens often show dimerization in aqueous solutions
and at low temperatures in non-aqueous solutions. The diamagnetic dimers possess
different spectral properties compared to the monomers (as example, the MV monomer

is blue while the dimer is red) and can make electrochemical oxidation quite difficult [46].
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1.4.2 Conducting Polymers

Aromatic organic molecules, mostly rings, are notoriously very stable due to the
phenomenon of resonance that results in the delocalization of m—electrons. The
chemical/electrochemical oxidation of numerous aromatic molecules produces
electronically conducting polymers (CPs) [2,46]. The formation of CPs is achieved
through generation of a radical cation species by an oxidative polymerization of
monomers. At this stage, the mechanism involves either radical—cation / radical—cation
coupling or direct attack of the radical—cation on a neutral monomer [46].

The oxidized states of CPs are doped with counter anions (p-doping) and possess a
delocalised n—electron band structure. The energy gap between the highest occupied n—
electron band (namely the valence band) and the lowest unoccupied band (the conduction
band) determines the optical properties of the materials. The reduction of CPs with
concurrent counter anions exit removes the electronic conjugation, to give the undoped
and neutral electrically insulating form. CPs can also be cathodic—doped with cation
insertion to balance the injected charge, in this case it is talked about n-doping [2,46].
CPs are potentially electrochromic materials in thin film forms, furthermore they offer
the advantage of a hight degree of colour selection realized through the modification of
various polymer systems via monomer functionalization and copolymerisation as well as
the use of blends, laminates and composites [2]. The electrochromic changes are due to
the redox switching that generate the new optical absorption bands in accompaniment
with transfer of electrons/counter anions. The colour exhibited by the polymer is closely
related to the band gap and the dopant ions. For this reason, there are three routes that
allow the control of the colour. The first one is directly related to the polymer’s band gap
(defined as the onset of the m—nt* transition) which is a function of the HOMO and LUMO
relative energies. The suitable substitution of the polymer’s repeat unit allow the
determining by the substituents of the effective conjugation length and of the electron
density of the polymer backbone. The second method is given by copolymerization of
distinct monomer or homopolymerization of hybrid monomers containing several distinct
units. The result is the observation of interesting combination of the single properties
belonging to each homopolymer. Blends, laminates and composites offer a third method,

similar to copolymers, for combining the electrochromic properties of several systems
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[2]. Polypirrole, polyaniline and polythiophene are examples of CPs briefly descripted

below.

Polypyrrole

The electrochemical polymerization of pyrrole can lead to the formation of Polypyrrole
(Ppy) thin film, first species described here of the class of organic conducting polymers
(CPs). The mechanism of polymerization involves oxidation and dimerization of pyrrole
followed by aromatization and oxidation of the dimer, figure (1.4.2). The doped
(oxidized) Ppy thin film is blue-violet while the electrochemical reduction produces a
yellow-green undoped form. The removal of all dopant anions yields a pale-yellow film,
however complete dedoping is achieved only for extremely Ppy thin films. So, in the
construction of ECDs the required dimensions lead to low contrast ratio. Furthermore, the

repetitive cycles of colour switching endured by ECDs cause the degradation of Ppy film

[2].
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Figure 1.4.2. Mechanism of the polymerization of pyrrole.

Polyaniline

The polyaniline are an extensively studied species belonging to the class of CP. The
electronic and electrochromic characteristics of the polyaniline depends obviously on its
oxidation state but also on its protonation state. The interconversion pathways between
the various forms of polyaniline related to its different redox states are showed in figure
(1.4.3), the redox mechanisms shown involving the protonation—deprotonation of the
polyaniline and/or anion ingress/egress [2,46]. Polyaniline films (PANI) are
polyelectrochromic showing multi colour switching (transparent—yellow—green—dark
blue—black), the yellow—green transition being very stable to repetitive colour switching

[2,46]. The PANI possess two spectral bands at <330 nm (related to an aromatic n—n*
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transition) and one at <440 nm (related to the formation of a radical cation in the polymer
matrix). Application of increasing potential causes the absorbance decreasing of the lower
band and the increasing of the last one. The <440 nm band decrease as a broad free carrier
electron band ~800 nm is introduced. Great attention has been given to polyanilines with
alkyl substituents because of the generally enhanced stability of the polyelectrochromic
properties and in particular in the case of the poly(o-toluidine) and poly(m-toluidine)
films. The lower conjugation length of poly(toluidines) causes the shift of redox

potentials and of absorption maxima compared to the polyanilines [46].
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Figure 1.4.3. Interconversion pathways of the forms relative to the various redox states of polyaniline.

CP films of low surface area are relatively well prepared by electrochemical
polymerization but the technique seems to be not suitable for larger areas. For the
realization of large area, solution casting method or relatively easier techniques such as
spin coating and dip coating represent better solutions and for this reason, synthesis of

soluble polyanilines, such as poly(o-methoxyaniline), has been performed.

Polythiophene

The electrochromic properties of polythiophene are of special interest because of their
chemical stability, ease of synthesis and processability. Like Ppy, polythiophene films
can be prepared by electrochemical polymerization of thiophene. In thin film form,
polythiophene possesses a blue colour (Amax = 730 nm) in the oxidised state, and a red
clolour (Amax = 470 nm) in the reduced state. An important characteristic of
polythiophenes is the possibility to tune the colour states in function of the thiophene
monomers. Indeed, subtle modifications to the monomers can significantly modify

spectral properties. An example is given by the 3-methylthiophene based oligomers for
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which the relative position of methyl groups on the polymer backbone determines the
colour availability. The available colours in oxidised states are blue, pale blue and violet
while in the reduced states they are yellow, orange, red and purple [2,46].

Poly(3,4-(ethylenedioxy)thiophene) (PEDOT) is used in fabrication of materials that
possess a band gap lower than those relative to simple polythiophene and alkyl-
substituted polythiophene. Because of the lower band gap, PEDOT possesses an
absorbance that is maximum in the near infrared region of the spectrum. In general, the
substituted polythiophenes possess an exceptional stability in the doped state that is
associated to an hight conductivity. Doped PEDOT is almost transparent in the visible
region of the spectrum and coloured in the neutral state. Because PEDOT and its alkyl-
substituted polythiophenes are cathodically electrochromic materials, they can be

associated to anodically electrochromic materials to make ECDs [46].

1.4.3 Metallopolymers

A relatively new class of organic electrochromic materials is made of transition metal
coordination complexes of organic ligands, because of the interesting chromophoric
properties related to their intense colouration and redox reactivity. The mechanism
involved in their chromophoric properties relate to the low-energy metal-to-ligand charge
transfer (MLCT), the intervalence CT, the intraligand excitation and the relative visible-
region electronic transitions. These transitions involve valence electrons and the
reduction of the complex defines the alteration or elimination of the chromophoric
characteristics. The spectroscopic and redox properties of the transition metal complexes
would be sufficient for their direct use in solution phase ECDs, however polymeric
systems have also been studied for potential use in all-solid-state systems. The reductive
and oxidative electropolymerisation of polypyridyl complexes schemes have been
described in the preparation of thin film metallopolymer. The reductive
electropolymerisation technique is possible because of the ligand-centred nature of the
three sequential reductions of complexes such as [Ru'l(vbpy)s]** (vbpy = 4-vinyl-4’-
methyl-2,2’-bipyridine) in combination with the anionic polymerisability of suitable

ligands like vinyl-substituted pyridyl ligands (Fig. 1.4.4) [46].
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Figure 1.4.4. Structures of various vinyl-substituted ligands. a) 4-vinyl-pyridine (vpy); b) 4-vinyl-4 -
methyl-2,2 -bipyridine (vbpy); c) 4’-vinyl-2,2":6",2 " ~terpyridine (vipy).

Metallopolymers have been formed also with chloro-substituted pyridyl ligands, via
electrochemically initiated carbon-halide bond cleavage. For either case, electrochemical
reduction of the metal complexes determines the formation of radicals that are responsible
of the generation of new carbon-carbon bond and oligomerisation. Because of their
insolubility over a critical size, they are the oligomers that form the thin films of the
electroactive metallopolymers on the electrode surface. Suitable choice of the metal could
select the colour of the metallopolymer thin films. Electrochromicity results from loss of
the MLCT absorption band on switching between the M(II) and the M(III) redox states
[46].

Oxidative electropolymerisation has been employed with iron(II) and ruthenium (II)
complexes with different 2,2°-bipiridyl ligands, amino and pendant aniline, and
2,2°:6°2’-terpyridinyl ligands, amino and hydroxy-substituted [47-49]. A reaction
mechanism similar to that of aniline has been suggested by the study of IR spectra for the
electropolymerisation of the complex bis[3-(aminophenyl))-2,2":6,2"’-
terpyridinylJiron(II). The colour switching on oxidation of modified electrode reversibly
occur from purple, Fe(Il), to pale rose, Fe(Ill). In the case of polymeric films of tpy
substituted with an hydroxyphenil in position 2, the colour switch from brown to dark
yellow, this colour probably due to an absorption band at 455 nm because of the quinone

moieties that are formed during electropolymerisation. The IR spectra confirmed the
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absence of hydroxyl groups in the brown films. Also oxidative polymeristion of
complexes of the type [M(phen)2(4,4’-bipy)2]** (M = Fe, Ru, or Os; phen = 1,10-
phenanthroline, 4,4’-bipy = 4,4’-bipyridine) give rise to matallopolymer films that result

both oxidatively and reductively electrochromic [46].
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1.5 Class 3 of Electrochromic materials: Intercalated

materials.

Intercalated materials refer to the use of intercalated graphite for electrochromic materials
[3]. As known, graphite is opaque and is not suitable for electrochromic applications such
as smart windows, however the intercalated structures have been studied for the synthesis
of electrochromic materials [3,50]. Intercalation of graphite has been performed
historically by gas-phase reaction with alkaline metals. In this way, the intercalation of
the metals between layers of graphite lattice does not change the crystallographic order
of the graphite planes. Metals form different stoichiometric compounds such as CeLi,
Ci2Li, CsM, CuM, C36M, where M = K, Rb and Cs. Intercalation can be performed in
phases in which, at higher stages, fewer interlayer spaces are occupied by metallic
compounds. The stage number represents the number of carbon planes between
intercalate planes, the lowest is 1 and is characteristic of C¢Li and CsM. The stages
possess different optical and colouration properties that are related to the electrochromic
properties of the material. Intercalation compounds are formed by electrochemical means
and in stages depending on the applied potential. The general reaction can be written as
follows: C, + e~ + MT = C;M*, where M* is an alkali metal ion and z represents the
stage parameter [3,51]. The cell is made off a graphite back electrode while the front
counter-electrode is a metal or graphite or a conductive transparent oxide. The layer
between the electrode is a water-free aprotic electrolyte such as dimethyl sulfoxide. The
control on the applied potential between 3 and 5 V allows the colouring of the cell ranging
from the blue/black to the green and golden yellow, while reversing the polarity the colour

switch again on black [3].
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1.6 Hybrid Electrochromic Materials

Hybrid materials have received great attention from the scientific community due to their
physical characteristics that combine the elasticity of organic polymers and the hight
thermal and chemical stability of the inorganic materials. These kinds of materials can be
placed in two categories [52]:
- hybrid materials of type 1: weak interactions such as Van der Walls forces and
hydrogen bonds are characteristic of these materials.
- hybrid materials of type 2: in these materials strong interactions between
inorganic and organic materials take place.
Hybrid materials have been studied for long time in combination with conductive
polymers to form nano-structured hybrid electrochromic materials. The reason is to be
found in the fact that in some hybrid EC materials fast switching speeds have been
reported. In contrast, such materials have high contact resistance between the rigid
nanostructures and very low colouration efficiency compared to conjugated polymer. In
the other hand, electrochromic materials made off conjugated polymer as active layer still
have low lifetime that poses serious problem for practical applications. So, the
combination of the aforementioned positive characteristic of conjugated polymers and
inorganic material could lead to a hybrid electrochromic material with good lifetime and

colouration efficiency and rapid colouration switching times [52].

1.6.1 Nanocomposites as Type 1 Hybrid Materials

This category of hybrid materials includes nanocomposites with only some physical
interactions between organic and inorganic materials. In the recent years, many studies
have been reported on the blends of conjugated polymers with metal oxides. The
incorporation of graphene or carbon nanotubes (CNT) as well as conductive metallic
nanoparticles (Ag and Au) into conjugated polymer have been also reported. In general,
such nanocomposite materials show improved electrochromic performances compared to
normal conjugated polymers. Higher colouration efficiencies are due to the reduced
charge transfer resistance mediated by the conductive nanoparticles such as CNT and
graphene while the faster switching speed is due to the highly porous structure of the

nanofillers such as metal oxides that ensure shorter diffusion length.
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It is the main effort of the scientific community to improve the favourable properties and
at the same time reduce the limiting properties of the components of the blends. One way
to achieve these characteristics is to obtain a hybrid material with strong interfacial
interactions by means of large interfacial areas.

In situ processes with use of organic acids have been employed in the fabrication of well-
dispersed inorganic moieties into conjugated polymers and in the realization of large
surface areas that enhance the interfacial reactions. Another process to obtain large
surface areas is given by layer-by-layer (Lbl) assembly although the very restricted
number of inorganic nanoparticles with suitable properties has limited the use of this

technique [52].

1.6.2 Hybrids Materials of Type 2: strong interfacial

interactions

This type of hybrid material are made following three issues:
- Firstly, enhancing of ion-transport properties by the control of the conjugated
polymers structures.
- Secondly, enhancing of the electron-transfer between the chain of the conjugated
systems.
- Last, enhancing of the donor-acceptor interactions between the organic and
inorganic phases.
The ion-diffusion process, complicated by the rigid crystalline structure obtained by
parallel packing of the conjugated chains, is responsible of the kinetics of colouration and
bleaching processes of EC polymers. In order to facilitate the process, hybrid EC
materials with star like geometry have been synthetized, with the use of polyhedral
oligomeric silsesquioxane (POSS). Studies of POSS incorporated in a copolymer with
PANI and doping of poly(styrenesulfonate) PSS with this copolymer have been reported
which have improved EC characteristics [52].
The interaction between Ppy chains and octal(thiophenephenyl) silsesquioxane showed
improved electrochromic properties of Ppy and nanocomposites of PEDOT embedded
with fluoroalkyl phosphate based ionic liquid functionalized graphene (ILFG) and
reduced graphene oxide (RGO) exhibit enhanced EC properties with respect to the
PEDOT-RGO. The star like geometry has been combined with the Lbl assembly in the
realization of a device made by multilayer thin films of copolymer POSS-PANI and
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poly(2-acrylamidomethane-2-propanesulfonic acid) (PAMPS). Lbl assembly has been
used in the realization of thin films made of water-soluble viologen-bridged
polysilsesquioxane nanoparticles (PXV NPs) and PAMPS. The obtained solid state
complementary electrochromic device was characterized by fast switching speed and high
optical contrast. The substitution of PAMPS by sulfonated polyaniline (SPANI) in the
multilayer thin films device leads to further enhancements because of the strong
interactions between the POSS-PANI copolymer layer and the SPANI layer [52].

PANI has been used in the preparation of single-walled-carbon nanotube (SWCNT)
covalently bonded to the conductive polymer. The resultant hybrid material has been
uniformly dispersed in PSS-doped PANI matrix determining an improvement of the
electron transport and of the interactions between SWCNT and PANI leading to an
additional doping effect, improving colouration efficiency and switching kinetics as well
as reducing the oxidation potential of PANI. The last characteristic is very attractive
because of the lower potential needed to obtain the same contrast of the hybrid material
with respect to the pure PANI and the consequent prolonged lifetime of the device.

The stability of the hybrid materials is a critical issue in many EC nanocomposites. The
probable lack of strong interactions between conjugated polymers and inorganic materials
has led to the realization of covalently bonded PANI-TiO; hybrids via sol gel process
followed by oxidative polymerization by using a bifunctional compound to bridge the
two phases. The amorphous structure of the PANI determined by the presence of
covalently bonded TiO> improves the ion motions as well as colouration efficiency and
optical contrast. Furthermore, the electron donor (PANI)-acceptor (TiO7) interactions
take place reducing the energy of the HOMO and determining a drastically enhancement
of the electrochemical stability of PANL. It has been demonstrated that a dual-active-layer
transmission EC device made of a PANI-TiO2 hybrid containing 5.4 wt% TiO2 and
PEDOT: PSS showed no appreciable decay after 50 000 cycles of switching. The
excellent lifetime of the device may be attributed to the prominent donor-acceptor
interaction between PANI and TiO2, which stabilizes charged radicals at the doped stat
and hence prohibits over-oxidation [52].

Creation of interfacial ionic bonds is an alternative to creation of covalent bonded
interfaces. A self-catalysed hydroamination method has been employed to treat TiO>
nanoparticles which have ionically anchored methacrylic acid surface to create aniline-
grafted TiO2 (TiO2-ANI) nanoparticles. These nanoparticles were then used to prepare

TiO2-PANI core-shell nanoparticles via oxidative polymerization of aniline. The hybrids
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show simultaneously improved charge transport and electrochromic properties, including
higher colouration efficiency, shorter response time and lower oxidation potentials, in
comparison with either PANI alone or physical blend of PANI and TiO». This again
demonstrated that chemical bonding approach can bring about stronger interactions
between the conjugated polymer and metal oxide particles, improving the EC properties,
especially lowering the oxidation potentials, more effectively than the conventional

nanocomposite approach [52].
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2.1 Fundamental on Electrolytes

To date, all electrochemical device despite their much-diversified chemistries and
applications, such as electrolytic cells, capacitors, batteries, electrochromic devices or
fuel cells, require the use of electrolytes to perform their unique role as medium for the
transfer of charges in the form of ions [1,2]. In general, electrolytes are electrolytic
solution-types generally in a liquid state in the service-temperature range, consisting of
salts (electrolytes solutes) dissolved in solvents that can be protic like water or aprotic
like organic molecules. The distinction between the solvents is conventionally done with
the terms aqueous (protic) and nonaqueous (aprotic), despite the fact that some
nonaqueous solvents (by definition) like ethanol and anhydrous ammonia have active
protons (and so they are effectively protic) [1].
The physical localization of the electrolyte layer causes its interaction with the two
electrode layers of the ECD and therefore makes it necessary to be compatible with the
materials used for the electrochromic effect. The immediately consequence of this
requirement is the research of the best electrolyte layer when new materials are employed
in the construction of the electrode layers (responsible for the electrochromic effect) of
an ECD [1].
In a general way, the electrolyte layer defines how fast the energy could be released by
controlling the mass flow within the ECD. This task should ideally be performed without
the electrolyte undergoing chemical change during ECD operation. Therefore an
electrolyte needs to be electrochemically stable against the cathode and the anode of the
dispositive. In addition to the electrochemical stability, an electrolyte layer should have
the following characteristics [1]:

- good ionic conduction together with electronic insulation.

- wide electrochemical window.

- 1inert to all the components of the dispositive.

- robust against electrical, mechanical and thermal abuses.

- environmentally friendly.
Lithium has been initially considered as an anode material in the construction of batteries,
because of its two unique properties related to the great electronegativity and to the low
mass that could ideally makes hight voltage cells. However, serious problems related to

the cycle life and safety of the dispositive caused the abandon of the lithium as negative
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electrode. Then the research was driven toward the use of the lithium ion rather than the
lithium metallic. The use of the lithium ion has begun with the consideration of the “host”
— “guest” chemistry, also known as the intercalation (or insertion) electrodes. The concept
has been initially adapted to cathode materials, with the host materials being mostly
transition metal oxides or chalcogenides with stable crystal lattices [1,3-6]. The process
consists in the injection and extraction of electrons that produces redox reactions on the
host lattice and consequently regional electroneutrality loss that can be compensated by
intercalation/deintercalation of mobile ions. The application of the concept to an anodic
material did not take place until carbonaceous materials were used in the manufacture of
intercalation anodes allowing the construction of “lithium-ion batteries” (LIBs) in the
early 90. The electrolyte solvent has several effects on the process [1]:

- The reductive decomposition of the solvents produces a protective thin film on
the surface of the carbonaceous anode named as Solid Electrolyte interface (SEI),
figure (2.1.1). SEl is an ionic conductor and an electronic insulator.

- The reductive decomposition occurs only in the first charge of the device, so that
the carbonaceous anode can be cycled many times.

- The chemical structure of the electrolyte solvents critically influences the nature
of the protective film.

SEI formed on the carbonaceous anode is responsible in enabling an electronic dispositive

to work reversibly.

» Electrolyte layer

SEI thin film

Carbonaceous
anode

Figure 2.1.1. Intercalation of Li* ion and SEI thin film formation over a carbonaceous anode.

If the LIBs, over the last two decades, have dominated advanced consumer electronics
and electric vehicles due to high energy density, power density, and long cycling stability,
however the limited resources and uneven distribution of lithium cause its rising price to

applicable in large scale storage. The necessity for developing a low-cost and high-
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performance battery system have pushed the researcher toward the use of sodium and
potassium that possess similar electrochemical properties [7-9]. A large number of
published works refer to the improvement in the use of Sodium ion batteries (NIBs) and

Potassium ion batteries (KIBs) [10-12].
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2.2  Overview of the Electrolyte Components

Electrolyte layer can be either in liquid, gel or solid form. Normally, electrolyte layer is
composed of one or more liquid solvents and one or more salts which dissociate and
provide the ions [1]. The mixed solvent formulation is done because the diverse and often
contradicting requirements of electronic device applications can hardly be met by a single
compound. For this reason solvents of very different physical and chemical properties are
used together to perform various functions simultaneously. On the other hand, use of

mixture of salts is not usual because of the limitation in the choice of the anions [1].

2.2.1 Solvents

Accordingly with the basic requirements for electrolytes, ideal electrolyte solvents should
meet several minimal criteria, as follows [1]:

- High dielectric constant (g), in order to be able to dissolve salts to sufficient

concentrations.

- Low viscosity (1)), greater fluidity eases the ion transport.

- Inert with respect to all cell components especially the charged electrodes during

cell operations.

- Low melting point (Tm) and high boiling point (Tb), in order to be liquid in a

wide range of temperatures.

- High flash point (Tf) in order to be safe, nontoxic and economic.
Despite the fact that they have an excellent power of solvation of the salts, the solvents
with active protons are avoided in the construction of ECDs because of the reduction of
the proton and the oxidation of the corresponding anions normally occurring in their
operating range (within 4,5 V).
The nonaqueous compounds that generally have a lower solvation power, must still
dissolve a sufficient amount of lithium salts and for this reason only the solvents that
bring polar group such as nitrile (C=N), carbonyl (C=0), ether linkage (C—O-C) and
sulfonyl (S=0) are considered in the preparation of electrolyte layer. The most commonly
nonaqueous solvents used in the ECDs belong to the families of organic esters and ethers,

they are listed along with their physical properties in table (2.2.1 —2.2.2) [1].
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It can be noted that the dielectric constants, polarities and viscosities of cyclic and acyclic
ethers are similar. On the other hand, the same parameters are very different for cyclic or
acyclic esters, with these physical parameters growing from acyclic to cyclic molecules.
So viscosity, polarity and dielectric constants of esters depend directly on the molecular

cyclicity [1].
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Dipole
m)/cP (d)/g em™
Solvent?® Structure ™) (e) (Tw)/°C  (Tp)/°C (Tp/°C  Moment
25°C (25°C)
/ debye
0 1.90
EC [ >:o 88  89.78 36.4 248 40 160 4.61 1.321
o °C)

0
PC \i /EO 102 64.92 -48.8 242 2.53 132 49 1.200
0
0
BC >:o 116 53 -53 240 32
0

o}
(0]
YyBL Q¢ 86 39 435 204 173 97 423 1.199
o} o}
YL 100 34 31 208 20 81 429 1.057
0
Q
NMO [> 01 78 15 270 25 110 452 1.170
N
o 0.59
DMC /U\ 90 3107 46 91 0 18 0.76 1.063
\() 0/
°0)
(8]
DEC )L 118 2805 743 126 075 31 0.96 0.969
/\O D/\
]
EMC )L 104 2958  -53 110 065 0.89 1.006
/\O o/
8]
EA )L 88 602 -84 77 0.45 3 0.902
o N
Q

MB 102 -84 102 0.6 11 0.898
A
0
EB /Q_L 116 -93 120 0.71 19 0.878
o N

Table 2.2.1. Organic Carbonates and Esters as electrolyte solvents. ¢ EC: ethylene carbonate; PC:
propylene carbonate; BC: butylene carbonate; yBL: butyrolactone; yVL: valerolactone;
NMO: methyloxazolidin-2-one; DMC: dimethyl carbonate; DEC: diethyl carbonate;
EMC: ethyl methyl carbonate; EA: ethyl acetate; MB: methyl butyrate; EB: ethyl butyrate

(reproduced from reference [1]).
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Dipole
™M (Tw)/  (Tv)°  (q)/eP  (T)/° Momen (d)/g cm™
Solvent? Structure (e)
) °C C 25°C C t/ 25 °C)
debye
DMM NS 16 27 105 41 033  -17 2.41 0.86
DME /O\/\O/ 90 7.2 -58 84 0.46 0 1.15 0.86
11
DEE /\0/\/0\ g -74 121 20 0.84
THF CO 72 7.4 -109 66 0.46 -17 1.7 0.88
o
2-Me-THF 86 6.2 -137 80 0.47 -11 1.6 0.85

0
1,3-DL [> 7471 95 78 059 1 125 1.06
0
0
4-Me-1,3-DL > 8 68 -125 85 060 -2 1.43 0.983
0
O
2-Me-1,3-DL [ >— 88 44 0.54
0

Table 2.2.2. Organic Ethers as electrolyte solvents. ¢ DMM: dimethoxymethane; DME:

dimethoxyethane;  diethoxyethane; THF: tetrahydrofuran; 2-Me-THF: 2-methyl
tetrahydrofuran; 1,3-DL: 1,3-dioxolane; 4-Me-1,3-DL: 4-methyl-1,3-dioxolane; 2-Me-
1,3-DL: 2-methyl-1,3-dioxolane (reproduced from reference [1]).

Cyclic diesters of carbonic acid have initially attracted attention because of their high
dielectric constant (so the ability to dissolve a wide variety of lithium salts) and therefore,
once recognized, their ability to form an SEI on carbonaceous anodes. In this contest,
Propylene carbonate (PC) and ethylene carbonate (EC) have been employed widely [1].
However some problematic aspects due to the fade of capacity of lithium cells employing
PC or the presence of side reaction and Li dendrite formation and the high melting point
of ethylene carbonate have advised against their use as single solvent [1,13].

It is because of the poor cycling efficiency associated to potential hazard in PC use that
has pushed research into adopting ethers as electrolyte solvents. Despite the better cycling

efficiency reported for THF, 2-Me-THF and polymethoxy ethers, the poor capacity
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retention have made some trouble in the use of electrolytes ether-based [1,14-16]. In
addition, oxidative decomposition on the cathode surfaces of the ethers have been
reported at relatively low potential.

The high melting point of EC has not favoured its use in the early LIBs, but the
consideration of EC as an electrolyte cosolvent has begun in the early 70. As example,
mixing of EC with a small percentage of PC can suppress the inconvenient of melting
point and allow the formation of a room-temperature melt. Further investigations have
demonstrated better bulk ion conductivity and better interfacial properties on EC-based
electrolytes as compared with PC [1].

However, despite the melting-point suppression by the solute and other cosolvents, the
higher liquidus temperatures of the electrolyte due to EC remained a factor limiting the

low-temperature applications of the lithium cells [1].

2.2.2 Lithium Salts

As for solvents, whose criteria have been previously listed, an ideal electrolyte solute
should have the following characteristics for use in electronic devices [1]:
- High dissociation rate in nonaqueous media associated to high mobility of the
solvated ions.
- Stability of the anions against oxidative decomposition at the cathode.
- The anion should be inert to electrolyte solvents and together with the cations
should be inert toward all the other components of the cells.
- The anion should be nontoxic and remain stable against thermally induced
reactions.
The choice of possible lithium salt suitable for electrolytic applications is rather limited
when compared to that of aprotic organic compounds usable as electrolytic solvents. The
small ionic radius of lithium represents an obstacle in the solubility of the lithium salts in
low dielectric media. Halides as LiCl and LiF and the oxides Li,O generally fail to meet
the first ideal characteristic of an electrolyte solute (the solubility requirement). However,
if the anion is replaced by soft Lewis base such as Br—, I, S% or carboxylates (R-COy"),
an improvement is normally achieved but at the same time a decrease in the anodic
stability of the salt is observed [1].
Lithium salts used in ECDs are generally formed by the Li* ion accompanied by a

complex anion because of their good solubility in dielectric solvents. An example is given
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by the lithium hexafluorophosphate (Li*PF;), in which the anion could be viewed as a
simpler anion (F™) complexed by the Lewis acid (PF5). The stability of the anion is given
by the delocalization of the formal negative charge given by the Lewis acid that is an
electron withdrawing ligand.

Other complex lithium salts such as LiAlX4 have been used in lithium batteries but
because of their extreme chemical reactivity in the dielectric media, they have been
abandoned.

Conversely, lithium salts with anions based on milder Lewis acids such as the lithium
perchlorate (Li*ClO}), have been investigated because of their improved stability in
organics media under normal operating conditions. Some lithium salts are listed in table

(2.2.3) together with some physical properties [1].

o/mScm’!
Molecular Tdaecomp./°C (1.0 M, 25 °C)
Salt Structure Twm/°C
weight in solution in
in PC
EC/DMC
‘F_| Lit
LiBF, B. 93.9 293 > 100 34 4.9
F/ 4 \‘F
F
FF F] Lir ~80
LiPFe Y 151.9 200 5.8 10.7
i (EC/DMC)
F
F
F F /]:-| Li*
LiAsFe e 195.9 340 > 100 5.7 1.1
F
o7 .,
' | -I Li
LiClO4 L 106.4 236 > 100 5.6 8.4
o TN
o
Li
Li*CF3S03 155.9 > 300 > 100 1.7
Triflate
LiImide  Li*[N(SO,CF5),]” 286.9 234 > 100 5.1 9.0

LiBeti  Li*[N(SO,CF,CF5),]™

Table 2.2.3. Lithium salts as electrolytes solutes (reproduced from reference [1]).
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The most popular lithium salt used especially in research laboratories is still the LiClO4
because of its low cost and ease of handling. However this electrolyte solute is not
practicable on an industrial scale because of the high oxidizing degree of chlorine (VII)
that make the anion perchlorate to be very reactive toward the organic solvents in some
operating conditions such as high temperatures. Other salts studied based on stabilized
anions are the lithium trifluoromethanesulfonate (Li Triflate) and the derivatives of Li
Bis(trifluoromethanesulfonyl)imide (Lilm), however, severe Al corrosion suffered by
devices made with their use in electrolyte layers has severely limited its use. The
limitations of these salts together with the ones of the LiBfs (thermally unstable) and
LiAsFs (toxic) have determined the use of LiPFg as the universal solute for electrolytes

although it suffers of thermal instability such as the LiBfs [1].

2.2.3 State-of-the-art

To date, the commercialised lithium-ion devices have all the same skeletal components
of the electrolyte although within the different compositions that belong to the different
companies. The indispensable components on which are based the electrolytes are EC as
the solvent and LiPFs as the solute. Linear carbonates, as DMC, DEC or EMC are used
as cosolvents in many cases in order to improve some characteristics of the electrolyte
composition. This state-of-the-art electrolyte composition (LiPF¢/EC/Linear carbonate)
has certain limitations on the performances of the electronic devices (such as the batteries)
that use it. There is a low temperature limit, determined by the EC solvent because of its
high melting point, below which the characteristics of the devices decay rapidly although
reversibly. Conversely, the deterioration of the performances over the hight temperature
limit, determined by the reactivity of the salt with the solvents, is permanent because of
the irreversible reactions between the electrolyte solute and solvent. In addition, the
products of these reactions are often gaseous determining in some cases hazardous

pressure build-up in the batteries [1].
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2.3  Polymeric Electrolytes

Solid polymer and gel polymer electrolytes can be viewed as a special variation of the
solution-type electrolyte. In solid polymer the solvents are polar macromolecules that
dissolve the salts while in gel polymer electrolyte a small portion of high polymer is
soaked with or swollen by the same liquid electrolyte and it is employed as the mechanical
matrix [1]. An exception is represented by molten salts or ionic liquids (ILs) electrolytes
for which no solvents are employed and the dissociation of salts is achieved by thermal
disintegration of the salt lattice [1].

In ECDs different classes of electrolytes can be employed: liquid electrolyte, ceramic
electrolyte, solid (inorganic) electrolyte and polymeric electrolyte [17]. The latter class
of electrolyte have been adapted to be employed in advanced electrochemical devices,
especially for lithium-ion batteries and electrochromic applications [17-19]. There are
several practical issues that put constrains on the design of ECDs and the main task is to
choose an electrolyte with desired properties. In general, the factors that lead to the use
of polymer electrolytes in the construction of ECDs are as follows [17]:

- Easy processing, polymer electrolytes can easily form flexible films. The
thickness of the flexible film is a controllable factor, and polymer electrolytes can
be easily processed on large areas, that is, an advantage for industrial applications.
Furthermore, different components of ECDs can be assembled or laminated via
well-developed technologies.

- Novel Separator, polymer electrolyte can be by itself a separator or alternatively,
a porous separator can be used.

- Mechanical Strength, the better mechanical strength of polymeric electrolyte
makes the ECDs robust. Attention should be paid in the choice of polymeric
electrolyte because the performance of the devices depend on its characteristic
thermal and potential stability windows.

- Wide range of working temperature, polymer electrolytes intrinsically possess the
ability to operate over a wide range of temperature as compared to the other
counterparts.

- Reduced reactivity, liquid electrolytes suffer the thermodynamic instability of the
solvents toward lithium. Conversely, polymer electrolytes offer a better stability

because of the much lower liquid content.
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- Enhanced protection and stability, ECDs fabricated with polymeric electrolytes
offer better safety, good optical contrast and memory effect, they are tolerant to
shock, vibration and mechanical deformation. The poor or no liquid content of
polymer electrolytes employed in ECDs construction allow their easy sealing in
vacuum plastic sheets as compared to metal containers which are subject to
corrosion.

- Act as Binder, polymer electrolytes can act as binder, facilitating the good
electrical contact with the electrodes and the good adherence to the electrochromic
layers, resulting in highly desirable electrochromic properties.

- Enhanced endurance, polymeric electrolytes ensure enhanced endurance to
possible changes in electrode volume during cycling.

The exact formulation of electrolyte is very important regarding the cycle life of the
ECDs. Furthermore, electrochemical stability plays a fundamental role in the long life of
the devices. In addition, the interface between the electrolyte layer and both the electrode
layers is responsible for the performance of the ECD [17]. Concerning the use of
polymeric electrolyte in electrochromic applications, the following requirements should
be met:

- High ionic conductivity, this requirement facilitates the motion of the ions within
the EC film determining the colour variation. To do this, the polymer electrolytes
should be a good 1onic conductor as well as an electronic insulator. Since it is the
amorphous structure of the polymer matrix chain that allows the ions to be
transported frequently, it is important that given polymer electrolytes have quite
amorphous structures.

- Electron donating ability, allows coordinate interactions with metal cations.

- The local segmental motions of polymer that depends on the rotation of the bonds
are directly related to the ionic conduction mechanism, consequently the energy
of the rotational motions of polymers should be low.

- Wide potential window, the electrochemical window defines the operating range
of electrolyte layer without its degradation. The limit points of potential
correspond to the redox process concerning the electrolyte (oxidation and
reduction) and they should be set in the electrochemical window of the electrolyte
which should be wide, to ensure stability upon cycling.

- Polymer electrolytes should have good thermal stability during cycling.
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- Along with the latter requirement, polymer electrolytes should have good
electrochemical stability, ideally in the range from O V to as high as 4,5 V vs
Li/Li*. Furthermore, chemical stability is required so that no side reactions can
occur even when the electrodes or cell packaging materials come into contact.

- The polymer electrolyte layer should have a high transmittance to ensure the
maximum transparency of an ECD in the bleached state.

- In an ECD the electrolyte layer needs to be confined to specific areas in order to
avoid malfunctions due to leakage currents or unexpected electrochemical
reactions.

- Polymer electrolytes need to be robust under stressful operating modes, such as
electrical or mechanical abuses. In addition, it must have good adhesion to the
adjacent layers as well as long term stability against UV radiation.

- Polymer electrolytes should be inexpensive and environmentally friendly. To
ensure recycling the electrolyte layer should be easily removable from the
electrodes.

In ECDs applications, polymer electrolytes can be classified in four categories: solid
polymer electrolytes, gel polymer electrolytes, polyelectrolytes and composite polymer
electrolytes. The former category is defined as solvent free systems in which the ionic
conducting phase is formed by dissolved salts in a polar polymer matrix [20,21]. The
polymer gels, or gel polymer electrolytes are formed by adding a larger quantity of
solvents or even so liquid plasticizer to a polymer matrix obtaining a stable gel with the
polymer host structure [22,23]. The polyelectrolytes refer to polymers that bear ionized
units, they are a particular category because of their charged functional groups that are
covalently bonded to the polymer backbone [24-27]. The last category regard the
composite polymer electrolytes consisting in the addition of inorganic material or ionic

liquids to the polymer gel electrolyte [28-30].

2.3.1 Solid Polymer Electrolytes

As already mentioned, solid polymer electrolytes are systems without solvents that bring
an ionic conducting phase that is the result of the dissolution of salts in some polymer
matrix. The salts that are commonly used in such systems are the lithium perchlorate
(liClO4), lithium tetrafluorophosphate (LiPF4) and hexafluorophosphate (LiPFé),
methanesulfonate  (LiCF3SOs3), lithium  bis  (trifluoromethylsulfonyl)  imide
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(LiN(SO2CF3)2) and lithium bis (oxalate) borate (LiB(C204)2. In table (2.3.1) are listed

the polymer host commonly used to dissolve these salts [17].

Polymer electrolyte acronym Repeating unit
Poly(vinyl fluoride) PVDF -(CH2CF2)n-
Poly(methyl methacrylate) PMMA -(CH2C(CH3)(COOCH3))n-
Poly(vinyl chloride) PVC -(CH2CHCl),-
Poly(ethylene oxide) PEO -(CH2CH;0),-
Polyacrylonitrile PAN -(CH2(CH3)CH0,-
Poly(dimethyl siloxane) PDMS -[SIO(-CH3)2]n-
Poly(propylene oxide) PPO -(CH(-CH3)CH;0),-
Poly[bis(methoxy ethoxy ethoxide)-
PMEP -[N=P(-O(CH>CH,0)>CH3)2)s-
phospazene]
Poly(vinylidene fluoride
PVDF-HFP -(CH2CF2)n-(CF(CF3)CF2) -

hexafluoropropylene)

Table 2.3.1. Solid polymer electrolyte usually employed (reproduced from reference [17]).

These materials can form thin films by using solvent evaporating coating technique. The
ionic conducting mechanism of the polymers take place in their amorphous phase and it
depends directly on their local segmental motions. The mechanism is related to the
polymer chains dynamics and on the consequently creation of free volume in the
amorphous phase. Without adding of any organic solvents, in solid polymer electrolytes
the polymer is used as host matrix in which the lithium salt is incorporated. The
conductivity of these systems is typically low, generally lower than 107¢ -10°8 S/cm at

room temperature [17].

2.3.2 Gel Polymer Electrolytes

Liquid plasticizer and / or solvents which are able to form a stable gel with a polymer
host structure, can be incorporated in larger quantity into the polymer matrix, obtaining
as a result a gel polymer electrolyte. A gel polymer electrolyte can also be classified as a
two-phase-system made with a ionically conducting medium that is entrapped in the
polymer host structure. The gels combine the properties of the solid to be cohesive and
the properties related to a liquid regarding the diffusive transport. If compared to the solid

polymer electrolytes, the gel polymer electrolytes have lower mechanical properties but
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higher ambient ionic conductivities, up to 10 S/cm at room temperature for some of
them. There are some characteristics of these systems that make them unsuitable for some
manufacturing processes related to safety concern because of the possible internal short
circuits due to their morphologies, poor mechanical properties and considerable
viscosities. Furthermore, gel polymer electrolytes are sensible to the UV light and thermal
stress that can cause degradation in the long run.

To overcome some of these problems, plasticizer materials are also often added to adjust
the physical characteristics of the overall blend. The mechanical properties of the gels can
be improved also by adding components that can be cross-linked. However, when
plasticization occurs it is necessary to establish a compromise between the increase of the
ionic conductivity and the decrease of the mechanical properties. The conduction indeed
depends dramatically on the presence of immobilized solvent in the polymer matrix that
could be viewed as a stiffener for the solvent which as always solvates the salt
determining the formation of the conduction medium. Two conduction paths have been
postulated for this behaviour :

- For low concentration of polymer (< 30 wt%), the gel is considered to be made of
liquid electrolyte entrapped in a polymer matrix (in this systems, electroactive
species can migrate through the solvent phase surrounding the polymer matrix).

- For high concentrations of polymer (> 30 wt%), the electrolyte and the polymer
chains may establish some strong interactions determining a restricted ion motion
that is reflected in a decreasing in conductivity. In such case, the conductivity is
probably a result of cumulative contribution of ionic motion as well as
heterogeneous nature of gel polymer electrolyte.

Gel polymer electrolytes have been the subject of much research pertaining to
electrochromic devices in recent years [31-34]. A large number of polymer matrix
materials have been studied with the most popular ones that have been poly ethylene
oxide (PEO), poly acrylonitrile (PAN), poly methyl methacrylate (PMMA), poly vinyl
fluoride (PVDF) and poly vinylidene fluoride hexafluorophosphate PVDF-HFP (Table
2.3.1) [17].
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2.3.3 Polyelectrolytes

Polyelectrolytes are a different class of polymer electrolytes from the precedent two
categories because in these compounds the charged functional group of electrolytes is
covalently bounded to the polymer backbone. Furthermore, charged polymers can
combine the characteristics of both polymers and electrolytes and their self ion-generating
group is responsible for the ionic conductivity, that generally occurs via cation mobility
while the anions remain motionless. The most common ionomer electrolyte is that of
perfluoro sulfonic ionomer, including Nafion and its derivatives. Polyelectrolytes are
naturally present also in the human cells: proteins, polysaccharides, ribonucleic acid
(RNA) and desoxyribonucleic acid (DNA) are all polyelectrolytes. The repeating units of
polyelectrolytes bring either a positive or negative charged and ionizable group, so
polyelectrolytes can be classified in two groups: cationic or anionic. A third classification
occurs when a polyelectrolyte has both the positively and negatively charged groups, in
this case reference is made to polyampholyte electrolytes. Polyelectrolytes are very
interesting in new applications and variety of fields as well as for the exploration of novel
phenomena because of the control by several parameters that can be had on their
conformation and their interactions. However, polyelectrolytes are poorly flexible and
exhibit ambient-temperature conductivities around or below 10 S/cm.

Polymer electrolytes and polyelectrolytes differ in the mobility of the anions. In the
former ones the anions and cations of the dissolved salts are mobile in the polymer matrix
while in the polyelectrolytes, the anions of the salt are covalently bounded to the polymer
matrix thus only the cations are mobile. Therefore, the polyelectrolyte is also called a
single ion conductor and its cation transference number is close to 1.0, which is one of
most important requirements for electrochemical applications. However, flexible

polyelectrolytic films suitable for use in devices still need to be prepared [17].

2.3.4 Composite Polymer Electrolytes

This class of polymer electrolytes is made up of polymer gel electrolytes to which
inorganic materials are added. In this way, both mechanical, such as the mechanical
strength and the interfacial stability, and electrochemical, the conductivity, properties are

expected to be improved as well as electrolyte/electrode compatibility and safety. It has
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been found that adding a quantity of inorganic filler material can improve the properties
of polymer gel electrolytes in electrochromic applications. These fillers can be ionic
conductive as zeolites or neutral as Al,O3;, SiO;, MgO. The particle size and
characteristics affect dramatically the effect of the fillers. Assuming that the conductivity
of composite electrolytes is somewhat improved compared to electrolytes that do not
possess nanoparticles, it is also true that the conductivity at room temperature is still quite
low for practical applications. A complete understanding about the materials or the
dominant conduction mechanism has yet to emerge. A major challenge in further

developing new electrolytes is the lack of structure—properties models [17].
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2.4 Polymer Electrolytes in Electrochromic Devices

As it has been mentioned earlier in this chapter, ECDs need an electrolyte layer that serves
as medium for the transfer of charges in the form of ions between the electrochromic layer
and the electrode layers. The suitable ionic conductivity of an ECD should be, depending
on the application, in the range from 10 to 107" S/cm to achieve acceptable dynamic. At
the same time, electrical conductivity need to be very low, preferably below 10'? S/cm.
As it has been depicted earlier in chapter, active research on highly ion-conducting
electrolytes is currently underway, particularly in the context of the development of
batteries and fuel cells. The huge quantity of information available in literature facilitates
strongly practical ECD construction although it is necessary to kept in mind that in
addition to the usual requirements of electrochemical and thermal stabilities of the
electrolytes, for ECDs the electrolytes should be stable under different light exposure.
Pioneering studies on ECDs with polymer as a component of the electrolyte layer have
been focused on the use of poly sulfonic acids demonstrating that the use of poly-AMPS
was better than poly-SSA, poly-ESA and Nafion. To this date, a large number of polymer
electrolytes have been developed and successively used in ECD applications. The most
commonly used polymer electrolytes are polyethylene oxide (PEO), polyethylene glycol
(PEG), boronate esters, sodium polystyrene sulfonate, waterborne polyurethane,
polyester and PEO, polyvinyl alcohol (PVA), poly acrylonitrile (PAN), poly methyl
methacrylate (PMMA), poly ethyl methacrylate (PEMA), poly (2-ethoxyethyl
methacrylate) (PEO-EMA), poly vinyl chloride (PVC), poly (vinyl sulfones) (PVS) and
poly vinyl fluoride (PVDF). The basic properties of some of these polymer systems are

given in next sections.

2.4.1 PEO/PEG based Polymer Electrolytes

PEO or PEG is an oligomer or polymer of ethylene oxide. PEO and PEG are chemically
identical, their difference is related to the molecular mass of the oligomer (or polymer)
that is below 20000 g/mol for PEG and above this limit for PEO. For this reason their
chemical properties are almost equal and they are used with various molecular weights in
different applications. The different physical properties are related to the interactions that

can occur as the chain length increases due to the resulting effects. PEO-based electrolytes
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have been the earliest and extensively studied host structures for polymer electrolytes
formation, especially in the field of lithium batteries. As it can be viewed in figure (2.4.1),
PEO has a polar ether group and a significant segmental mobility. Therefore, PEO is

compatible for a wide range of salts and has an effectively high lithium ion stability.
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Figure 2.4.1. Structure of Polyethylene glycol (PEG) or polyethylene oxide (PEO).

Through the use of metallic coordination polymerization of ethylene oxide, high
molecular weights of PEO can be easily reached. The oxygen atom of the ether moiety
has an excellent electron-donor power and can make coordinate bonds with cations
compensating at the same time the reticular energy of the salt. The synthesis and
modification of PEO is very simple and it can be made in form of film in a variety of size
and shapes.

Along with the positive characteristics, the oligomer has however several disadvantages
related to its high crystallinity, low melting point, a limited operating temperature range,
a low hydroxide ion transference number and poor interfacial characteristics. The
oligomer shows a range of conductivities between 108 and 10 S/cm in the temperature
range from 40 °C to 100 °C which exclude practical applications at ambient temperature.
In order to improve the ionic dissociation capacity of the PEO have been studied and
developed some methodologies such as the use of salts with low lattice energy, the
addition of polar plasticizer and the addition of microscopic fillers. In the last case, the
addition is made to avoid crystallization of the polymer and to establish some interactions
between the microparticles and the polymer to consequently enhance the ion transport.
Among the lithium-ion conductor, most of the work has been reported on (PEO)s—LiClOs.
The electrolyte has eight hetero atoms per lithium ion and is characterized by high ionic
conductivity and high value of activation energy (E.). However, this system has a low Li*
conductivity at room temperature limiting its application in ECDs. To overcome this
limitation, other systems have been studied such as PEO-LiSO;CF; and PEO-
LiN(SO2CF3)2 [35,36].

59



Electrolytes Layer and Materials

The Lbl assembly of linear poly (ethylene imide) (LPEI) poly acrylic acid (PAA) and
PEO has been used to form a multilayer polymer electrolyte film made of four polyionic
layers per each deposition cycle. The resulting structure of the PANI:DBSA
electrochromic device combines the electrostatic and hydrogen bonding. The Lbl
assembly technique, that is based on sequential deposition of oppositely charged species
on a charge substrate, is a captivating procedure which offers several advantages in its
use in many applications. The most valuables features are represented by the possibility
of making a thin film by the use of components consisting of species with multiple ionic
charges that can be deposited from aqueous solutions [37].

The study has indicated the growth behaviour of the dried tetralayer films, showing that
films made with high molecular weight PEO (300000) grew linearly while not the ones
made with low molecular weight PEO (20000). The films showed similar thickness (+4
nm difference) with ticker lighter film and thinner heavier film. The maximum ionic
conductivity of the resulting solid polymer electrolyte tetralayer films was 9.1 x 10™
S/cm, with tetralayers with PEO (20000) films slightly more conductive than those with
PEO (300000). The measurements of the conductivity made in plane or through plane on
each sample were showed to be similar indicating isotropic conducting characteristics and
good intermixing of the polymers. The conductivity was showed to increment in
conditions of high humidity leading to the determination of a critical effect of the water
plasticization toward the ionic conduction.

It has been shown that the oxidation of the PANI-DSBA, obtained through the application
of a negative bias to the film, produces a transparent layer that facilitates the passage of
the incoming light and works in transmission mode. With the application of a reverse
bias, the reduction of the PANI-DSBA was achieved and the layer was shown to operate
in absorption mode, not letting the incoming light pass through anymore. The
electrochromic behaviour was driven by the transport of mobile ions between the PANI-
DBSA and the solid LBL electrolyte. The highest modulation for the transmissive devices
has been found to be ~38% at a wavelength of 670 nm [37].

The properties of transmissive device based on indium-tin-oxide (ITO)/tungsten
compound film (TCF)/PEO electrolyte/Prussian blue film (PBF)/ITO have been studied
obtaining transmittance around 55.7% in optimal conditions with the response speed that
was a function of the electrolyte conductivity [17].

Many other hybrid electrolytes based upon PEO were successfully used for

electrochromic applications. PEO is also defined as amphiphilic because it is soluble in
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water and organic solvents. Being soluble in water has made it very popular with its non-
toxic intrinsic properties and used as one of the most important polymers in ECD
production. Below is a brief description of the results achieved with the use of PEO as a
polymer electrolyte in different electrochromic devices [17].

An electrochromic window has been reported, fabricated with Prussian blue and
electrodeposited WO3 film, with PEO used as electrolyte in the gel form. It has been
reported a prototype solid-state ECD based on a four-layer sandwich structure, with the
configuration of glass/IZO/WO/polymer electrolyte/IZO/glass with the polymer
electrolyte obtained by sol gel derivation of a crosslinked PEO/siloxane xerogels prepared
using lithium trifluoromethanesulfonyl imide salt (LiTFSI).

In addition to using PEO as electrolyte, PEO/V2,0s5 xerogel films have been reported as
nanocomposite films that showed interesting multi-electrochromic behaviour with
improved Li* ions insertion and extraction charge capacity and reversibility. ECDS made
with the combination of poly (3-methylthiophene) (PMT), poly(3,4-
ethylenedioxythiophene) (PEDOT) and niobium pentoxide (Nb2Os) and a polymer
electrolyte prepared using poly poly(epichlorohydrin-co-ethylene oxide) (P (EP I-EO)) +
LiClOs.

A PEO based gel polymer electrolyte plasticized with ethylene carbonate/propylene
carbonate or (N-butyl-3-methylpyridinium) trifluoromethanesulphonylimide (PTEFSI) has
been prepared with use of  lithium perchlorate and lithium
trifluoromethanesulphonylimide as the salts for an ECD of polypirrole (PPy). The
polycarbonate plasticization of a gel polymer of PEO/LiClO4 has been reported in the
realization of an ECD made with poly(2,5-dimethoxyaniline) (PDMA) and tungsten
oxide (WO5) as the electrodes. The electrochromic behaviour of an ECD fabricated with
PB and PEDOT as complementary electrochromic materials on poly(ethylene
terephthalate) (PET) coated with ITO as flexible electrode was studied. In this system,
the electrolyte was a solid polymer film made with the solvent casting method using
doping of LiclO4 in the network of poly(trimethylene carbonate)/Poly (ethylene oxide)
(pTMC/PEO).

A composite electrolyte based on polyethylene glycol (PEG) and titanium oxide prepared
by sol gel method using different molar ratio between PEG and titanium isopropoxide
with Lithium iodide as salt, was used in an ECD having configuration ITO/WOs/polymer
electrolyte/ITO. Significatively change in the speed of colouration/decolouration cycles

have been observed with the bleaching time reduced from 22 to 2.5 s under + 1.0 V
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polarization and the colouring time reduced from 16 to 2.2 s under — 1.5 V. An ECD with
the same configuration but with the use of polymer electrolyte with LiCLOy instead of
lithium iodide has been also studied. Indeed in this case the electrolyte was polymeric
nanocomposites of PEG and titanium oxide (PEG-Ti) with lithium salt (Lil and LiClO4)
obtained by sol gel method in acidic medium. The choice of lithium salt was decisive in
the optical properties of ECD based on tungsten oxide thin film and PEG-Ti-Lix
electrolyte which showed excellent optical contrast in the wavelength range from 300 to
2500 nm. In fact, the device made with Lil salt was very fast in the colour change but
showed a yellow colour in the bleached state. On the contrary, with the LiClOg4 alt the

device was transparent in visible region but the optical contrast was small [17].

2.4.2 PMMA based Polymer Electrolytes

Poly(methyl methacrylate) (PMMA) is a plastic material made from polymers of methyl
methacrylate, the methyl ester of methacrylic acid (Fig. 2.4.2). It is a hard thermoplastic

that is transparent to the light (in some cases more than glass) and unbreakable depending

on the blend.
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Figure 2.4.2. Structure of poly(methyl methacrylate) (PMMA ).

As discussed in the previous paragraph (2.4.1), at least in the earliest studies PEO showed
low ionic conductivity with various lithium salt due to high degree of crystallization. To
overcome the disadvantages of PEO, the researchers’ focus was turned on the use of
PMMA and PVDF for electrochromic applications. The flexible backbone of PMMA as
well as its amorphous phase characterize its high ionic conductivity, that associated to its

high transparency, environmental stability, good gelatinizing properties, high solvent
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retention ability and high compatibility with the liquid electrolytes have made it of
particular interest in the field of ECDs. Among the positive characteristics of PMMA we
found the ease of handling and the good processability, furthermore PMMA has good
outdoor weatherability and good resistance to acid and a high grade of dissolution in
solvents. In addition, PMMA is compatible with most of the polymers, it has higher
surface resistance and good interfacial stability regarding the lithium electrodes. As it can
be seen in figure (2.4.2), the presence of a polar functional group which has high affinity
for Li* in its polymer chain allows the formation of complexation between PMMA and
inorganic salts that can therefore be easily solvated. The glass transition temperature T
of 120 °C of PMMA gives it an amorphous morphology. The PMMA is mostly used in
gel form in the electrochromic applications because in this form it has the higher ionic
conductivity. The oxygen atoms of the PMMA with lone pairs are expected to form
coordinate bonds with the lithium ions [17].

Below are reported some of the use of PMMA for polymeric electrolytes in ECDS
together with some of the observed properties [17].

An excellent lamination material made with a layer of PPG-PMMA-LiclO4 (with PPG,
poly(propylene glycol) has been used in an ECD prepared with films of tungsten and
vanadium oxides. A gel electrolyte used in a ECD made with the configuration
glass/ITO/WOs/gel electrolyte/ITO/glass was prepared by the dissolution of PMMA in
different solvents such as PC, EC and yBL and lithium imide (LiN(CF3SO>); as the salt.
The gel electrolytes obtained with the yBL solvent have shown maximum ionic
conductivity in the range of 1.26 x 1072 S/cm attributable to the solvent separated ion pair.
Thus the ECDs made with incorporation of such electrolytes have shown interesting
properties for window applications [17].

An electrochromic double polymer device obtained using PMMA as a polymer gel
electrolyte has been studied. The gel has been obtained by the addition through the help
of a syringe of acetonitrile (ACN) and PC to PMMA and Li[N(SO2CF3)2] contained in
an argon-purged flask. The composition of the gel in terms of weight was 70: 20: 7: 3
(ACN: PC: PMMA: Li[N(SO2CF3)2]). The electrochromic layers of the ECDs were
made up different conducting polymer films of 3,4-ethylenedioxythiophene. The devices
thus constituted showed high contrast and extremely high colouration efficiencies up to
1400 cm?/C narrow (ca. 100nm) wavelength ranges. Furthermore, the devices have
retained up to 60% of their optical response after 10000 deep, double potential steps, a

useful characteristic for electrochromic applications [17].
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A polymer gel electrolyte made with above mentioned same composition in terms of
weight and the substitution of Li[N(SO2CF3)2] by TBAPFs (Tetrabutylammonium
hexafluorophosphate) has been used for an all-polymeric ECD. In order to enhance the
durability of the device, the gel polymer electrolyte has been evaporated at the edges
during the sealing process. The cathode and anode electrochromic layers were made with
poly(3,4-proplenedioxythiophene)  (PProDOTMe;) and poly  [3,6-bis(2-(3,4-
ethylenedioxy)thienyl)-N-methylcarbazole] (PBEDOT-N-MeCz) respectively. The ECD
had excellent properties in terms of transmittance change (51% at the wavelength of 540
nm), stability and contrast loss of 5% after 32000 switches. Colouration efficiency at the
highest contrast (80%) was of 395 cm?/C reached in a switching time of 8 s [17].

Flexible electrochromic devices that include a plasticized system of LiCLO4+-PMMA
(MW: 120 000) have been studied. The plasticization has been carried out with PC to
form a transparent and conductive gel. The electrochromic materials of the devices were
fabricated using the Suzuki-Miyaura cross-coupling reaction obtaining different
derivatives of poly(4-butyltriphenylamine). The obtained ECDs have shown several
colour transitions such as yellow, green, khaki and reddish-brown. This particular
plasticization of PMMA-LiCLO4 with PC from which a polymer gel is obtained has been
employed several times in different electrochromic devices. For example, the
electrochromic properties fluorene-azulene based conjugated polymer associated with
this electrolyte have been observed. In addition, a gel polymer composition was obtained
by casting solution and made of ACN: PC: PMMA (350000): LiC104 with ratio by weight
of 70:20:7:3. ACN as high vapor pressure solvent has been added to the gel polymer in
order to improve the mixing of its components. The polymer gel electrolyte has been used
to investigate the electrochromic properties of electrodeposited films of poly(1, 4-bis (2-
[3’,4’-ethylenedioxy] thienyl) -2- methoxy -5-27- ethyl hexyl oxybenzene) (P(BEDOT-
MEHB)). The P(BEDOT-MEHB) films exhibited very high colouration efficiency
values: as high as 680 cm?/C at 535 nm and —360 cm?/C at 760 nm. A similar electrolyte
of following composition, LiClO4: ACN: PMMA: PC in the ratio by weigh of 3:70:7:20
has been used in the study of the electrochromic properties of polystyrene functionalized
carbazole/polyethylenedioxythiophene (PS-Carb/PEDOT) ECD. The configuration of the
assembled device was ITO-coated glass/anodically colouring polymer (PS-Carb)//gel
electrolyte//cathodically colouring polymer (PEDOT)/ITO coated glass. The device has
shown a switching colouration from bleached to blue and dark blue colours on applied

potential and switching time and optical contrast were found to be 1.1 s and 38%,
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respectively. The electrochromic properties of a device made of PEDOT, PB and PMMA
as gel polymer electrolyte were also observed, reporting high colouration efficiency and
long-term cycling stability [17].

Studies have been performed on the use of PMMA polymer electrolyte with ammonium
salts. Thus, a gel polymer electrolyte made from ACN containing PMMA and
tetrabutylammonium tetrafluoroborate (TBATFB) in the composition TBATFB: PMMA:
polycarbonate: ACN in the ratio by weight of 3: 7: 20: 70 has been prepared and used
with electrochromic poly(indole-6-carboxylic acid) (PIn). Another work has reported the
preparation of a polymer electrolyte obtained from dissolution of seven weight
equivalents (wt. eq.) of PMMA in 70 wt. eq. of acetonitrile (ACN). 3 wt. eq. of TBAFB
as supporting electrolyte were added to the mixture before plasticization which has been
performed with 20 wt. eq. of PC and heating. The gel polymer electrolyte has been used
in dual ECDs made with electrochemically deposited conducting copolymers of
thiophene-functionalised monomers, 2-[(3-thienylcarbonyl)oxy] ethyl 3-thiophene
carboxylate (TOET), 2,3-bis-[(3-thienylcarbonyl)oxy] propyl 3-thiophene carboxylate
(TOPT), and 3-[(3-thienylcarbonyl)oxy]-2,2-bis-[(3-thienylcarbonyl)oxy]propyl 3-
thiophene carboxylate (TOTPT), and PEDOT as counterpart. The configuration of the
devices was as follows, ITO-coated glass/conducting copolymer/gel electrolyte/
PEDOT/ITO. The ECDs have shown red and blue colours, good optical memory in the
red coloured state and switching times between two colours of 1 s, furthermore they
reached 95% of the total transmission change. An all-solid-state electrochromic display
made with PB and WO3; and PMMA as gel electrolyte obtained using PC and EC as
solvents, has shown good conductivity of 10 S/cm at room temperature as well as

excellent electrochromism and memory effects.

2.4.3 PVDF based Polymer Electrolytes

Poly(vinyl fluoride) (PVDF) is a polymer that has recently been used in ECDs. PVDF has
many advantageable properties such as durability, ease of fabrication high permittivity
and hydrophobicity; it has good thermomechanical properties and it is thermally and
chemically stable and also chemically resistant. The semicrystalline structure of PVDF is
showed in figure (2.4.3) and gives it an amorphous phase and a crystalline one that

guarantee respectively flexibility and thermal stability.
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Figure 2.4.3. Structure of poly(vinyl fluoride) (PVDF).

The high dielectric constant simplifies the ionization of dissolved salts, resulting in higher
charge carrier density, and its responsible for a high electrochemical stability window due
to its anodic stability because of the presence of electron-withdrawing functional groups.
Furthermore, PVDF is soluble in high-boiling point solvents such as N-methyl-2-
pyrrolidone (NMP), N-dimethylformamide (DMF) and dimethylacetamide (DMAc).
Unfortunately, PVDF does not solvate very well the lithium salts due to its low donor
number and consequently cannot be used in polymer-salt complexes. The copolymers
generally possess two phases: the amorphous one is responsible for entrapment of liquid
electrolytes and the crystalline part maintains their mechanical properties. In fact, at date
copolymers of PVDF have been successfully used for polymeric electrolytes and as
binders for electrodes in the battery applications. The uses of PVDF and derivatives such
as poly (vinylidene fluoride-co-hexafluoro propene) P(VDF-HFP) and poly (vinylidene
fluoride-trifluoro ethylene) (PVDFE-TrFE) for electrochromic applications are relatively
new and the studies are still in progress [17].

There are some examples of using PVDF-based electrolytic layers for ECDs in the
literature [38-40]. Electrochromic devices made with P(VDF-TrFE) in the form of solid
and gel polymer electrolytes and polyaniline as electrochromic devices have shown
especially with the solid form of polymer prominent effect of the transverse internal
interfacial impedance resulting in the reduced ionic conductivity of the electrolytes.
Average values of the conductivities were found to be 3.46 x 10”7 S/cm for the solid
electrolyte and 6.26 x 107 for the gel electrolyte. The polymer electrolyte solidification
process has been studied. Polymer electrolytes prepared with polar polymer host of
P(VDF-TrFE) and non-polar polymer host have shown different light modulations. Solid

and gel polar polymer electrolytes based ECDs have shown stable and reversible light
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modulation up to 30% for the former and 65% for the latter while non-polar polymer
electrolytes have shown less than 10% light modulation. The gel-state device
performances were affected by the number of dissociate ions, while the light modulation
of the solid-state devices in the bulk electrolyte and at the electrolyte/electrochromic
material layer was depending on the ionic movement.

The plasticization process of PVDF polymeric electrolytes, as example using low
molecular weight PEO, can lead to substantial improvements of its ionic conductivity and
segmental mobility and also on the ion dissociation. The plasticization is achieved
normally using low molecular weight polyethers and polar organic solvents. In fact,
crystallization of PEO occurs only with the use of high molecular weight PEO. With the
use of PEO, no liquid plasticizer was necessary and high ionic conductivities have been
reached [17].

Electrospun P (VDF-HFP) nanofibrous membranes could theoretically also host ILs but
only in small quantities, because the presence of larger amounts causes the reduced
dimensional retention by the polymer, and the formation of a gelled mass. However,
treated P (VDF-HFP) nanofibrous membranes with supercritical carbon dioxides
(SCCO2) have showed remarkable improvements in mechanical properties due to the
creation of interfiber junctions during treatment. Furthermore, treated membranes possess
ionic conductivities very close to that of the neat ILs and anyway higher that of the

corresponding IL/PVDF gel [17].

2.4.4 Gelatine-based Polymer Electrolytes

The attention of researcher is nowadays turned on the development of light and safe ECDs
easily producible and storable with distribution of energy at low cost. For this reason, the
development of new electrolytes replacing existing synthetic polymers has become
necessary. Natural polymers could therefore represent a new route to synthetize
polymeric electrolytes from renewable sources because of their intrinsic biodegradability,
eco-friendliness, low production costs and good physical and chemical properties. Among
natural polymers, polysaccharides and proteins are best candidate due to their abundance
in environment. Gelatine (Fig. 2.4.4) is a nontoxic natural biomacromolecule comprised

of bioactive polypeptides derived by the partial hydrolysis of collagen.
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Figure 2.4.4. Structure of gelatine.

Used as solid polymer electrolytes, with the addition of LiclOg as lithium salt and glycerol
as plasticizer, in film form it has shown an ionic conductivity of 1.53 x 10 S/cm at room
temperature and of 4.95 x 10* S/cm at 80 °C. In general the use of gelatine seems to be

suitable for electrochromic applications [17].

2.4.5 Ionic Liquids based Polymer Electrolytes

As mentioned above, ionic liquids (ILs) are molten salts liquid at room temperature (<100
°C). The use of ILs has concerned especially electrochemical applications because of their
intrinsically ionic conductivities [41-44]. Although they no needs to additional salts for
conduction, special requirements could necessitate the addition of some specific ions in
ILs and the most added salts are represented by lithium ones. Several properties of ILs
are advantageous such as ionic conductivity, transference number, electrochemical
window or chemical and physical characteristics such as melting point, non-volatility,
density viscosity and observed temperature of solidification.

ILs are also recyclable after the use and so, quite interesting in term of eco friendliness.
In this contest, a new class of ionic liquids has been used recently for electrochromic
applications: the room temperature ionic liquids (RTIL) which are salts having melting
point at or below room temperature [45-48]. The chemical and physical properties of
RTIL are identical to those of high temperature molten salts but unlike the latter, RTIL at
room temperature are liquid and therefore more manageable. Although ILs show
promising characteristics when used as electrolytes in EC applications, their high cost

usually renders them unfit for use as the only electrolyte.
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3.1 Matrices: certain properties and special cases

3.1.1 Terminology

Matrix calculation is a complex argument that goes beyond the scope of the following
discussion that is focused on the description of some fundamental properties of the
matrices referred to in the classical and quantomechanical arguments of Raman
spectroscopy addressed later.

Matrices are represented in the text with bold type. For a general treatment, bold, italic,
upper case Latin letters should be used, for example, 4. In the description where specific
quantities are considered, another bold type will still be appropriate. An example is done
by the matrix of polarizability tensor components which is represented by a[1].

The element of a general matrix is therefore indicated by italic upper case Latin letters
with two subscripts that denote the row and the column whose intersection defines the
location of the matrix element. A4; represents the element of the general matrix 4 which
is located at the intersection of the ith row and jth column. In the same way, a; describes
the 7/ element of the specific matrix a@. The matrix component that derives from the
rearrangement of another matrix is designated by the use of brackets. For example, for
the matrix 4 formed by interchanging the rows and the columns of the matrix A, the

components are written (A)ij = Aj;, that is the j component of 4 is the ji component of

jis
All].

The determinant of the square matrix 4 is written det 4, the trace of the same matrix,
defined as )’; A;;, is written tr{A}. The unit matrix which has 4;; = 1if /= jand 4;; = 0
if 7# jis written I An alternative way of defining /is given by a matrix whose elements
are given by the Kronecker delta Jj;.

The most valuable property of the matrices is that relatively complicated mathematical
relationships may be represented by simple equations in which only the symbols for
matrices are used, for example, €= AB. This written form of matrix equations is called
compact matrix notation [1].

When the elements of a matrix are set out as an array they will be enclosed in square
brackets and the dimension of an array will be given in round brackets with the number

of rows first and the number of columns after. To illustrate these conventions, let’s see
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the following example: let be given a column matrix with »n elements in a (n x 1) array
and a row matrix with m elements in a (m x 1) array.

A square matrix which is a (2 x 2) array of elements would be written:

[All AlZ]
A21 A22

a column matrix Bwhichis a (2 x 1) array as:

Bll]
B21

And a row matrix Cwhich is a (1 x 2) array as:

[Ci1 Ci2]

3.1.2 Special matrices

A transposed matrix is represented by 4 and is determined by interchanging the rows and
the columns of the matrix 4. Using the bracket notation, the components of such matrix

are given by (/T)ij = Aj;. Taking into account that for the transposed product of two

matrices the sequence of the matrices forming the product must be reversed we have that:

(AB) = BA (3.1.1)
The rule applies for every matrix involved in the product. There are two special cases of
transposed matrices, when A = Athe matrix A is said to be symmetric, when A= —Athe
matrix 4 is said to be skew symmetric. The former matrix has A;; = Aj; for all / jand is
necessarily square, the latter matrix has A;; =— Aj; for all Z jand is necessarily square
with all components on the leading diagonal zero [1].

A matrix of the cofactors is represented by A’ and is the matrix of the cofactors of A4’s

elements.
More precisely, the cofactor element (4');; is (=1)"*J times the value of the

complementary minor of A4, that is the determinant formed from the elements of A4 that

results after the removal of the row 7and column ;in which the element 4;; appears.
An adjoint matrix is represented by A’ and is formed by taking the transpose of A’, the

matrix of the cofactors of the elements of 4. In this way (/T’)ij = A]’-i [1].

The square matrix A4 for which:
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detA =0 (3.1.2)
is said to be a singular matrix. Quite the opposite, if the determinant of a matrix A4 is non-
zero, then the matrix is said to be non-singular.

An inverse matrix is given by A~1 and defined as follows:
AAT'=A"A=1 (3.1.3)
The inverse of 4 is formed by dividing A', the adjoint of 4, by the determinant of A4, so

that:
A1 =A4'/detA (3.1.4)

It is important to note that only square matrices possess inverses. The inverse of a product
of matrices applies for every matrix in the product and is given by:

(AB)"1 =B1471 (3.1.5)
A square matrix 4 with real elements is said to be an orthogonal matrix if its inverse is

equal to its transpose such that:

A l'=AordAdA=1 (3.1.6)
and for the elements:
Egs. (3.1.1.4) and (3.1.1.6) lead to affirms that for an orthogonal matrix A4:
detA = +1 (3.1.8)

So, the columns and the rows of an orthogonal matrix form an orthonormal set of vectors:

YsAsilsj = Xk AikAjx = 8y (3.1.9)

A complex conjugate matrix is represented by 4*and is the result of the set of the complex

conjugates, each of which is related to a complex element of 4. More simply, (4%);; =

A *;j. The complex conjugate resulting from a product of matrices does not change the
sequence of the matrices:

(AB)"* = A*B* (3.1.10)

A conjugate transpose matrix is represented by At and is formed by transposing the

complex conjugate matrix, so that:
At = (A7) (3.1.11)

and for the elements:
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Y =(4*) = (4")..
(A )ij = (4 )l,j = (4% (3.1.12)
A unitary matrix is given by a square matrix whose conjugate transpose matrix Af is also

its inverse:

At =41 (3.1.13)
An hermitian matrix is a square matrix that possesses the following properties:

At =4 (3.1.14)

Hermitian matrices have A;; = A *;; for all Z jand consequently the diagonal elements
are real.

A skew hermitian matrix is a square matrix that possesses the following properties:

—AT=A (3.1.15)
Skew hermitian matrices have A;; = —A x;; for all 7 j and consequently the diagonal

elements are zero ore pure imaginary.

A real symmetric matrix 1s effectively a special case of an hermitian matrix. Indeed,
considering that H = A + iB is hermitian with both 4 and Breal, then —H' = A — iB.
Remembering that by definition for an hermitian matrix is worth the eq. (3.1.14), so the
real and imaginary part of the matrix are symmetric and skew symmetric respectively.
Thus, a real hermitian matrix is also symmetric.

In the same way, a real orthogonal matrix will be unitary since if U = A + iB is unitary,
by definition U = (UT)™* and UtU = I, hence (A + iB)(A — iB) = I. Then since B =
B = 0 for a real matrix, A4 = I.

Anyway, a complex symmetric matrix cannot be hermitian not either a complex
orthogonal matrix unitary [1].

With the sum of a symmetric matrix and a skew-symmetric matrix can be written any

square matrix that possesses real elements, that is:
A=1/2(A+4A)+1/2(A-A) (3.1.16)
If instead a square matrix possesses complex elements, then it can be written as the sum

of a skew-symmetric matrix and an hermitian matrix because:

A=1/2(A+A")+1/2(A - A) (3.1.17)
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3.1.3 Matrix representation of simultaneous linear

equations

Consider now a set of simultaneous linear equations as follow [1]:

a1X + QX+ aqx L+ QX = by

alel + azzxz + azjxj + . aann = b2

An1X1 +  ApaXp +  GuiXj+ ot Qupxn, = by
(3.1.18)

where ajand b;are coefficients. There is a compact matrix form that can be used to write

these equations:

Ax=Db (3.1.19)
Where A is a square matrix of (12 x n) aj coefficients, xis in this case a column matrix
of (nx 1) x;coefficients and b is a column matrix of (nx 1) b, coefficients. The

premultiplication of both size of eq. (3.1.19) by A~! gives:

x=A4"'h (3.1.20)

So, the equations are solved knowing A~%, but A~! exists only if det A # 0, differently

the solution of these equations is trivial, that is x= 0.

Considering now the parity b = Ax, eq. (3.1.19) becomes:

Ax = Ax (3.1.21)
where A represents a scalar quantity and is called an eigenvalue of A, with x that is an
eigenvector. For a general (n x n) square matrix A there are n eigenvalues and n

eigenvectors. Eq. (3.1.21) can be rewrite in the following way:
(A-ADx=0 (3.1.22)

This result determines that there are n equations in the form:
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(ag; —Dxqy + A1pXp -+ + ajx; + e Ay Xy, = 0
a1 X, + (az; = Dxy -+ azjxj + e Qo Xy, = 0
An1 X, + ApXy -+ wlpixit+ (@ —Dx, = 0

(3.1.23)

and that:
det(A—AI) =0 (3.1.24)
to have a non-trivial solution. The values of the n roots A1, A2, ..., A, are the solution of

eq (3.1.24) and the eigenvectors can be determined within a normalization factor from eq.
(3.1.21). Defining a matrix notation for the set of n eigenvectors and eigenvalues, it can
be stated that x;jis a column matrix of (n x 1) components of the associated eigenvector
having eigenvalue of 2;, with Njx;;(i =1,2,...,n) components where N; is a
normalization constant. The n column matrices xj(j =1,2,...,n) can form a square
matrix Xof order (n x n) and the n eigenvalues can form a diagonal matrix A with entries

Aj on the diagonal, that is:

AX = XA (3.1.25)
Multiplying both size of eq. (3.1.25) on the left by X~ it follows that:
X1AX =A (3.1.26)

The similarity transformation enables the matrix A to be cast in diagonal form by the
matrix X If X'is complex and unitary, the transformation is said to be congruent and

because X~ = XT (see eq. (3.1.11) for the definition of X) then eq. (3.1.26) becomes:
XTAX = A (3.1.27)

For a real orthogonal matrix X, X 1 = X, where X is the transpose, the transformation is

said to be real orthogonal and eq. (3.1.26) becomes:

XAX = A (3.1.28)

The eigenvectors can be normalized to unit length using:
Xtx =1 (3.1.29)
or

XX=1 (3.1.30)
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3.1.4 Diagonalization of a matrix

Considering the following definition of a matrix R, that is real orthogonal so that R~ =
R and det R = 1, we have:

R = [cosa —sin a]

. (3.1.31)
sina cosa

The diagonalisation of the matrix can be performed by founding the eigenvalues A1 A2 of

R from the determinantal equation:

[cose—A —sina ) _g (3.132)
sina cosa— A
whose characteristic roots A; are given by:
A =e " =cosa—isina (3.1.33)
A, = e = cosa +isina (3.1.34)

The eigenvectors of R can be found using:

[cosoc —sina”Njaj] 3 Njaj]

sina  cosa 1[N;b; =4 N;b; (3.1.34)

where /=1 or 2. For each A; it can be found that:
by =iay (3.1.35)
b, = —ia, (3.1.36)

The normalised eigenvectors can be determined using eq. (3.1.29) where the unitary

matrix is given by:

(3.1.37)

X = [N1a1 Nzaz]

Nib;  N,b,

Using egs. (3.1.35) and (3.1.36) it is found that (N;a;)? = (N,a,)? = 1/2 and taking
N;a, = —1//2 and Nya, = 1//2, so:

X !—1/\/5 1/V2

—i/N2 —i/V2

Now performing a similarity transformation on R with the use of X and its conjugate

(3.1.38)

transpose XT we have that:

XTRX=[e_ia 0 =[
0

A, O
i ] (3.1.39)

0 A
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That is, the transformed matrix is diagonal. Furthermore, the trace of a matrix is invariant

under similarity transformation.
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3.2  The Polarizability Tensor

3.2.1 General definition of a tensor

The representation of a tensor involves the choice of a basis system and the specification
of a set of components for the tensor in that system. In this specific discussion, the chosen
basis system is the cartesian system (X; y; z).
A second rank tensor is the result of a direct product of two vectors, which for a general
tensor is given by [1]:

T2} = AB (3.2.1)
where the superscript {2} denotes the rank. Each of the following nine terms in the

expansion of AR involves dyads which are the product of two vector components:
AB = (e A, +eyA, +e,A,)(e B, +e,B, +e,B,)
= A.Bce e, + A B,e,e, + A,B,e.e, + A,B.e,e, + A,B,e,e,
+A,B,e,e, + A,B.e,e, + A,B,e,e, + A,B,e,e, (3.2.2)
where ey, e,, and e, are the unit vectors. The tensor T} is a linear operator which sends
a vector Vinto another vector according to the following rule:
T2 W) =AB(V) = AB V) (3.2.3)
When the tensor T2} acts on a vector dyad, the result is a scalar according to the rule:

TZ(WwW) = ABVYW) = (B-V)(A- W) (3.2.4)

3.2.2 Reduction of the polarizability tensor

The polarizability tensor a present in the equation of the induced electric dipole, which
we will see later in the next section, is a second-rank tensor represented by the following
3 X 3 matrix:

axx axy aXZ
a{z} = ayx ayy ayz (325)
aZX azy aZZ

the trace of the polarizability tensor is:

Tra = a,, + a,y, +a,, (3.2.6)
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The reduction of the polarizability tensor in the cartesian system is given by:
a=a® +a® 4 aq? (3.2.7)
where the irreducible tensors a(o), a® and a@ are a diagonal tensor, an anti-symmetric

traceless tensor and a symmetric traceless tensor, respectively.

Defining the mean polarizability, a as:
1 1
a=: (tex + tyy + ay;) = S Tra (3.2.8)

The trace of a matrix is invariant under rotation of the axis system, so that the mean
polarizability is an invariant of the tensor. A second-rank tensor like the polarizability
tensor generally possesses three invariants.

We have that:

a 0 O
a®=0 qa 0 (3.2.9)
0 0 a
and the trace of the diagonal tensor is:
Tra® = 3a (3.2.10)
The anti-symmetric traceless tensor a1 becomes:
0 (“xy_“yx) (axz_azx)
2 2
a® = (—“xy;“W) 0 (—“YZ;“”) (3.2.11)
[ G%xz"Qzx _ ayZ_aZJ’)
(=5=) -(5=) o
and the trace is:
Tra® =0 (3.2.12)
For the symmetric traceless tensor:
Ayyta Azt
Tex — @ ( xyz yx) ( xzz Zx)
+ +
a(Z) — (w) ayy —a (%) (3.2.13)
() (=) we
and the trace is:
Tra® =0 (3.2.14)
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3.3 The Raman effect

3.3.1 Classical theory of Raman scattering

The discovery of the Raman scattering in 1928 has determined the increasing publication
of a relevant number of reports on the argument, regarding the theories, instrumentations,
applications and interpretations of the spectra [1-7].

When a monochromatic radiation of frequency wz: is incident on a sample, it can be
transmitted, reflected or, in addition, scattered. The scattered radiation generally
possesses the same frequency as the incident radiation and it is called Rayleigh (w;) =
w4, 1t 1s also said as elastic scattering. But in some case the scattered radiation can be an
inelastic scattering and can possesses either a frequency that is lower than the one of the
incident radiation (wg) = w; — wy or greater than the one of the incident radiation
(wg) = w1 + wyy. The former inelastic scattering is also said as Raman Stokes while the
latter is also said as Raman anti-Stokes.

In both the classical and quantum mechanical treatments of the Raman spectroscopy
addressed later, the scattered radiation is due to the oscillating electric dipole moments
induced in a molecule by the electromagnetic fields. The contributions of the oscillating
magnetic dipole and of the electric quadrupole are several orders of magnitude smaller
than that of the oscillating electric dipole and they are not considered in this work.

The intensity (/) of the scattered radiation radiated by an oscillating electric dipole
induced by the electric field of the incident radiation wzis given by:

wip?sin? 0
==2_— (3.3.1)

32m2¢goc;
Where po is the amplitude of the induced electric dipole, & is the angle between the
electrical field and the axis of the dipole and wgis the frequency of the electrical dipole.
Introducing the relation wy = 2mcy Vs eq. (3.3.1) becomes:

[ = T2 coVepé sin? 0 (332)

280

Considering a single molecule which is free to vibrate but not to rotate, the objective is
to calculate the frequency-dependent linear induced electric dipole vectors named p‘"

using the relationship:

p® =a-E (3.3.3)
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where E'is the electric field vector of the incident, plane wave, monochromatic radiation
of frequency ®; and ais the polarizability tensor of the molecule described in section 3.2.
The molecule is then space-fixed in an equilibrium configuration and the nuclei may
vibrate about their equilibrium

positions. Now, the variation of the polarizability with vibrations can be expressed by
expanding each component axy of the polarizability tensor & in a Taylor series with

respect to the normal coordinates of vibration:

2
Axy = (“xy)o + Xk ( )0 Qx + %Zk,l (;Qlle)o Qk Q; - (3.3.4)

O0atyy
0Qk

where (apo)o 1s the value of apo at the equilibrium configuration, Qy, Q; ... are the normal
coordinates of vibration related to the molecular vibrational frequencies wx i ..., and the
summations are over all normal coordinates. The derivatives are to be taken at the
equilibrium configuration and this is why they bear the subscript “0”. If the Taylor series
is truncated at the first power of @, then reference is made to the so-called electrical
harmonic approximation, and one can concentrate at least initially on a single normal

mode of vibration Q. So, equation (3.3.4) may be written in the form:

(axy)k = (“xy)o + (a,xy)ka (3.3.5)

Where:
' 6axy)
a = (— 3.3.6
(@), = (G0, ), (336)
The (a’xy)kare components of &'y, a new tensor that can be called as derived

polarizability tensor because of its components that are polarizability derivatives with

respect to the normal coordinates @k In vectors form eq. (3.3.5) becomes:
ak = ao + a,ka (337)
where a, is a tensor with components (axy)k, and the scalar quantity Q; multiplies the

components of the derived polarizability tensor. In the harmonic approximation Qj is

defined as:

Qx = Qx, cos(wyt + &) (3.3.8)
where Qy, represents the normal coordinate amplitude and &y is a phase factor.
Substituting eq. (3.3.8) into eq. (3.3.7) we have:

ay = ay + a'Qy, cos(wyt + &) (3.3.9)

The electric field is frequency-dependent and this is given by:
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E = E,coswt (3.3.10)
Introducing eq. (3.3.9) into eq. (3.3.3) and taking into account eq. (3.3.10) we obtain:
p® = ay,E, cos w,t + %a’kEOQko[cos(a)lt + wit + ;) + cos(wt — wit — 5;)]

(3.3.11)

Because of the trigonometric identity:
1
cosAcosB = E [cos(A + B) + cos(A — B)] (3.3.12)

The first term of eq. (3.3.11), ayE cos wt, represents the classical Rayleigh scattering

whereas the second terms, %a'kEoQkO cos|w,t + (wit + 8;)], define the classical
. . 1
Raman scattering, where the Raman Stokes is given by Ea'kEoQkocos(wlt + wit +

&r), and the Raman anti-Stokes by %a'kEoQkO cos(w,t — wit — 6;). The Rayleigh

scattering possesses the same phase as that of the incident field while in the Raman
scattering the quantity Ok defines the phase of the normal vibration @k respect to the
electric field. The Raman Stokes and anti-Stokes scatterings depend on the electric
dipoles oscillating at (w; + wy) generated by the modulation of electric dipole oscillating
at wq by the oscillating molecule. The necessary condition for Raman scattering requires
that at least one component of the derived polarizability tensor 'y is non-zero. From eq.

(3.3.6) the components of &'y, that is the (a'xy)k, are the derivative with respect to the

normal coordinate of vibration Q«xtaken at the equilibrium position. Hence, the gradient
with respect to the normal coordinate, in its equilibrium position, of at least one
component of the polarizability tensor must be non-zero to reach the condition to have
the Raman scattering.

In the present discussion, the condition to have eq. (3.3.11) is given by harmonic
approximation. When mechanical anharmonicity is taken into account, the time
dependence of the normal coordinate @k includes terms involving cos(2wyt + 83),
cos(Bwyt + 83;), etc related to the so-called overtones, and also terms involving
cos(wyt + 8yy), cos(wlt + S;d) which relate to combination bands. The consequence of
the electrical anharmonicity reflect on the eq. (3.3.4) and higher terms than the first in
Taylor expansion must be considered resulting into additional induced electric dipoles
with frequencies w; + 2wy, etc, and w; + (wy + w;) etc.

The classical theory of Raman spectroscopy has many limitations, as example, it cannot

be applied to molecular rotations because the relative discrete rotational energy levels
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belong to quantum states. In addition, it cannot explain the intensity difference between
Stokes and anti-Stokes scattering. These aspects of the Raman scattering theory can be

described with a quantum approach as described in the next section.

3.3.2 Quantum mechanical theory of Raman scattering

A general model of the quantum theory is based on the photon population of
electromagnetic radiation incident on a molecule. In such system, m photons are
characterized by an energy Awq, where w, is the frequency of the incident radiation, and
the molecules possess an initial energetic level equal to £i. The interaction of the radiation
with the molecule leads to (n; — 1) photons that have the same frequency of the incident
radiation and to the creation of a new photon that has an energy hwg, where wg is the
frequency of the scattered photon. The final energetic level of the system will be equal to
Er In the overall process, energy must be conserved so that wg = w; — wy, where wy =
Zn(Ef —-E l-) /h. It is important to remember that the energy hw; does not correspond to
any electronic transition energy but it mostly determines some perturbation on the
molecule. If hw, approaches electronic transition energy, then an enhancement of the
scattered intensity can be observed.

The global scattering model involves a two photons process, one incident and one
scattered. It describes Rayleigh scattering when the energy levels of the initial and the
final levels are equal, that is Ey = Ej, so that wg = w; and wy, = 0. If the energy levels
of Raman scattering are such that Er > E;, then w; = w; — wy, and this is the case of the
Stokes Raman scattering; In the case of that Ey < E;, we have wg = w; + wy and this is
the anti-Stokes Raman scattering. Absorption without energy conservation is called
virtual absorption and the resulting state is described as virtual state.

The time-dependent perturbation theory is usefully applied to the description of the
Raman effect. The induced electric dipole described in the classical theory is replaced by
the transition electric dipole generated by a transition in the molecule from an initial state,
I, to a final state, £ that is determined by the incident electric field of the radiation that
has a frequency equal to w;.

The total induced transition electric dipole is then given by:

@i = @), +@?) +@D), +~ 6313
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where (p(l)) fl,is the unique term that is linear in £, and so it will be the only one

considered in a simplified approach to Raman scattering. There is a further transition
moment correlated to the permanent electric dipole transition given by the term (p(o)) fi
but it is independent from the electrical field of the incident radiation and so need not be

considered here because it is not involved in Raman effect. The total transition electric

dipole is given by:

®)si = <¢f|ﬁ ¢i> (33.14)
where ¥; and ¢ ]'c are the time-dependent perturbed wave functions of the initial and final

states of the molecule and P is the electric dipole moment operator.

The ¥; and 1/)} wave functions can be represented by the series expansions:

Y=+ P ey (33.15)
and

Pr =+ P r @ 4™ (3.3.16)
where the superscripts (0), (1), (2), ... (n) indicate the order of modification to the
unperturbed state (given by l/)i(o)), that is l/)l-(l) indicates the first-order modification to
l,l)i(o) and so on. It is important to state that because the field acts once on 1,l)i(0) to give lpi(l)

and twice to give l/Ji(z), then in the present discussion of Raman effect it is allowed to
neglect the higher orders. Introducing the egs. (3.3.15) and (3.3.16) and considering the

terms linearly dependent to the electric field, we have that eq. (3.3.14) becomes:

CR <l/);1) l/Jl-(O)) + <1/J}°) zpf”) (33.17)

However, to maintain generality in the treatment, the electric field amplitude should be

p p

considered to be complex and eq. (3.3.17) could be rewritten as:

3= L

In this case, the real part of the induced transition electric dipole moment (p(l)) fi is

p p

defined as:

(P(l))ﬁ = (ﬁ(l))ﬂ + (ﬁ(l));i (3.3.19)
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Where (fi(l));i represents the conjugate complex of (p() i
The component (pfcl))f. for real wave functions can be expressed using the time-
L

independent unperturbed wave functions ¥;, ¥, and Y, of the states 7 r and £

respectively. The relation between 1, and the corresponding time-dependent wave

function is given by:

Y, = e (@rmilnt (3.3.20)
where
E
W, = 7 (3.3.21)

With E, is the energy of the state rand the coefficient (2I3.) is related to the full width of
the level r. The lifetime of the state ris related to the coefficient (2I3.) by the uncertainty
principle:

T, = — (3.3.22)

Thus, the component (pfcl))f_ is given by:
4

(1) _ ‘pflpxlll’r)<¢r|py|¢ ) oi(wi-wyi
( f' th { ( e+

Px —w, — il Eyoe
Tr#i

(¢f|px|¢r><l/’r|py|¢) P i(w1+wfi)t}+

Wy + wq + I (3323)
z >(¢T|pX|ltb ) * i((,)1+a)fi)f +

Zh — il ¥o®
r£f

o

)(l/Jr|px|l,b) o-ilwi—wp)e |
Wyr + wq + L1 ¥o®

+complex conjugate
where E)’o is the y component of the complex amplitude of the plane harmonic

electromagnetic wave of frequency w; of the incident radiation. The double subscript on
w indicates a correspondence of the frequency with the energy difference between the

levels.
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Another assumption is that to consider the lifetime of initial and final states 7and finfinite
so that I; = I = 0. As a result, the total wave functions expressed in eq. (3.3.20) for
those states will be:

Y; = peioit (3.3.24)

Y = e tert (3.3.25)
The exponential terms of eq. (3.3.23) contains two types of terms as regards their
frequency dependence, in particular (w1 — wfi) and (a)l + wfi). The terms that in eq.
(3.3.23) involve (wl - wfi) describe the generation of the scattering provided that
(w1 - a)fl-) > 0. The nature of the scattering depends on wy;, that is:

wrp > 0 Stokes Raman scattering
ws; = 0 Rayleigh scattering

wr < 0 anti-Stokes Raman scattering

In the rotational and vibrational transitions which do not involve a change of the
electronic state, the condition that h(w1 - o)ﬁ) > 0 is always satisfied for excitation
frequencies in the visible and ultraviolet regions of the spectrum.

The terms that in eq. (3.3.23) involve (a)1 + wﬁ) describe induced emission of two
quanta, w; + wy; and w4, from an initial state, that is an excited level w;, to a lower level
[OFR if w; + wr; > 0.

It follows that the Stokes and anti-Stokes Raman part of the x component of the real

induced transition electric dipole moment is:

1 ¢ Axlpr wr Aylpi
(())fi=%2{< £ |B [ )W [ By [90)

Px Wy — wq — il

T#i,f

AN A P
wrf + w1 + lFT- 0
+ complex conjugate (3.3.26)

where wj is the absolute frequency of the scattered radiation defined as:
Ws = W1 — Wy (3.3.27)

The components (axy)ﬁ of the general transition polarizability (a)f; are then given by:
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(o) =4 (APl ) 0P 10

ri — wq — Wy + wq + Il
r#Lf (3.3.28)

In eq. (3.3.28) the summation is over the states r that carry the restriction r # i, f.
Normally, the summation should consist of all the states including the initial and final
states. But in a lot of cases, their contributions to the polarizability are either zero or very
small and thus negligible. Eq. (3.3.28) is in fact complex because of the presence of il
in the denominators, but whatever the sign of this term, certain frequency conditions lead
to ignoring the contribution of il}.. Therefore, the transition polarizability becomes
unambiguously real and is given by:

(@), =+ 2 { WrlPelr)erlpylve) | ><¢r|ﬁx|¢i>}

‘_(Ul (Urf+(,()1

LS (3.3.29)

Using this real transition polarizability, eq. (3.3.26) should be expressed as:
(1) —iw G plwgt
( . ( xy) (Ey et + Ejetst)  (33.30)

That can be, with the use of the x component of the time-independent complex transition

moment amplitude and its conjugate complex, conveniently expressed as:

(#7) =) et + (7)) eie] (3331)

where
(pj(ci))fl = (axy)fiEyo (3.3.32)
( (1)) - (“xy)fl Yo (3.3.33)

The electric field amplitude could be real so that E, = E; = E, and (pg))ﬂ =
~(1) .
(px ) which may be substituted by (px ) . Thus eq. (3.3.31) becomes:
l

(p’(fl)) ; (pa(c?) i(e Tiost 4 glwst) (3.3.34)

with

(pa(c?) ; = (axy)f Yo (3.3.35)
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Transforming eq. (3.3.34) to trigonometric representation led to:

€Y) _ (..
(px )fl - (pxo )fl cos wSt (3336)
Introducing eq. (3.3.35) in eq. (3.3.36) we obtain:
€Y) _
(px ) fi (txy) ﬁEyo cos wst (3.3.37)

The results of the quantum approach are generally similar to those of the classical
treatment, the electric field has the same classical form. The difference is in the transition
polarizability that, in the quantum mechanical treatment, is defined in terms of wave
functions and energy levels of the system. In this way, the characteristics of the scattered
radiation are related to th properties of the scattering molecules.

Considering the eq. (3.3.28), its derivation does not carry any restriction regarding the
relationship between the frequency of an incident photon (hw;) and any absorption
energy (hw,;) in the scattering material. In the same way, no restriction was made about
the energies of the state ¥, which in principle could lie above the final state Y¢, below
the initial state 1;, or between them (figure 3.3.1). In the frequency denominators
(wy; — w, — il}.) which appear in the first term of eq. (3.3.28), the magnitude of w; and

w, are relatively important because of their involved difference.

P

: Py
Pr,

hw, hwg

pi
¥,

Figure 3.3.1. Energy levels of the Y, states, reproduced from reference [7].

There are two limiting cases to be considered:
1) in the first one the frequency of the incident radiation is very much smaller
than any absorption energy, w; < w;;. Then, w,; — w; = w,; for all the states

1, and the I, can be neglected because they are very small relative to the w,;.
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2) In the second case the frequency of the incident radiation is close to one or
more particular absorption energy, w; = w,;. Then, w,; — w; — i} tends to
—i[}. for a particular state Y, and the terms that possess such denominators
will dominate in the sum over r:
The first case is illustrated in figure (3.3.2.a) [7], here the incident radiation of frequency
w4 induces a transition from an initial stationary state 1); to a so-called virtual state from
which it makes a transition to a final stationary state Y. It is important to remember that
the involved virtual states are not stationary states and do not correspond to a well-defined
value of the energy because they are not a solution of a time-independent Schrédinger
equation.
As w approaches, or is almost equal to, a molecular transition frequency w,;, or at last
is large enough to reach the dissociative continuum energy levels, figure (3.3.2.a/b/c))
respectively, the second case takes shape. The intensity of resonance Raman scattering
can be expected to be orders of magnitude greater than normal Raman scattering. The

second frequency denominator (w,f + wq + iI}.) which appears in the second term of eq.
(3.3.28), involves the sum of w, and w; and therefore cannot become either small or

zero. Thus, the contribution of this term to (axy) 5; can be neglected if one or more terms

of the first term of eq. (3.3.28) is dominant, except in the case of stimulated emission.

(a) (b) (©)

v

| s r 4
s 7 | » 7

(a) Normal Raman Scattering, w; < wy;
(b) Pre-resonance Raman scattering, wq — w;;
(c) Discrete resonance Raman scattering, wq = wy;
(d) Continuum resonance Raman scattering,
w 1n the range of dissociative continuum levels.

Figure 3.3.2. Raman scattering processes, reproduced from reference [7].
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Looking at the numerator of the first term of eq. (3.3.28), it involves the product of two

transition electric dipole terms: (1/;T|;3y|1/;i) and (1/)f Dy z/)r). The first term represents a
transition from an initial state y; to a virtual state 1,., the second term is a transition from
the virtual state ;. to a final state Y. For normal Raman scattering, where w; < w,;, the

(axy) fi is determined by a weighted sum over the states ., of the product, the weighting

for each state y,- being inversely proportional to (w,; — w; — i[}.). In other words, normal
Raman scattering involves all possible virtual states from which the transition from the
initial state to the final state has to pass through, provided that the electric dipole transition
moment between the virtual states and both the initial and final states, is non-zero. In
contrast, for resonance Raman scattering, the virtual states 1, for which w; = w,; will

predominate in the sum over the states y,- and (axy)ﬁ will determined by the properties

of a limited number of states i,
Normal Raman scattering is essentially a ground electronic state property, while in the
resonance Raman scattering, the properties of excited vibronic and rovibronic states can

be investigated.

3.3.3 The Born-Oppenheimer approximation

The general formula for (axy)fi is more manageable when some simplifications are

taken. The first fundamental step is to introduce the Born-Oppenheimer approximation.
When the j-th electronic nuclear state 1)/ is expressed as a function of the quantum
numbers (ej ), (vj ) and (Rj ) of its electronic, vibrational and rotational parts

respectively, as follows:

Y/ =y(el, v/, R)) (3.3.38)
And the same expanded notation is taken for the energy:
Wj = WyjyiRi (3.3.39)

The Born-Oppenheimer approximation, also called adiabatic approximation, allows to
express eq. (3.3.38) as a product of the electronic, vibrational and rotational functions,

and eq. (3.3.39) as a sum of three contributions:
Y =YYy (33.40)

Wejyigi = Wej T Wyj + Wpj (3.3.41)
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Applying the eqgs. (3.3.40) and (3.3.41) and knowing that the xy component of a

polarizability tensor operator &, (e, v", Rr) is given by:

6 (e R = & PelVepT PRI RYIVEIDy
" o hererr;t Werei T Wyryi + Wgrpi — W — ileryrgr
elviRrt
efvaf

(3.3.42)
+

Dy [Ye Vs WrXWWr Wy e |y
Weref + Wyryf + Wprpf + w1 + irererr

The eq. (3.3.28) becomes:

(axy)efvaf:eiviRi = (¢£¢5¢£|@xy (e",v", R")|péiok) (3.3.43)

Let now consider, as before, the denominator of first term in eq. (3.3.42). If a hypothetic

electronic state (e”) is not the ground electronic state, thatis e” # e9 then the magnitudes

of the rotational contribution to the energy, iiwprpi, can be neglected because very small
compared to the vibronic energies. We shall have:

Wered + Wyryi —wg D> 0 (3.3.44)

Eq. (3.3.44) is satisfied only for w; that is much smaller than any vibronic absorption

frequency, w,rpg + w or electronic absorption frequency, wereg if w,r,i = 0. If the

VTyis
electronic state (e”) is the ground electronic state, that is e” = e9, then w,r,g = 0 and
the term wprpi can be neglected provided:

Wy > Wyryi T Wprpi (3.3.45)
In the frequency denominator of the second term in eq. (3.3.42), the term wprpr can be
neglected in all cases if the condition that w, is sufficiently well removed from the
microwave region is respected, so we have that:

Worer + Wyryr + W 3> 0 (3.3.46)
The condition is necessary when w,r,r = 0, as in the case of both final and intermediate
electronic states when they are the ground states. The last terms on the frequency
denominators of eq. (3.3.42), that is [,r,rgr, depends on the rotational quantum numbers,
but the contribution is so small that the term can be replaced by [',r,r.

Assuming the above frequency conditions and with e’ = e9, it will be obtained:
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Bre i )by e 1Dy
Ay (", V" : +
h K Wereg + Wyryi — W1 — lFervr
edut,
efvf (3.3.47)
N Dy [Ye Yu by e |y
Weref + Wyryf + w, + irervr

In the same manner, eq. (3.3.43) becomes:

(@xy) 1o nroogini = (WhHA L | @y (™ V[T YiDE) (3.348)

After the transformation of the polarizability tensor operator @, (e”,v") from the space-
fixed axes x, y, z to &, (e",v") in the molecule-fixed axes x,y’,z’, by using direction

cosines Ly, 1,7, eq. (3.3.48) becomes:

(axy)efvaf:egviRi = (¢£|lxx’lyy’ |¢é>(¢1{¢£|&x’y’(ery UT)|¢églpzl)>

(3.3.49)

The eq. (3.3.49) involves the product of two terms on its right-hand side. This is because

the rotational transitions depend on direction cosine operators whereas the internal

molecular coordinates act on the other terms. In the vast majority of the cases, Raman

scattering is observed in experimental conditions in which the rotational structure is not
resolved. For this reason, the scattering may should

be called as a pure vibrational Raman scattering associated with the transitions as from

the state 171}, to the state 17 1/)1]: . In treating this type of scattering the isotropic averages

of intensity expressions are finally formed. Hence, for vibrational transitions with no

resolved rotational structure and for e’ = e9, eq. (3.3.49) becomes:

— (Sl s g,p,i
(“xy)efuf:egui A A RN CRIDLAT) (3.3.50)
Now, introducing eq. (3.3.47) into eq. (3.3.50) we have:
f g
(a.) 1 3 (Wl vl [pelwrwp s welpy Wews) |
XVJefufe9vt R pay Wereg T Wyryi — Wy — lpryr

edvt,

efvf (3.3.51)

(wsze YT PIDE [P | i)

ref + (l)vrvf + w1 + il eTu’

The eq. (3.3.51) defines the xy component of the transition polarizability that will be

considered in the next simplifications considered in following section.
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3.3.4 The Placzek transition polarizability

Let consider the cases for which both the initial and final vibrational states are non-
degenerate and belong the ground electronic state for which e/ = e’ = e9. For these

conditions eq. (3.3.51) becomes:
f.1,9|.4 A 9.1t
() Ly (o we [pelweyiywyye By lwews) |
XY/ edul e9vt h . Wereg + Wyryi — W1 — irervr
e’

edvt,

edvf (3.3.52)
(WL By Vs s 1[I wi)

Wereg + wvrvf + w1 + iFervr

+

The summation over all r states can now be split in two parts, one where e” = e9 and so
were9 = 0, and the other where e” # e9, obtaining for eq. (3.3.52):

(e"=e) (e"£e9)
(axy)eguf;egvi = (aXY)eegU;:egvi + (axy):q:;:egvi (3.3.53)

In order that:

Py

1 Wi wd 16, [wawi ) wrws
()0 = Z (o e |B. [ Yo

edv/.edyt (wv”vi — W)

g1
Yews)
vrzvtuf

3.3.54
(wlwe 3334

W) (Wi we .l i)
(wvrvf + (1)1)

where the w,r,i and w,r s are relative to vibrational levels in the ground electronic state

ﬁy pr

+

and the term [,r,r is equal to zero. In the case of e” # e9, the i), represent excited
electronic states and if the following condition is respected:

WeTed > W1 > Wyryi OF Wyr,f (3.3.55)
then the terms w,r,i and w,r s relative to the w,rog can be neglected. This good

approximation can be assumed for the term [, too. Therefore, the second part of eq.

(3.3.53) is given by:
ey _ 1 (Wl b, [wEwo )i we
(etxy) )

edvf:.edyt (Wereg — Wq)

by Wi s

(3.3.56)

eT+ed
vrzviuf
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Py

wews) (e b

(wereg + (1)1)

R

¢g¢5)}

In both eq. (3.3.54) and eq. (3.3.56) the electric dipole moment operator is a function of

a set of electronic coordinates {and of a set of nuclear coordinates @

Px = Dx(§, Q) (3.3.57)
The set of nuclear coordinates @ is a set of internal nuclear coordinates that involves a
displacement from the equilibrium nuclear configuration . It is known as normal
coordinates. Further simplifications are introduced with the use of adiabatic permanent
electric dipole moment and of adiabatic dynamic polarizability of the system in the lowest
electronic level. With these conditions, the nuclei are fixed in a configuration @ and only
the electrons are free to move. The adiabatic factors are functions of the nuclear
coordinates @ and so they are denoted as: P,(Q) and @y, (Q). The adiabatic permanent

electric dipole is then given by:

D(Q) = (Wo (&, DD QNPo(€, Q) (3.3.58)

and the adiabatic dynamic polarizability by:

G, (Q)
1 {(%(5, QD& QI E QWY E, QD (€, Qo€ Q)

(we”eg - wl)

+

e’+ed

(3.3.59)

By (&, QW (& QWYL (E Q1D (E Qo (&, Q))}

(we’”eg + wl)

+ (lpO (ft Q)

Where (¢, Q) corresponds to ¥ and the sum is over the electronic coordinates &. With

the use of eq. (3.3.58) the eq. (3.3.54) becomes:

(W15, v MW |p, (@] wi)

(wvrvi - wl)

= 1
(ax)')egvf;egvi % { +
vTzvtuf

ORI
(wvrvf + (1)1)

With the use of eq. (3.3.60), that is the ionic part of the vibrational transition

(3.3.60)
(w!
+

polarizability, Raman scattering that involves only the virtual excited vibrational states is

described, the molecule is fixed on the ground electronic state.
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Simplification of eq. (3.3.56) is achieved by invoking the closure theorem with respect to

the complete set of vibrational states in each electronic state:

@) 1 Wl w21p, [\ ws|p wv)
(axy)

eIvfe9v! h ((‘)ereg (‘)1)

(‘plj;cl/’ég |py |¢e )(1103 ¢v)

(wereg + (1)1)

(3.3.61)

We know that because of the eq. (3.3.59):

{(zpflﬁxlwz)(wz by [7) <¢e SIAT

L=, (Wereg — 1) (Wereg + 1) } -

1 D {(%(E DIp:&, Dz & DNz € Dy € Do €, @)
h

(@eres = 1) (3.3.62)

by, (€, Q|2 (&, D)Wz (€, DIp (€, Dl (&, Q))}

(wereg + w1)

LW,

Then, eq. (3.3.61) becomes:

(tey) 2T = (] |y (@)1 3363)

edvf ey
Where the label e” # e9 has been replaced by the label electronic because the eq. (3.3.63)
defines the electronic part of the vibrational transition polarizability. For normal

conditions, w; >»> w the contribution of the ionic part of the vibrational transition

Urvi,
polarizability is irrelevant and so only the electronic part remains, then eq. (3.3.63) can

be written as:

(eay) st = (W) |y (@15) (3.3.64)
For which e/ = e = e9.
Eq. (3.3.64) shows that the components of the Placzek pure vibrational transition
polarizability are matrix elements of the adiabatic polarizability, defined by eq. (3.3.60),
which is a function of the nuclear coordinates @ only. The valuable property of the
Placzek pure vibrational transition polarizability defined by eq. (3.3.64) is given by the
fact that being the wave functions real, however unlike the general transition
polarizability given by eq. (3.3.43), it is symmetric with respect to interchange of the
indices X,y and does not have an antisymmetric part. The frequency conditions defined in

eq. (3.3.55) determine the possible application of the Placzek transition polarizability only
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in the normal pure Raman scattering with the employing of an optical excitation source
and the absence of absorption in the visible region. The general transition polarizability
can be written using the Placzek pure vibrational transition polarizability, so in analogy

to the eq. (3.3.48), for transitions that are confined in the ground state, it will have:

(axy)vaf:viRi = <¢1€ (&XY)vai

Eq. (3.3.65) is the basis of the treatment of the normal rotational Raman scattering.

¢;§> (3.3.65)

3.3.5 Herzberg-Teller vibronic coupling

Defining the x component of the pure electronic transition electric dipole moment related

to the electronic transition from the state ] to the state lpZ as follow:

D) ofor = (WL || 07) (3.3.66)

The eq. (3.3.51) for the xy cartesian component of the transition polarizability can be

rewritten as:

f .

1 (W5 | @)t er WD (Dy) o [100)
(aXY)ff.giz_E - t
e’ viiedv = Wereg T Wyryi — W1 — lFervr
edvi,
efvf

N (Wl (py) 1 OEYWT | (Pr)eres W)

Wereg + Wyryi + w1 + iFerUr

(3.3.67)

The eqgs. (3.3.51) and (3.3.66) have been obtained by the use of the adiabatic
approximation, so the coupling between electronic and nuclear motions have been
neglected. It is the case of the expressed form in the eqs. (3.3.40) and (3.3.41). However,
the electronic transition moment has a dependence on the normal coordinates of vibration
@ which arises from the functional dependence of the Hamiltonian that may be expressed

by an expansion in the nuclear displacements around the equilibrium configuration Qb:

~ R oH, 1 0,
7o) = (7 1
(@) = (H,), + zk: (an>0 O +3 ; <0QRQ1> Qe @t (3.3.68)

where (k (@ are the normal coordinates. The second and higher terms of expansion are

the perturbation that can mix electronic states. The set of electronic functions at the

equilibrium nuclear configuration can be represented by ¥, (&, Q). It can be considered
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that the normal coordinate dependence of the electronic functions is the result of the
vibrational perturbation mixing the ¥,(&, Qo). For small displacements Qj as in
transitions of the type vy = v; + 1, the perturbation is just described by the second term
of eq. (3.3.67). Therefore, setting ¥} (Q) equal to ] ' (Qo) that arises from the electronic
Hamiltonian mixing of the unperturbed state ¥} (Q,) with other unperturbed states

13(Q,) and using the coupling integral hs - defined as follows:

hier = (20| (552) [vE (@) 3369
the perturbed sates are as follows:
PI (Qo) = ¥E(Qo) + 7 - Z zw — SlePe(Qo) (3.3.70)

and

W00 = Y@ + 4 z Ew Q)0 637

eSzel

Where Aw,r and hw,s are the energies of the unperturbed states and (hlgser)* = h’;’res.
The introduction of the electronic perturbation acts in a certain manner on the products
of components of electronic transition dipoles present in the numerators of the two terms

in the expression for (axy) ; given by eq. (3.3.67). Effectively, the first product

efuliedy

becomes <1,b£

5, ng’><ng' b, ¢£'>, now using egs. (3.3.70) and (3.3.71) it will be

obtained:

(3.3.72)

bulvd ) =l +3 > z«pe(czon ~0.

Sie‘r’

(we

THCHE=DY 2% ~Qul£(Q0))

sier

Adapting the compact form of eq. (3.3.66) with the rights indexes we have:
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(P) st = () e hZZwe — 0 (7)) o0 +

SieT

7 2 z(py)ee Weg —a)e @9 — o 2K

et+ed

(3.3.73)

It is showed in eq. (3.3.73) that the transition electric dipole (pY)eT'e o/ depends not only
on the term (pY)eTe , but also on additional contributions due to the transition electric
dipoles of the types (py)ese g and (py)eret that are determined by the application of the

perturbation by the electric Hamiltonian. Similar considerations can be applied to the x
component of the electronic transition dipole in the numerator of the first term in eq.

(3.3.67), obtaining:

Byt = Parer ¥ . Z(zax)efe —e_Q, +

(,()es
eSzeT

T Z Zwef Wet Qk(py)

etzefl k

(3.3.74)

The amount of contribution terms that arise from the electric Hamiltonian perturbation to
the krh vibrational mode is proportional to the appropriate coupling integral and the
displacement @, and is inversely proportional to the energy difference between the two
states involved. In particular, this latter condition requires that the involved states have to

be relatively close in energy.

The replacement in eq. (3.3.67) of the terms (p,), s, and (py)ere g With the ones of egs.

(3.3.73) and (3.3.74), that is (px)ef’erl and (py) r respectively, lead to a rather

!
e’ ed

complicated result:
— gl I I I
(@xy) ryfpayi = A" +B'+C'+D (3.3.75)

where:
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1o (@01 @Derer 93 (05 (0)) o

Weoryr.ggyi — W1 — lrervr

#,

AI_

eTu’+
edvt,
efvf

(wv

(3.3.76)

(py)efer l/)17;> (l/){; | (px)ereg |lpil))

Woryr.ofuf + w1 + il eTu”

hST

o — o Yk

Sesser T(Pr)eores o5 (Py) res |V

"

¢v> (wi vi)

— Wes
B' = lz Z . +
h ToT = Weryriegyi — W1 — Llgryr
egui,
efvf

hks .

r —

Qk

Eb{ ZesieTZk(py)efe W,

¢v> <l/)v |(px)e Ted |7~/)v>

+ -
Weoryr.ofuf + w1 + lrervr

. R s :
1 (ll)z{'(px)efer |1/}1lj> <¢5 Zesqteerﬁ Qk(py)eseg lpll)
+—= z +

2 v Weryr.egyi — W1 — irervr
e?v}i; (3.3.77)
el v
f r r hle(res i )
l/)u (py)efer lpv lpv Zes:#er Zk Wor — Wes Qk (px)eseg 1/)1)
- . (
Weoryr.ofyf + w1 + lrervr
J
f hl«:fet
o1 Yo | Zetwer X g — g7 Qe Prdeter|¥ [ (¥ (By) ,rp0|¥
C =— - +
h? ToT s Woryriegyi — W1 — leryr
edvi,
efof
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hk
<¢1{ Z tzef ka of — Qk (py) tor lpu)(lpul(px)e egllpv)

+ ; +
Weryriefyf T W1 + leryr

1 {< Jl(Px)efer|¢5)<¢5 ZetieQZk(py)e rot ka l/Jv>
+ﬁerur¢ Woryriegyi — W1 — leryr *
ot (3378)
h 4 .
(wu (P) 7 ¥ )<w5 Betwen Tu(P)eret o= Qi w:,>
Weryr.ofyf T W1 + ileryr
D' = 1 X
h3
(0] Seever Bun)urs o w5><w5 zesfierzkr%ok (py) o[
2 eror ot — 1 — Moy ¥
?f (3.3.79)
"
+<¢5 Seseer P gr s s oo wv>(¢u Besser 20, (0, )
Woryr.egyi — W1 — ryr

In the term A! there are two products of two unperturbed electronic transition dipoles. The
term B! involves four terms in which there are products of one unperturbed electronic
transition dipole with electronic transitions dipoles that arise from Herzberg-Teller
coupling of two excited electronic states. The term C! involves products of one
unperturbed electronic transition dipole with electronic transitions dipoles that arise from
Herzberg-Teller coupling of one excited electronic state and either the initial or final
electronic state. The last term D! involves two products of two electronic transition
dipoles both of which arise from Herzberg-Teller coupling.

The eqs. (3.3.76-3.3.79) can be simplify by the use of the Born-Oppenheimer
approximation for which the electronic transition moments and the coupling integral do

not operate on vibrational wavefunctions. Therefore eq. (3.3.74) becomes:

(@xy) ,yr. 00y = A"+ B+ C" + D (3.3.80)
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where
11 1 (px)efer(pY)ereg (py)efer(Px)eTeg Floo\frr o
A _E w i —wq — L[ +a) + + il ( vl¢v)<lpv|¢v)
etorx U e vhedut 1 e"v” eTuTefyf T W1 T Ueryr
S (33.81)
k
I 1 (pX)efGSheser(py)ereg
h e"vT# oSze’ k ((,l)er o wes)(wervr:egvi — W1 — lrervr)
edvi,
efof

p shsser(px)ereg '
(y),s. }(w,{ | Qi Yl [wi) +

(Wer — Wes)(Wryr.ofyf + Wy + ilpryr)

k
1 (px)eferheres(pY)eSeg
h = = (wer - wes)(wervr:egvi — W — l['ervr)
e; ; eS+e” k
oy (3.3.82)

efvf

p rhlecser(px)eseg '
) s, }(wg |5 My | Qe ws)

(wer — a)es)(a)ervr:efvf + w1 + iI;rvr)

+

{ hle{fef(px)eter(py)ereg

(C()ef — C()et)((l)ervr:egvi — w1 — irervr)

3, 33

e"v# otxef k
edul,

efof

hkf f(p ) (P ) Tod

ele Y/]eter\Fx/e'e f . . ;

- +

((,()ef - (,l)et) (wervr:efuf + w1 + lFervr) <¢U |Qk|wv><l'bv |¢U>

e MV SO P
h?2 TOT% oo K (weg - Cl)et)((,l)ervr:egvi — w1 — i]—'ervr)

edvl,

efuf

p r(px)erethle(teg .
22).s, }(wiﬁ [ )5 | Qi [

(a)eg - (l)et)((l)ervr:efvf + wq + i[érvr)

+
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1
I —
D" = ﬁ X
Z Z Z Po)ereshiserhl o (py) o (WL1QIWEN W |Qur 1)
X
e g5 ool wor KK (a)er - a)es)((l)er - (l)esl)((l)erur:egvi —wq — lrervr)
edut,
efuf

(3.3.84)
(py)efes’h:s r e TeS (py)e eg<lp1{|Qk’|lpv>(lpv|lelpv)

(weT - (‘)eS’)(weT - wes)(we’"vr:egui + Wy + ileryr)

The simplification of eqs. (3.3.81-3.3.84) depends on the understanding of the

relationship between the vibronic absorption frequencies w,r,r or equivalently

edyls
Weres + w,r,,i and the frequency of exciting radiation, that is w,. The relative Raman
scattering process are showed in Fig. (3.3.2). When the frequency w; is far from any
vibrational absorption frequencies, that is wereg + w,r,i > w4, the effect of the term
w,r,i in the expression w,reg + w,r,i — wy, can be neglected. Moreover, if w; > W, r,i,
then the term w,rp9 + w,r,i + w; can be substituted by w,reg + w;. The term il,r,r is
very small with respect to both the terms w,r,9 + w; and w,r,9 — w4 and so it can be
neglected. These conditions are the typical ones for the non-resonant normal and vibronic
Raman scattering for which e/ # e9. An important consequence of these simplifications
in the frequency denominators is that the summation over the set of vibrational states in
each electronic state e” becomes allowed because the denominators do not depend on the

vibrational states. In order to take into account the relative magnitudes of these

contributions, it is useful in the non-resonance case to use Taylor series expansions of

(px)efer3
@) o = ) erer + Zu®) g 1 Qu (3.3.85)
where:
a(px)efe
O (6—<2k)0 (3.3.86)

The derivatives with respect to the normal coordinates implicitly contains the vibronic
coupling of states 1, to other electronic states. The comparison of eqs. (3.3.85-3.3.86)
with eq. (3.3.73) leads to the following result:

0 =2 S e Z i e

esrel etxel (33.87)
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k .
Corresponding relationships for (pY):f'eT" (px)'e‘rle o and (py)e + are readily

T,eg
obtained. Taking into account the conditions relative to the non-resonant normal

electronic and vibronic Raman scattering, we have:

(axy)efvf-egvi = AWl 4 gl 4 £ 4 plll (3.3.89)
where:
o _ 1 (pX)efer(py)ereg (py)efer(px)ereg Flri
A T h Wereg — W + W.r.f+ <l/)v|l/Jv>
er=ed el et el T (3.3.89)
k k
111 I 1 (px)efer(pY)ereg + (px)efer(py)erey
e"+edef k Wereg — W1
(3.3.90)
k k
n (py)efer(pX)ereg + (py)efer(px)ereg <l/)f|Q |1/)l>
(a)ereg + (1)1) v k17v
K k'
DIH _ 1 z z (px)efer(py)ereg
herieg,ef kK’ (wereg B (1)1)
(3.3.91)
kl
(py)efer(Px)Ie(reg

(W10, i)

(wereg + wl)

In the case of the normal pure vibrational scattering, the condition e/ = e9 introduces
further simplification with respect to the egs. (3.3.88-3.3.90). In this case:
— — 7alv 1A/ v v
(@y) yrnoyi = (Qy) g i =AYV + BV +CV 4D (33.92)

where:

(W] [y

Wereg — W1 Weref + Wq (33.93)

v 1 {(px)eger(py)ereg (py)eger(px)ereg

eT+ed
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BV y clV = _ z z (px)le(ger(py)ereg + (px)ege (py)e Ted +

h — (wereg _(‘)1)
e’+e
(3.3.94)
(py)ege (px)ereg T (py)ege (px)e e (1,[)le |¢L)
(wereg + wl) v IXklYy
DV — 1 z z (px)ege (py)e Ted
h e"+ed kk’' (@ereg = @1)
(3.3.95)

k' Kk
n (py)eger(px)ereg
(Wereg + 1)

<¢5|Qka'|¢5)

The functions of eqgs. (3.3.93-3.3.95) are real, and electric dipole interaction Hamiltonian
operator is hermitian. Consequently, the numerators of eq. (3.3.93) are equal and similarly

the numerators of eqs. (3.3.94-3.3.95). Thus, because of the form of the denominators

thatis (a + b) and (a — b), using the algebraic identity (aib) + (aib) = (azz_abz), we have:

2w, .
Real fl z rege e {(px)ege (py)e eg} <¢1{|1/)1L)> (3.3.96)

r¢eg

20e7e9
BReal +C eal h E E g — 1 {(px)ege (pY)e Ted
Te

e"+ed

(3.3.97)
+ (px)eger(py)ereg} (lpljjIlelplll)
1 2We7e9

kl
D}z‘éal = ﬁ z—wz(px)ege (p}’) r

e"xed k k' Wereg

(W10 Qi W) (3.3.98)

The next step consists of an expansion as Taylor series in @ of the adiabatic polarizability

and to introduce the expansion in eq. (3.3.64) in order to obtain the following result:

(C(xy)vai = (axy(Q)) |1/Jv + z< xy(Q)) lekl’*M))
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1 aZax (Q) [
+§22< 30, f?Q ) (W) QeQu|wi) + - (3.3.99)

Now, comparing eq. (3.3.99) with eqgs. (3.3.96-3.3.98) it is obtained

2 e e
(“xy(Q) ) Z Dere? z(px)ege (Dy) g (33.100)

eTxed ereg
., (Q) 20,7 o9
(9(5;_) z 2 e {(px)ege (Py)gres 33.100
Qk 0 e T+ed reg

+(px)e9e (py)e eg}

<62axy(Q)> 1 z z 20,709 ( ) ( )k'
anan 0 h e"+ed ik’ wgreg - wz Px)eder\Py e"ed (3.3.102)
The eqs. (3.3.100-3.3.102) are given for only one normal coordinate @, and they relate
to transition polarizability components for a specific transition that involves a change in

only one vibrational quantum number (v;). It is important to note that the eq. (3.3.102)

is valid only to the first order in (Px)¥g,r because if the Taylor series is taken to the

ede
second derivative terms containing vibronic coupling between 1)/ and other electronic
states will appear in the eq. (3.3.102). The non-resonant pure vibrational transition
polarizability determines the properties of the Rayleigh and of the normal Raman
scattering such as selection rules, intensities and polarization.

Different kind of approximations are evoked in the case of electronic and/or vibronic
resonance Raman scattering. In the case of the electronic and vibronic resonance Raman

scattering the eq. (3.3.80) becomes:

(@xy) osyr.00y = A +BY +CV +DY (3.3.103)
where:
" < e %(r))( () 5(g)>
= =0 erer(Py) yro z Oorrogn — 1 =Ty 33109

v"
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<¢5<f)| 0s ¢5(r>>< () kbf,(g)>

((l)ervr:egvi — w1 — iFervr)

B = e () s Y
- hz px efes (O)er _ O)es) py eled

v'r

+ (3.3.105)

kres l/){j(f) IIJZ(T) lp;(r) 0 l/)f,(g)
+%(px)efer@;em(py)eseg;< (w | >< | k| >

eruriedyl T W1 T lTervr)

cV =
) hffe (o) z <¢5(f)|Q r(r)>< 5(T) 5(g)>
—_— - - +
hz ((Uef ) Px py e"ed e ((,l)ervr;egui — Wy — lFervr)
(3.3.106)
1 " <¢5(f)|¢r(r)><¢5(r)|Q |¢l(g)>
Wy (pX)efer(py)e Tet (wpg-w, )ZU (@ ryr.pgyi—@1—iTeryr)
k k’
1 heser
DV - - s
hg (px)efe ((l)er Wes )(wer _ ) (pY)e eg
fH r(r) r(r) (g9
<1/J |Qk Y >< Qk'|¢v > (3.3.107)

v
x> ,
— ((1) — w1 — lFerUr)

eTur:edut
Where the additional superscripts indicate the electronic state to which they refer and the
restrictions e” # e9, el e, eS' # e and ef, e9 + et are still applied. The eqgs. (3.3.104-
3.3.107) have been obtained considering the term w,r.g9 + w,r,i of the excited electronic
state as be the dominant one in the sum over the states in the expression of the transition
polarizability. Furthermore, only the first terms of eqs. (3.3.81-3.3.84) are significant
because the second terms contribute only a slowly varying background and may be
neglected. An additional simplification considered is the restriction of the sum over
vibrational states to the vibrational states of one electronic state. Where Herzberg-Teller
coupling is involved, only a single excited state in terms BV and CV, respectively s and ¢,
have been considered, and only two excited states in term DV In addition, the summation

on the normal coordinates has been restrict just to a single normal coordinate in in terms
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BV and ¢V, and to a couple of normal coordinates in DV For normal vibrational resonant
Raman scattering the further condition is that the initial and final electronic states are

equal: e/ = e9. The egs. (3.3.103-3.3.107) become:

— AVI VI VI VI
(axy)efvf:egvi =A"+B"+C" +D (3.3.108)
where:
. < @ r(r>> < r(r) i(g)>
Vg Vg Uk Vg
AV = — (D) eser(py) - z : (3.3.109)
h x/ede y eled vz wervz:egv;'( —_ (1)1 —_ ll—‘ervz
BVI —
f(9) r(r) r(m|.,i(g)
B (Wl ouwn” i [vis?)
72 Peser (o= s (Py) rea > +

vl (we”v%:egv;'C I lrerUZ)

(3.3.110)
1 hlgres f @ |¢T(r) r(r)| 0Q |¢l(g)
+?(Px)egerm(l)y)eseg Z< >< k >

U (wervz:egu}'( — w1~ lFerUZ)

cVl —
L ows, < (g)|Qk rcr)>< 5;ET) f»ig)>
12 (oo — wer) (Px)eter(Py)ereg% (wervz;egu;'( —wy — iFerv;) '
) . o ) K, z <¢f(g) r(r>><¢r(r> 0. L(g>>
7z Podeser (y) o (o 50 (@erypiesns, — @1 — iTerag )
(3.3.111)
hEs rh*
V! = % (Paeses (o ;ej) (on — ) Peves
<¢f(g)|Qk|lpr(r)>< r(r) 0. |l/)l(g)> (3.3.112)
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For a detailed treatment not discussed here, the eqs. (3.3.103-3.3.107) and (3.3.108-
3.3.112) are the starting point of the electronic and vibronic resonance Raman scattering,

respectively.

3.3.6 Intensity of Raman scattering radiation

The amount of radiation energy which passes through a surface of unit area perpendicular
to the propagation direction in one second is defined as irradiance of the incident radiation

and has units of W m™; it is given by:
1
R = EcoeoEg (3.3.113)

The irradiance R must not be confused with the radiant intensity of a point source, which

is defined as the ratio of the time-averaged power d®, in a given direction contained in a

conical beam of solid angle d() about this direction, to the solid angle d{), and has units
of Wsrl:

do

[ =—

dQ

The relationship between the intensity of the Rayleigh and Raman scattered radiation

(3.3.114)

from a single molecule and the irradiance R of the incident radiation is given in a general

form by:
I=0'R (3.3.115)
Where a'is the first differential scattering cross-section per molecule and it has the unit

of m? sr'! molecule™!. The total scattering cross-section per molecule, o, has the unit m?

molecule™! and is defined by:
4
o=["0'dQ (3.3.116)

The scattered intensity can be function also of the wavenumber and this dependence is
considered in the definition of the second differential cross-section, o'’ that has the units

m sr! molecule™:

! 2
o' = i = 070 (3.3.117)
00 0000

Unlike the intensity /, the several cross sections do not depend on the incident irradiance

but are characteristic of the materials.
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If we consider the scattering radiation from a small volume element containing N free
rotating identical molecules of an ideal gas coming from the transition v to v/, the
population of the initial state will contribute to the scattering Raman as follows:

E i

v
e kT

Qy

where g, is the vibrational degeneracy of the initial state, E i is the energy of a molecule

(3.3.118)

N,i=Ng,i

in the initial state and @, is the sum over the vibrational states or vibrational partition
function defined by:
Fyi
Q=) gyie K (3.3.119)
J
where the summation is over all the vibrational states j.
Let 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 before to go

ahead with the considerations regarding the scattering geometry shown in figure (3.3.2):

(pxo) = (axx)ExO + (“xy)Eyo + (“xz)Ezo
(pJ’o) = (ayx)Exo + (QYY)EYO + (ayZ)EZO (3.3.120)
(pzo) = (azx)Exo + (azy)Eyo + (azz)Ezo

In the eq. (3.3.120) the components of the Placzek pure vibrational transition
polarizability, which have been defined in eq. (3.3.64), are involved. In order to obtain
eq. (3.3.64) the rotational transitions of the molecules were ignored. This situation
influences the intensity of the scattered radiation, because for free rotating molecules it

will involve isotropic average of the squares of the transition polarizability tensor
) 2

components, such as ((a,,)*), ((axy) ).

Let now consider the geometry shown in figure (3.3.3) where ey, e, and e, are the unit

vectors associated to the Cartesian axis system x, y, z. The terms n}, nj are the unit vector
that define the direction of propagation of the incident and scattered observed radiations,

respectively.
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Figure 3.3.3. Components of Eo and po when nh = e, and n§ = e,, respectively, reproduced from
reference [7].

In the case of the linear polarized incident radiation that it is propagating along z (i} =
é,), the components of its electric field are restricted to Ey (Ili), Ey, (J_i) whereas for the
scattered radiation, that it is propagating with a scattering angle 6 equal to 90° along x
(fig = é), the components of polarization are restricted to P, (L), P, (II*). The symbols
in the brackets (Ili ors ), (J_i ors ), indicate whether the components of the scattered (s) or
incident (1) radiations are parallel or perpendicular with respect to the scattering plane
defined by the unit vectors é, and é,. If it is the intensity of the radiation polarized
perpendicular to the scattering (n/ 2,J_S,J_i) plane that is observed, the only active

components of the transition polarizability tensor along the diagonal will be (ayy),

therefore [ (n/ 2,15, J_i) will involves its isotropic average ( (ayy)z), whereas for other
configurations, the

isotropic averages relative to active off-diagonal terms of the transition polarizability
tensor will be involved.

The other possible geometric configurations shown in Fig. (3.3.3) are:
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- 1 (n/ 2,1°5, J_i), for which (azy) will be the active components and its isotropic

average ((azy)z) will be the term involved in the intensity of the scattered
radiation.

-1 (n/ 2,1°, IIi), for which (a,,) will be the active components and {(a,)?) will
contributes to the intensity.

-1 (T[/ 2,15, IIi), for which (ayx) will be the active components and ((ayx)z) will
contributes to the intensity.

Surprisingly, all the isotropic averages of the off-diagonal components of the transition

polarizability are equal to each other while they are not equal to the isotropic averages of
the diagonal components. Moreover, only in the first case, when [ (n/ 2,15, J_i) the
components of the electrical field and the polarization are parallel each other while in all
the other cases they are perpendicular. So two appropriate measures of intensity of the
scattered radiation are sufficient in order to characterize a symmetric transition
polarizability tensor in the Cartesian basis: one should be [ (n/ 2,15, J_i) and the other
one can be any of the other three, but generally / (n /2,15, J_i) is chosen.

If the components of the electric field of the incident radiation are Exo(lli) =0 and
Ey, (J_i) # 0, the components of the amplitude of the transition electric dipole moment

P, for a single molecule will be:

Py, (L5) = (ayy)Ey, (1Y) (3.3.121)
pzo(lls) = (azy)Eyo(J-i) (3.3.122)

The intensity of the scattered radiation by N.,; molecules of an ideal gas in the initial state
vt and in a geometric configuration equivalent to that just described is obtained by
multiplying for N_: the egs. (3.3.1-3.3.2) where 6 = 90° and taking into account the egs.
(3.3.121-3.3.122) but by using isotropic average of the corresponding square of the

component of the transition polarizability tensor. Thus:

N, i0d(ayy) VS (L) _ m2co,w{(ayy) VB, (1)

32m2gcd 2&0

I(m/2,151") = (3.3.123)

N i0d(azy) Vo (L) _ meoN, ¥ ((azy) VES, (1)

s ) —
I(r/2,115, 1Y) = e ™ (3.3.124)

Remembering that the transition polarizability tensor is symmetric, so the isotropic

average can be expressed as:
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45a?% + 4
(ayy)") = = 4 (3.3.125)
((azy)) = r (3.3.126)
15
where in a general way:
1
a=z (tex + ayy + az;) (3.3.127)

and

, 1

V=§

2 2 2
{|axx_ayy| + |ayy_azz| + |azz_axx| }+
3 . ) (3.3.128)
+Z{|a"y + Ay Qe + Apl® + |y, + gy }

The introduction of the irradiance R defined in eq. (3.3.113) in the eqs. (3.3.123-3.3.124),
taking into account the eqs. (3.3.125-3.3.126), determines that:

. N jwé 2 m?coN_ Ve 2
I(m/2,15,11) = (B g = - DR B R (33.129)

16m2ec 45 et 45

, N ng yz T[ZCON ngl- ‘)/2
(/2,1 10) = (7 _ T a1
( /2,1P, ) 16m2edcs (15 2e3 15 ( )

The total intensity of the scattered radiation for nf = e, is given by the sum of egs.
(3.3.129-3.3.130), note that no care is devoted to the polarization of the scattered

radiation:

N iw§ {45a2+7y2}:R _ n?coN Vs {45a2+7y2}:R

S s (i) —
I(n/Z,J_ +I°% L ) "~ 16m2elct 45 45

&6

(3.3.131)
The ratio between the eq. (3.3.130) and the eq. (3.3.129) defines the depolarization ratio
also known as the degree of depolarization p(n /2,1 ):

S i 2
I(m/2,1°1Y) _(_ 3y (33.132)
I(t/2,15,10) "~ |45a2 + 4y2

p(r/2,1") =

In the case of inversion of the components of the electric field of the incident radiation,

namely Exo(lli) #0 and E, (J_i) = 0, the active components of the transition
polarizability tensor given by eq. (3.3.120) will be off-diagonal, I (n/ 2,15, IIi) will be
equals to I(n/Z 5, IIi) and is given in eq. (3.3.130). When y # 0 the depolarization ratio
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p(m/2,1I') is equal to 1. Consider now the case for nf =e, (6 = 0), and nf =
—e, (0 = m). The involved components of the transition electric dipole

moment (p,) are py, (L) and p, (II). From the eq. (3.3.120), the active components of
the transition polarizability tensor, when Exo(lli) =0 and E,, (J_i) #* 0, are (ayy) and
(axy). The corresponding intensity of the scattered radiations are given by eq. (3.3.129)
in the case of I(O or —m, 15, J_i) and by eq. (3.3.130) in the case of I(O or —m, I}, J_i).
Otherwise, if Ej, (J_i) =0 and Exo(lli) # 0, the active components of the transition
polarizability tensor are (a,, ) and (ayx). In this case, the corresponding intensity of the
scattered radiations (0 or —m, LS, IIi) and (0 or —m, I}, IIi) are given by egs. (3.3.130)
and (3.3.129) respectively. All the relationships for the intensity conduce to two
geometries: in a first case the electrical vectors of the incident and the scattered radiations

are parallel to each other, this is the case of the expression that involves a and y; in the

second case, the electric vectors are perpendicular and the expression involves only 7.

3.3.7 Raman Scattering in Solid

The Raman effect has been descripted in a theorical way in the previous paragraphs. It
has been seen that the vibration is quantized and this is the case also in solid system where
the reticular vibration, or elastic wave, is quantized [8,9]. In particular, while for the
electromagnetic wave the energy quantum is the photon, in the case of the reticular
vibration it is called phonon. It is important to note that almost all the concepts developed
for the photon are also valid for the phonon. Considering again a monochromatic light
beam of frequency w;, the light will propagate with the propagation vector k, |k,| =
w1 - N(wy)/cy where n(w,) is the refractive index. In the same manner, the propagation
vector of the scattered light is kg, |kg| = ws - n(ws)/cy. The scattering frequency and the
scattered vector are respectively defined as follows:

w = W, — W (3.3.133)
and

k=k;— kg (3.3.134)
The conservation of the energy and of the moment laws, eqs. (3.3.133-3.3.134), must be

satisfied to have Raman scattering.
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In a perfect crystal, the elementary excitations, that is phonons, are represented by the
wave vector ¢ and the frequency w,, whose correlation is given by a dispersion relation
that specifies a frequency w, for each value of g. The first order process is characterised
by a single elementary excitation, then the scattered wave vector and the scattering
frequency are equal to ¢ and w, respectively.

In the typical visible — near infrared set up, the order of magnitude of the maximum
phonon wave vector (= 10* cm™) that is excited by the light is about three orders of
magnitude smaller than the wavevectors corresponding to the Brillouin zone boundary of
characteristic crystals (= 107 cm™). Consequently, for first order process that conserve
the wave vector only the elementary excitations close to the centre of the Brillouin zone
must be considered. In this case, g = 0 and the many unit cells of a perfect crystal vibrate
in phase. This implies the possibility to use the point group symmetry in order to evaluate
the symmetry of the vibration, treating the unit cells as molecules. This is an enormous
advantage because unlike the space group symmetry, which has 230 groups, the point
group symmetry has only 32. The theoretical treatment of the Raman effect on solid
crystalline systems can be deal with the above exposed theories.

In imperfect crystals, with a small concentration of defects, as well as in solid solutions
or in amorphous solids, the condition of the conservation of the wave vector is no longer
respected. Therefore, the Raman spectra show such features depending on the density of
the states of the particular excitation, determining the fundamental role of the Raman
Spectroscopy 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 constituted by quantum structures such as artificial
multilayer systems which display size quantization, or confinement, along one or more
directions. The size quantization occurs when there is a small characteristic length so that
along this direction the motion is quantized into distinct energy levels, as in a quantum
well. For electrons typical lengths are in the nanometres range and the structures are said
to be nanostructures.

Let consider a binary alloy system as example. It can be viewed as a perfect host crystal
that contains some impurities that have the same valence but a smaller mass than the
atoms of the host crystal. The own local vibrational modes related to the impurities are
often seen by Raman spectroscopy. From an atomic point of view, the heavier host atoms

cannot follow the motion of the faster impurities and this results as a narrow band in the
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Raman spectra. The reason is because the local frequency modes associated to the light
impurities will be well above the local frequency mode related to the host crystal, and the
direct coupling is not possible. Otherwise, if the impurities are heavier than the atoms of
the host crystal, the direct coupling occurs and the associated mode will not be anymore
local. The Raman band related to that mode will be much broader than before. The Raman
spectra collected on amorphous materials will generally consist in broad bands with
maxima approximatively close to the frequency of the same mode of the material in the
crystalline phase that shows a narrow band. For this reason, Raman spectroscopy is a
useful tool in the study of the structural phase transitions. Most studies show effects on
the materials due to thermal or pressure modifications that usually are opposite: an
increasing temperature tends to increase the inter atomic distance while an increasing

pressure tends to reduce the inter atomic distance.

3.3.8 Raman Scattering in Polymer

Raman spectroscopy in polymer science is very commonly used, due to the fact that it
can provide information on the characterization of the molecular compositions, segmental
orientational, chain conformation and, quite important, as regards intermolecular
interactions. Furthermore, Raman spectroscopy is conveniently often used in the study of
biological systems because of the low Raman scattering of the water molecules. Raman
spectroscopy is currently used in an area of interest: the study of systems that show
disordered chains which can affect macroscopic properties such as ionic conductivity,
mechanical properties, solvation efficiency, corrosion inhibition etc. This is because the
relative intensity and the frequency of the Raman bands depend on the relative
concentrations of the specific localized structures.

Although the technique works very well for above systems and for those that involve well
defined structures and precise assignments to the Raman band, it is not easy to get results.
This is because for disordered systems, the Raman bands appear generally as broad and
weak bands that can often be overlapped. Therefore, in order to have information of the
macroscopic properties of the systems, it is often necessary to make some efforts in the
resolution of these features.

The Raman spectra often show the changes of polarizability associated with different
carbon-carbon backbone conformations. As it is known, the Raman scattering is

associated with the transition of the polarizability tensor, so the Raman spectra that are
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collected in polarization way provide several information on the structures of disordered

samples and even on those in solution or melt.
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3.4 Surfaces Enhanced Raman Spectroscopy

It has been on the late 1970s that a first recognition of an observed phenomenon in 1974
gave impetus to what would later be called SERS [10-12]. Initially, the use of SERS was
limited to a narrow circle of the scientifical community, as it required mastery of the
optics and lasers used in Raman spectroscopy, as well as the electrochemistry involved
in the process. However, the 1997 discovery of the single-molecule SERS led to the use
of SERS also as an analytical technique of investigation [13,14]. Thus, today there are
thousands of scientific research, articles and books dealing with the topic in the most
diverse fields: chemistry, physics, materials and surface sciences, nanoscience and life

sciences in general (medicine, biology, etc.) [15-22].

3.4.1 Fundamental on SERS

The SERS effect is explained through two different mechanisms, the electromagnetic
enhancement (EM) and the chemical enhancement (CM). The former mechanism is
responsible for an enhancement factor (EF) in a wide range (103-10'°) while the latter is
significantly much smaller with EF in the range of one to three orders of magnitude.

EM is related to the interaction between the plasmon of a metal (that is, the quantum of
energy associated with the oscillations of a plasma, formed in metals by conduction
electrons) and the photons of the incident radiation.

CM is related to the electronic properties of the adsorbed molecules on the surface of the
metal and consequently on the increasing in their electronic polarizability @, jecule@metal

on the induced dipole pinq [23].

3.4.1.a Electromagnetic enhancement (EM)

When the incident light come onto the metal surface, the conduction electrons of the metal
can be resonantly excited by the electromagnetic wave. Taking in mind the classical
harmonic oscillator model, the resonance frequency of the plasma oscillation (plasmon)
of metal, wy,x depends on the dielectric functions of the metal &peq(w)and the

surrounding medium &, (w). The typical plasmon peaks of colloidal silver and gold are
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observed in the visible region of the electromagnetic spectrum, so the optical frequencies
are sufficient to excite these metals.
In figure (3.4.1.a) is shown a gold nanoparticle that undergoes a charge separation due to

the oscillation of conduction electrons generated by incoming laser radiation [23].

electromagnetic wave /‘ ‘\

) o, | \
N AN

LSPR-supporting metal structure

b

Figure 3.4.1. EM in SERS: a) the excitation of a dipolar localized surface plasmon resonance (LSPR)
generates a Hertzian dipole on a gold nanoparticle; b) The scattered LSPR-supporting metal structure by
the elastic light enhances both the incoming electric field (winc blue) and the outgoing electric field (winc —

wvip green) reproduced from reference [23].

The radiation has angular frequency equal to w;,. and amplitude E,. It is the oscillating
electric field of the radiation that determines the charge separation. This type of resonance
is a particular case of plasmonic resonance, named dipolar Localized Surface Plasmon
Resonance (LSPR). The polarizability of the nanoparticle metal @05 together with the
incident electric field strength E(w;iy.) define the magnitude of the induced dipole
Hind(metal)> that is Uind(meta) = Ametal Eo(@inc). The resulting localized induced dipole
WUing changes his sign in function of the angular frequency wj,. of the electromagnetic
wave that is the external driving force. The resulting Hertzian dipole on the nanoscale can

emit radiation at the same frequency wiy. (Fig. 3.4.1).
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In summary, in figure (3.4.1.a) the resonant elastic light has been dispersed by gold
nanoparticle resulting in an increased local electric field Ejy.(winc) close to the metal
sphere relative to the incident electric field Eq(winc) [23].

In figure (3.4.1.b) it is shown the interaction between the local electric field Ejoc(wWinc)
and a molecule near the surface of the gold nanoparticle. Also in the molecule induced
dipoles can be generated Uinq = @molecule Eloc(@Wine)- Both the induced dipole moment
Uing and the incident local electric field Ejyc(wjnc) are vectorial properties while the
electronic polarizability of the molecule ay,q1ecule @S described above, is a tensor of rank
two with nine components. Remembering the classical theory of the Raman scattering,
the phenomenon of inelastic light scattering can be explained by considering a molecule
vibrating with angular eigenfrequency wyi,, modulating the incident electric field
Ey(winc). As usual, the three dipole components that occur are the Rayleigh scattering,
Uind (@inc), the Stokes Raman scattering, tinq(Winc — Wyip), and the anti-Stokes Raman
scattering, Uinq(Wine + Wyip). In figure (3.4.1.b) it is shown the Stokes Raman scattering
with angular frequency wj,. — wyip for one particular vibrational mode. The frequency-
shifted radiation (the left green arrow in Fig.3.4.1.b) is sufficient to excite a LSPR of the
metal sphere of figure (3.4.1.a). So, elastic light can be dispersed by the metal sphere (the
right green arrow in Fig.3.4.1.b) and the emitted radiation is detected in the far field [23].
The SERS intensity is a function of both the incident electric field (wj,.) and the
outcoming electric field (wjpc — Wyip), SO that Isgrs = linc(Winc) [ (Wine — Wyip) =
|Eine (Wind) |21 E (Wine — Wyip)|?. To obtain a SERS enhancement is therefore necessary
that the incident radiation wj,. and the Stokes Raman scattered radiation wj,c — Wyjp are
in resonance with the plasmon peak of the metal sphere. The typical |E|* approximation
of the SERS intensity is obtained for an incident laser radiation w;,. close to a Stokes
Raman scattering for one particular vibration wine — Wyip, that is Wipe & Wine — Wyip OF
Winc > Wyib-

The electric field strength of the dipolar radiation scales by a factor of three with respect
to the distance resulting in a predicted and observed dependence of the SERS intensity

from the distance by a factor of twelve [23].
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3.4.1.b Chemical enhancement (CM)

The EM is not enough to fully explain the SERS effect on its own. This is because being
a non-selective amplifier of the Raman scattering by any molecules adsorbed, or at least
very close to a particular metal surface, there should not be a difference by a factor of 200
between the SERS intensities of CO and N> under the same experimental conditions.
Charge transfer (CT) mechanism should happen between the electronic ground state of
the adsorbed molecule and the metal, changing the polarizability of the molecule and
resulting in a change of the Raman cross-section. The energy levels of the adsorbate
molecules and those of the free molecules are different resulting in the possibility for the
excitation radiation to be coincident with an electronic absorption band of the adsorbate
molecule but not with one of free molecule. In these conditions, the electronic states of
adsorbate molecules are broadened by their interaction with the metal surface resulting in
a resonance Raman mechanism (the resonant excitation of electronic transitions, see
Fig.3.2.2) and at the same time, the photoinduction can lead to new electronic excitation
channels.

In figure (3.4.2) are shown the typical energy levels (Highest Occupied Molecular
Orbital, HOMO, and Lowest Unoccupied Molecular Orbital, LUMO) for an adsorbed

molecule symmetrically disposed with respect to the Fermi level of the metal.

LUMO

Energy
=1
o]

HOMO

Figure 3.4.2. Energy levels for an adsorbed molecule. The HOMO and LUMO are broadened into
resonances by their interaction with the metal states. The Fermi energy determines the orbital occupancy.

CT mechanism can occur, with some excitations that are shown.
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3.5 Raman Microprobe equipment

For the Raman analysis conducted in this work, the instrument used is microRaman-
LABRAM by Horiba Jobin-Yvon Srl. The instrument operates in a back scattering
geometry, that is (8 = m), allowing the combination of a Raman spectrometer with an
optical microscope. In this way, the Raman spectra are collected in the micrometre region
(order = 2 — 5 um) of the samples [1,24]. In the following table (3.5.1) [7] are summarized

all the main parts of the instrument.
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Element Characteristics
Laser HeNe 17 MW power, polarised 500:1, emission wavelength 632.817 nm
Holographic Notch | Super Notch Plus with the use of a dichroic mirror. Drop off Stokes edge <
Filter 120 cm™'; now 200 cm™
Adjustable between 0 and 1500 um (scaled on the sample with a factor:
Confocal Hole .. o
1,4xObjective magnification)
Hight stability BX40, focus graduation 1 um. Objectives 10x NA 0.25; 50x
NA 0.7; 100x NA 0.9. Other objectives available (Long work distance 20x,
50x).
M
croscope [lumination 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 or edge filter exchange is required) Ar*, 457.8, 514.532 nm; Kr*
647.1, 725.5 nm; YAG doubled, diode pumped 532 nm, Laser diode 785
External Lasers am.

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 300 mm focal length spectrograph. Two gratings mounted on the
Spectrograph same shaft 1800 g/mm (holographic) and 600 g/mm (ruled or holographic).
Sinus arm drive. Laser diode for alignment.

CCD Detector Peltier cooled 1024x256, 16-bit dynamic range (pixel size 27 pm)

Separated Alimentation of the Laser, drive of hole, slit, gratings, shutters, scanners,
electronic box alimentation of the Laser diode for alignment.
Computer Labspec software and VITEC video card for TV image digitalization

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 pum.
“PIFOC” Z-actuator for automatic focusing of microscope objective or z-
Options scanning (range 0-100 um). Autofocus device for microscope objective
(correction of focus between + / =5 pm).

Temperature controlled cells.

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

Table 3.5.1. Main features of the Raman instrument, reproduced from reference [7].

Raman spectroscopy is nowadays commonly used in the study either of small samples or
small impurities (or heterogeneities) in larger samples. The recording of single Raman

spectrum from several points of a sample is allowed at one location at a time because of
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the small spot size. Moreover, the collection of Raman spectra from different points is

called as point to point mapping (Fig. 3.5.1) [7].

laser heterogeneity in
N sample —
u:: —— I__;;Z? N3 —|— i/
X e = X
o

* ® @

Y Yy

Single Point Mapping

Figure 3.5.1. Two imaging modes for microRaman spectroscopy, reproduced from reference [7].

The Raman imaging is a method that allows to obtain Raman spectra resulting from
different points of the sample in one time. The method is now possible because of the
developing of the two-dimensional detectors that have improved the microspectroscopy
technique. Examples of such method include the possibility to have image resulting from
light with a particular Raman shift of a component so that the spatial distribution can be
followed, or it is possible to display the Raman spectra relative to selected points of a
stored spectroscopic image. It is also possible to make a profile of the intensity variation
of a particular Raman feature observed along a line on the sample. The set up allows to
acquire and/or display the spectroscopic results from a data set of intensity as a function
of the three independent spatial coordinates x, y and z (depth) and of a fourth independent
coordinate, the Raman shift. The mapping is a technique in which the laser is focused on
the sample plane so that the Raman spectra, acquired from a selected region of the sample,
are showed using an imaging spectrograph onto a charge coupled device (CCD), thus

generating a two-dimensional data set of intensity vs Raman shift.

The laser spot size and the optic used to collect the Raman spectra define the spatial

resolution and the diameter of the laser beam at the focal spot is given by:

Spot diameter = 2w, = 0, (3.5.1)
where wy is the beam waist, f is the objective lens focal length and 6, represents the full
angle divergence of the laser expressed in radiant. Alternatively, the spot diameter could

be given by:
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Spot diameter = 2w, = 1.27Af /w, (3.5.2)

where it is related to the pupil aperture of the objective lens w,.
The use of a laser combined with microscope as in the microRaman configuration requires
some precautions such the use of dichroic mirrors (or beamsplitter), which selectively

reflect the laser wavelengths (Fig. 3.5.2) [7].

Spectrometer
D
Beam splitter L7 Laser
\ al
, 1 e
4
'
| P

Substrate

Figure 3.5.2. The beam splitter combines the laser and collection axes, reproduced from reference [7].

The dichroic mirror in modern microRaman apparatus is based on holographic optical
elements. Its reflectivity is strongly dependent on the wavelength of the source and for
this reason each laser sources require a specific beam splitter. Furthermore, the dichroic
mirror must be very reflective to the laser radiation and at the same time, highly
transmissive for the Raman shifted radiations.

The Labram instrument is equipped with an holographic notch filter that is characteristic
of the He-Ne source and acts as a beam splitter but in a better way. In fact, the filter is
quite perpendicular to the collection axis allowing to transmit high fraction of the Raman
shifted radiation to the spectrometer. At the same time, the filter rejects the elastic

scattering (Rayleigh scattering), making it more efficient than a beam splitter. The figure
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(3.5.3) [24] depicts the back scattering geometry of the Labram: the Raman source (Laser,
in red) is transmitted to the sample by mirrors, the back scattered radiation (in blue) pass
through the holographic notch filter that cuts the Rayleigh scattering and only allows
Raman scattering to reach the spectrograph. The yellow arrow indicates the optical path

of the microscope.

Microscopy body

Holographic
notch filter

Spectrometer ——

Mirror

/

I Wiy S
1
N

e
N

Sample

Figure 3.5.3. The back scattering geometry in Labram equipped with holographic notch filter,

reproduced from reference [7].

The Labram is equipped with a confocal hole that allows to decrease the depth of the
focus. MicroRaman is therefore a confocal one and is quite useful in the analysis of thin
films and/or samples made by more layers made of different materials. Often, the
substrates can overlap the Raman signals emitted by thin films, this is because the studied
layers could be thinner than the depth of the focus, leading to Raman spectra that represent
average of the layers. In figure (3.5.4) [7] are shown the principles of confocal and
conventional microscopes. There are shown the pathways of the scattered radiation from
two points situated at different depth named Z; and Z>. In a conventional microscope, (on
the right of Fig. 3.5.4), the spectrometer aperture (also named as slit) allows the passage
of the two scattered radiation toward the spectrometer. As mentioned above, the Raman

spectrum reflects the average sample composition of the two different points. In the case
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of the confocal microscope instead, the confocal hole allows to select a smaller region of

the depth sample by blocking the scattered radiation of point Z.

Confocal Microscope

Conventional Microscope

Spectrometer aperture

‘/
el
e
Objective 7z,
4/// —a b
Z =
! . Sample
Z
&)
Sample M z,

Figure 3.5.4. The description of a confocal microscope and of a conventional one, reproduced from

reference [7].

Because it is responsible of a lower effective path length, the confocal hole causes also
a decrease in the signals intensities. The Labram is able to perform a z-scan by remote

control on a computer thanks to confocal optics.
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3.6 Cyclic Voltammetry

Nowadays Cyclic Voltammetry (CV) represents an essential tool in the first
electrochemical characterization of electrochemical species, because it is useful for the
comprehension of the mechanisms involved in redox reactions [25,26].

The cyclic voltammogram is the result of current-potential curves in a triangular
waveform obtained by the cyclization of the potential during an experiment [25]. The
electrochemical properties of redox reactions related to given materials can be
theoretically uniquely identified by CV with the identification of the peak current and
peak potential and the shape analysis of the curve.

A normal voltammetric experiment consists in the use of three electrode configuration
immersed in solution of salt that acts as supporting electrolyte [25]. In figure (3.6.1) are
shown the three electrodes in typical electrochemical cell used in CV. The working

electrode is the one on which the measurements are made [25].

Working electrode

Counter electrode
Reference electrode

Cell

Figure 3.6.1. Electrochemical cell for CV measurements, reproduced from reference [25].

Working electrodes are made with different materials such as mercury, platinum, gold,
graphite, glassy carbon and others and the use of a given working electrode for a specific
depends on its potential window and on their effects on the electrode transfer process
[25]. Furthermore, working electrodes can be made in different shapes such as spherical,
rod and others. A popular electrode for voltammetric studies is represented by hanging

mercury drop electrode (HMDE) [25].

132



Chapter 3

Reference electrodes are used to establish well-defined potential against which working
electrode potentials can be measured and they are of three types: aqueous and non-
aqueous reference electrodes and quasi-reference electrodes. The most common aqueous
reference electrode is the silver/silver chloride electrode (Ag/AgCl) because of the
toxicity of the saturated calomel electrode (SCE) which contains mercury and the
difficulty of using the standard hydrogen electrode (SHE) in routine activities [25]. For
non-aqueous reference electrode the silver/silver ion (Ag/Ag") electrode is normally used
while for quasi-reference electrodes, platinum, gold and Ag/AgCl wire are simply used.
The counter electrode said also auxiliary electrode is a necessary part of the circuit
through which the voltammetric current flows. It has to be stable and non-reactive and
must facilitate the passage of current with the aid of high surface area. Counter electrodes
can also be spiral wire or glaze made of platinum or carbonaceous materials [25].

In figure (3.6.2) it is shown an electric circuit, named as potentiostat, that is the usual
electrochemical setup for a voltammetric experiment [25]. In CV, the potential of working
electrode is controlled by the use of a reference electrode through which almost no current

has to flow during experiment.

[ measured _
Bovt b
WE
Apply potential £
AN
RE No current flows |
CE -
Measure / ’——r A E

' «Drive» CE | ]

\ S~ E,
I

Figure 3.6.2. Electronic representation of a simple Potentiostat connected to an electrochemical cell of
three electrode configuration; WE, RE and CE stand for working electrode, reference electrode and

counter electrode, respectively. Reproduced from reference [25].

The experiment is conducted in an unstirred solution and the working electrode is
stationary. The potential is then controlled linearly from a starting potential E; to a
switching potential E> and from this point in the opposite direction to E3 resulting in a

triangular potential cycle as it is shown in figure (3.6.3) [25].
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Figure 3.6.3. Triangular potential cycle obtained at 100 mV s for (a) and 25 mV s for (b). Reproduced
from reference [25].

Conventionally in CV E; and E3 have the same values. In a CV experiment, the resulting
graph is the result of the summation of two potential ramps known as half-cycles (figure
3.6.4). One can perform multiple half-cycles or only one half-cycle depending on
information needed. The potential scan rate of a CV experiment (v = §E/8t) is variable
and affects its timescale, and for conventional experiments it ranges from few millivolts

per second to several volts per second [25].
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Figure 3.6.4. Cyclic Voltammograms obtained at 100 mV s for (a) and 25 mV s™ for (b). The redox
reaction is a one-electron reduction process. Reproduced from reference [25].

In the cyclic voltammogram of a reversible electron transfer process, when only the

oxidized (ox) form is present, the initial potential E; is more positive than the formal
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potential of the species E*” which is in turn more positive than the switching potential E-.
Then it results that the forward half-cycle is a negative going scan [25]. At this stage, it
is possible to see of a cathodic peak due to the reduction of (0x) to a reduced form (red).
Similarly, when a positive going scan is effectuated it is possible to see an anodic peak
due to the re-oxidation of the previously obtained (red) form [25].

The ratio of the (0x) and (red) forms is proportional to the difference between the applied

potential and E** as it follows in the Nernst equation:

_ g0 — BTy lox]
E—E —nFln[red] 3.6.1)

Where R is the gas constant (J K™! mol™), T the absolute temperature (K), n the number
of transferred electrons, and F Faraday’s constant [25]. Furthermore, the difference in the
concentration of the (ox) and (red) forms between the solution and on the surface of the
electrode is responsible of a gradient of diffusion of the electroactive species governed
by the Fick’s laws as it can be seen in reference [25]. Together with some initially and
boundary conditions these equations are the base for complicated mathematical
representations of relationship between current and time or between current and potential
that can be founded in literature [25].

However, the Randles and Sevcik equation relates the peak current (/,, Amperes) to the

concentration of the species as it follows:

I, = —269An"/2C,,D,/2v /2 (3.6.2)
Where A is the surface area of the electrode (cm?), n the number of transferred electrons,
Cox and Dox are the concentration of species (mol cm™) and the diffusion constant of
species (cm? s!) respectively, assumed that in the initial time there is only the (ox) form
in solution, and v is the scan rate (V s') [25]. A cyclic voltammogram for a reversible
electrochemical reaction is shown in figure (3.6.5). It is usual in CV experiments to use

the half-wave potential E1/ instead of the formal potential E* [25].
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Figure 3.6.5. Cyclic voltammogram for the reduction of 1 mM electroactive species with E;» =0.5 V at
scan rate of 100 mV s—1 for the characteristic potentials of a cyclic voltammograms (Top) and for the

characteristic of peak currents (bottom), reproduced from reference [25].
For a reversible redox process the averaged peaks potential of both oxidation and
reduction processes is given by:

By, = Epctbpa (3.6.3)

where Epc and Epa are the cathodic (reduction) peak potential and the anodic (oxidation)
peak potential respectively [25]. For redox process where the (ox) and (red) forms have

the same diffusion constant, the E;,» has the same value of E?".
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3.7 UV-vis Spectroscopy

Ultraviolet(UV)-visible(vis) spectroscopy is part of the electronic spectroscopy that also
includes photoelectron, electron energy loss and X-ray absorption spectroscopy. In
electron spectroscopy, when the incident radiation interacts with a material, an energy
quantum, the photon, may be absorbed resulting in an electronic transition without
modification of the incoming radiation. The system can return in the ground state with
emission of a photon or may be subjected to reflectance that is a combination of both
emission and absorption [27]. If the incident radiation is coupled with an internal process,
then the emitted photon has a different frequency and the quantized energy change is
given by:

AE = hv = hc/A = hcV (3.7.1)
where v is the frequency of the radiation, h is the Planck constant, c is the speed of light
in the vacuum and A is the vacuum wavelength [27]. It is important to say that v has the
unity of nm while its reciprocal wavenumber ¥ has the unity of cm™ and it is commonly
used because of its very useful proportionality to the energy [27-28].

The UV and VIS ranges are normally between 200 — 400 nm (or 50 000 — 25 000 cm™)
and between 400 — 800 nm (or 25 000 — 12 500 cm'!) respectively [27].
When the incident radiation comes onto a single atom (a purely theorical hypothesis) a
totally electronic transition can be obtained, while in the more realistic case of molecules,
rotational and vibrational motions are also excited although the electronic transitions are
more energetic than the other because two energetic levels are involved [27]. For this
reason, it is the difference in electronic energy that mostly determines the position of a
transition that involves all the electronic, rotational and vibrational states. However, in
polyatomic molecules, again the most common case, the fine rotational structure is
difficult to resolve and also the vibrational structure has to be taken in account, therefore
the UV-vis spectra show bands instead of lines. The intensities of the bands are related to
the absorbance or optical density that is defined mathematically by the Lambert-Beer law
and describes the interaction between the radiation and matter:

A = ecl 3.7.2)
where ¢ is concentration in mol L™!, [ is the pathway length in cm and ¢ is the extinction

coefficient of the material (that has the units L mol™' cm™).
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Absorbance is also defined as follows:
A =logyo(lp/I) =logy,(1/T) (3.7.3)
that is:

T=1/I, (3.7.4)
where T is the transmittance of the material and / represents the intensity of the radiation
that has passed beyond the sample and Io represents the initial intensity of the radiation.
Transmittance is often used as percent transmittance (= 100 T). Absorbance and percent
transmittance are normally plotted versus wavelength (in nm) or versus wavenumber (in
cm™) [27].

The transitions between different states are subjected to some selection rules related to
the transition moment integral ([ 1y u,,d7). In short, if the transition moment is zero
then the transition is forbidden while any non-zero result means that the transition is
allowed. A forbidden transition does not mean that the transition does not actually take
place but rather defines its relative intensity that is much lower than an allowed transition
[27]. The multiplicity of the states define the first selection rule for which AS = 0. The
second selection rule is related to the symmetry of the states and the direct product of the
wave functions representing the two states must contain the totally symmetric
representation. The third selection rule is valid for molecules with a centre of symmetry
and is named as Laporte rule or parity rule: only transitions with a change of parity are
allowed [27]. In figure (3.7.1) are shown the transitions according to the transition
moment integral. The electrons can be promoted from the ground state So (a singlet state)
into higher electronic states (Si, S2) then some radiative, fluorescence and
phosphorescence (forbidden process for the symmetry selection rule), and non-radiative,

internal conversion and intersystem crossing, processes can take place [27].
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Figure 3.7.1. Diagram of the electronic transition for a molecule. The radiative (fluorescence and
phosphorescence) and non-radiative (IC, ISC) transitions are shown. S: singlet; T: triplet; Sy is the

ground state.

According to molecular orbital theory (MO), electrons in polyatomic molecules are
essentially s and p electrons that can occupy bonding orbitals, antibonding orbitals and
non-bonding orbitals [27]. In the first case, the s-type electrons are named as ¢ electrons
and the p-type electrons are named as © electrons. If the electrons occupy an antibonding
orbital, then they are named as 6* and n*. The non-bonding electrons are named as n and
the corresponding orbitals are generally between the bonding and antibonding
orbitals[27]. There is no universal notation for electronic transitions, usually notation
according to the MO representation, Mulliken notation and group theory notation are used

(see table 3.7.1).
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Symbols Symbols
Notation Examples
Ground states Excited states
c—-o
™o
MO representation o, T, N o*, ¥
n-o"
n-m
V<N
Mulliken N Q,V,R Q<N
R« N
A <A,
Irred. repr. Irred. repr.
Group Theory 'B; « 'A;
incl. multiplicity incl. multiplicity
1Elu < lAlg

Table 3.7.1. Different notations for electronic transitions. Reproduced from reference [27].
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The first part of the chapter deals with spectroscopic studies of different materials that

can have a positive impact on the performance of ECDs both from a working

performances point of view and on the manufacture of devices. In fact, the use of

electrolytic polymers can increase the performance of ECDs as well as the use of natural

polymers can result in a better green and environmentally sustainable impact. For these

reasons, following works on different materials have been conducted:

Poly methyl methacrylate (PMMA)-based polymer electrolytes have been
realised and characterized by Raman spectroscopy.

It is shown the Raman analysis of blends of PMMA and polyethylene glycol
(PEO) in different proportions.

The Raman characterization of a blend made with folic acid and a polymer
consisting in methacrylic acid (MAA) and ethylene glycol di-methacrylate
(EGDMA) has been conducted.

The effect of multiple layers of Poly(allylamine hydrochloride) (PAH) and
Poly(styrenesulfonate) (PSS) polyelectrolyte in combination with gold
nanoparticles applied on glass on the Raman response of a 10% acetic acid
solution (v/v) is reported.

It is shown the Raman spectroscopic study of the interaction in Chitosan polymer
films and inorganic complex.

The effect of Ag layer on the Raman response of Rhodamine 6G has been studied.
It is shown the SERS effect of gold nanoparticles on the Raman spectrum of
bipyridine sample.

The Raman characterization of functionalised Graphite is reported.

It is shown the Raman spectroscopic investigation of Graphene nano-plates on
Silica support.

The Raman characterization of TiO; films has been made.

In the second part of the chapter, the realization of an electrochromic device made with

the use of a viologen, ferrocene and bisphenol A glycerolate is reported. The devices have

been characterized by Raman spectroscopy and their optical properties have been studied

by UV-vis Spectroscopy. Furthermore, the electronic properties of the devices have been

investigated by cyclic Voltammetry.
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4.1 Raman spectroscopic study of polymer electrolyte

layer based on PMMA

Polymeric electrolytes are of great importance in the fabrication of electrochromic
devices because of their possibility to be used as ion conductor between electrodes of the
device [1-4]. In this study, a series of polymethylmethacrylates (PMMA) with different
averaged molecular weights were used to obtain several electrolyte solutions (ES) for
prospective Electrochromic Devices (ED) application. The first part of the study is
focused on the research of the best Lithium-based electrolyte solution. The
polymethylmethacrylates were dissolved in chloroform and then mixed with an ES made
of LiClOy4 in propylene carbonate and bisphenol A glycerolate diacrylate (BPA).

The Raman spectra of the single components were acquired and discussed and
successively the Raman spectra of the PMMA-based ES before and after polymerization.
The polymerization was performed with the aid of the photo initiator Irgacure 651 in
small quantities with respect to the BPA’s weight.

In the second part of the study six PMMA-based ES were made with use of LiClO4 and
CF5SOsLi (triflate) without the use of generally unsuitable organic solvents (like CHCl3)
due to known environmental problems. The PMMA-based ES were then analysed by
Raman spectroscopy.

In figure (4.1.1) are shown the molecular structures of all the above-mentioned

components of the mixtures obtained.
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Figure 4.1.1. Molecular structure of. a) propylene carbonate (PC); b) lithium perchlorate (LiClO4); c)

Chloroform (CHCl3); d) lithium trifluoromethanesulfonate (triflate, CF3SOsLi); e)

polymethylmethacrylate (PMMA); f) bisphenol A glycerolate diacrylate (BPA); g) 2,2-dimethoxy-2-

phenylacetophenone (Irgacure 651).

4.1.1 Experimental

All chemicals were purchased from Sigma-Aldrich®. The Lithium electrolyte solution

(ES) were prepared from an LiClO4 IM solution in propylene carbonate (PC) and

Bisphenol A glycerolate (1 glycerol/phenol) diacrylate (BPA) with 2% in weight of

Irgacure 651. Four preliminary ES were prepared, with the weight percentages

summarized in table (4.1.1) (left). They were evaluated on the basis of repeatability and

ease of handling. Identified the best solution among them (through the evaluation of ease

of handling), other 4 solutions were progressively prepared with percentages in table

(4.1.1) (right).

LiClO4 1M in BPA 2% LiClO4 1M in BPA 2%
PC Irgacure) PC Irgacure)
ES
. 20% 80% ESS 55% 45%
ES
5 40% 60% ES 6 45% 55%
ES
3 60% 40% ES7 70% 30%
ES
4 80% 20% ES 8 50% 50%

Table 4.1.1: Weight percentages of electrolyte solutions (ES).
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The dispositive displayed in figure (4.1.2) were prepared with the ES 3, 4 and 5. As
already mentioned, dissolving a polymer in an electrolyte solution may reach its
conductivity, however in this case, solid PMMA were first dissolved in chloroform (20%,

30% and 40% by weight solutions for PMMA

996000 Gel Permeation Chromatography (GPC), 120000 GPC and 15000 GPC
respectively, called 996, 120 and 15 below) in order to obtain a transparent gel, Fig.
(4.1.3), the only solution of PMMA 15 seems to assume a slightly opaque transparency).
The solutions thus reached were mixed with the best electrolyte solution (ES 5: 55% of
LiCl04/45% of BPA) in proportion 1:1, Fig. (4.1.4). With these solutions three cells were
prepared, Fig. (4.1.5).

L

Figure 4.1.2. Dispositive realized with electrolyte solutions; from left to right 60%, 80% and 55% in

weight of LiClOy.

A i P94 42 PrirTA £

Figure 4.1.3. PMMA's solutions in CHCI;.
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Figure 4.1.4. Electrolyte solutions 1:1 with PMMA’s solutions: PMMA 996 on the left, PMMA 120 in the
middle and PMMA 15 on the right.

Figure 4.1.5. Devices made with PMMA ES, a) PMMA 15, b) PMMA 120, c) PMMA 996.

The solution with PMMA 996 was difficult to process due to its high viscosity, then the
cell obtained with it wasn’t homogeneous and was really hard to obtain. All the cells were
exposed to UV radiation under a UV lamp (from Jelosil, HG 200 L model, optical power
per unit area 0,043 W/cm?) and then cured for about 1 minute and a half. As showed in
figure (4.1.6), after polymerization ES inserted into the cell takes the form of a solid film
on ITO surface.
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Figure 4.1.6. ES take a solid film form on ITO surface after polymerization.

Raman spectroscopy measurements were performed by using a microRaman-LABRAM
(from Jobin Yvon Srl-Horiba), equipped with an optical microscope, in order to collect
Raman spectra from small regions of the sample, such as 2-5um. Raman measurements
were all performed with a 532 nm green laser source (with a power in output of 50 mW),
using generally optical filter D03. Every spectrum recorded is a result of several
acquisitions (up to 25).

In the second part of the experiment, six PMMA-based ES were prepared. As before, all
chemicals were purchased from Sigma-Aldrich®. The solutions were all prepared with
10% by weight of PMMA dissolved directly in a solution 1M of Lithium perchlorate in
propylene carbonate or in a solution 1M of Lithium trifluoromethanesulfonate. In
particular, we have used the same PMMA used previously: PMMA 15000 GPC, PMMA
120000 GPC and PMMA 996000 GPC. The table (4.1.2) summarize the details of each

realized solution.

PMMA 10% by LiCl041M LiCF;SOs;CH31M
weight solution solution
15000 GPC ES (1) ES 4)
120000 GPC ES (2) ES (5)
996000 GPC ES (3) ES (6)

Table 4.1.2. Details of the components of the prepared

solutions.
The solution, as already mentioned, were prepared by dissolving the pre-calculated
quantities of PMMA in the saline solutions of propylene carbonate made previously. In

this step, the PC solutions were increased to 100°C to improve the dissolution of the
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PMMA. At room temperature the solutions obtained were inhomogeneous and the
dissolution was difficult. The prepared solutions were used to made six dispositive and
analysed by Raman spectroscopy. Raman spectroscopy measurements were performed
by using the aforenoted microRaman-LABRAM. Raman measurements were
allperformed with a 532 nm green laser source (with a power in output of 50 mW), using
generally optical filter DO3. Every spectrum recorded is a result of several acquisition (up

to 30).

4.1.2 Results and discussion

First, the Raman spectra of single components showed in figure (4.1.1) were acquired.
The Raman spectrum of BPA and irgacure were acquired together because of the
negligible concentration of the last one respect to all the other components of the ES. The
first range Raman spectrum of PC is showed in figure (4.1.7.a) and the second range is
showed in figure (4.1.7.b). All the characteristic Raman bands of Propylene Carbonate

are visible. They are given in table (4.1.3) together with assignments and references
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Figure 4.1.7. Raman spectrum of Propylene Carbonate, a) first range (350 — 2000 cm™); b) second range
(2500 — 3250 cm™).
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Frequency

Frequency

Assignments References Assignments References
(cm™) (em™)
Bending
O
ﬂ (5] ,
451 Pty 1342 Bending (CHz3) [6]
8] CI\
Ring deformation (6]
635 1355 Bending (CHz3) [5] [6]
Symmetric rin Wagging (—-OCH) [5] [6]
712 Y £ [5116][7] 1393 sains
deformation Bending (CHj3) [6]
Symmetric ring [5]
849 vibration + 1459 Asymmetric 5]
(CH3) and (O—C-C) (6] bending (CH3)
bending
Bending (-OCH») [5]
914 1487
(CHs3) umbrella [6]
Symmetric
stretching
O
959 l! [5] 1787 (C=0) stretching [5] [6]
0~ o
1070 2766 (C-H) stretching [5] [6]
(CH3) wagging + ]
1121 [6] 2887 (C-Hb) stretching [5] [6]
(C-H) bending
(C-C) + (C-0)
1150 ) [6] 2943 (C—H3) stretching [5] [6]
stretching
Asymmetric
stretching
O
1230 l! [5] 2997 (C—Hs) stretching [5]116]
07 o

/

\

Table 4.1.3. Raman vibrational modes and assignments of propylene carbonate.
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The Raman spectrum acquired on solid crystalline LiClO4 is shown in figure (4.1.8). The

observed Raman bands are given in table (4.1.4).

964

937

463

Raman Intensity (Arb. Units)

1058
1098 1146

400 600 800 1000 1200

Wavenumber (cm'l)

Figure 4.1.8. Raman spectrum of crystalline LiClOy in the range 350 — 1300 cm™'.

Frequency (cm™) Assignments ? reference
463 v2(A”) (8]
478 (sh) V2 [8]
620 vy (A) [8]
634 (sh) V4 (8]
656 V4 [8]
937 vi (A1) (8]
964 vi(A%) (8]
1058 vz (A”) [8]
1098 vz (A’ 3CI) [8]
1146 vz (A’) [8]

Table 4.1.4. Observed Raman bands of crystalline LiClOs. sh:

shoulder. * v: stretching.

The Raman spectrum of liquid chloroform is presented in figure (4.1.9). The characterist
Raman bands are summarized in table (4.1.5), the assignments and relative references are

also given.
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Figure 4.1.9. Raman spectrum of liquid chloroform in the range 250 — 3200 cm™'.

Frequency (cm™) Assignments * reference
259 deg vs [9]
366 sym v3 [9]
668 sym vz 9]
758 deg vs (9]
1219 deg v4 [9]
3024 sym v; [9]

Table 4.1.5. Observed Ramab bands of CHCIs and their

assignment. “ deg: 2 fold degenerate; sym: symmetric.
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The Li—Triflate salt is very hygroscopic and tends to form a solution absorbing water
from air in few hours. The Raman spectrum of the solution is quite different from the one
of the crystalline salt. The Raman spectrum aquired on solid CF3SOsLi is shown in figure
(4.1.10). In table (4.1.6) the observed Raman bands and their attribution are given
together with the references. The band appearing at 1070 cm™! is ascribable to the CF3SO3"

anion of the lattice [10].

318
773

1070

341
v

575

1235
1288

Raman Intensity (Arb. Units)

300 450 600 750 900 1050 1200 1350 1500
Wavenumber (cm")

Figure 4.1.10. Raman spectrum of solid CF3SOsLi in the range 200 — 1500 cm™. The spectrum has been

digitally smoothed.
Frequency (cm™) Assignments * references

318 v (C-S) [10]
341 E (S0O3) [10]
575 Osym (SO3) [10]
773 Osym (CF3) [10-12]
1070 Vaym (SO3) [10-13]
1235 Vsym (CF3) [10-12]
1288 Vasym (SO3) [12] [13]

Table 4.1.6. Observed Ramab bands of CF3SO;Li and their
assignment. © Osgm: Symmetric deformation; Vsm: symmetric

stretching, Vasym: asymmetric stretching.
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The Raman spectra of crystalline PMMA 15000 GPC, 120000 GPC and 996 GPC are
shown in figures (4.1.11), (4.1.12) and (4.1.13) respectively. These spectra are quite
similar. The only differences between the three spectra involve weak Raman bands in the
range 1600 — 1650 cm! that could be attributed to combination bands of (C=C) and (C—
COO) [14]. The observed Raman bands and their attribution are reported in table (4.1.7)

together with references.

811 2956

2941
N\

3006
2852

Raman Intensity (Arb. Units)

2800 2900 3000 3100

Wavenumber (cm™)

598
1453

Raman Intensity (Arb. Units)

1125 | 1184
S |77

1240 355

400 600 800 1000 1200 1400 1600 1800
Wavenumber (cm'l)

Figure 4.1.11. Raman spectrum of crystalline PMMA 15000 GPC in the range 310 — 2000 cm™ and 2800

— 3100 cm™ in the inset.
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Figure 4.1.12. Raman spectrum of crystalline PMMA 120000 GPC in the range 310 — 2000 cm™ and
2800 — 3100 cm™ in the inset.
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Figure 4.1.13. Raman spectrum of crystalline PMMA 996000 GPC in the range 310 — 2000 cm™ and
2800 — 3100 cm™ in the inset.
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Frequency (cm™)

Assignments ? references
PMMAI15 PMMA120 PMMA996
dsym in plane
]
361 364 365 |[|, [15][16]
7N
%CJ
out-of-plane deformation
o
480 478 484 Il [15][16]
C
N
-C 4 O
557 558 554 8(C—C—C) skeletal [15]
Vsym(C—C-0)
0
598 599 600 | [14-16]
-
C -~ \0
732 730 734 v(C—C) skeletal [15]
811 811 813 Vsym(C—O-C) [15][16]
911 915 911
967 969 968 a—CH; rock [15]
986 989 987 O-CHj rock [14-16]
1059 1068 1063 v(C—C) skeletal [14-16]
1125 1125 1124 v(C—C) skeletal [15]
1160 1158 1158 Vasym(C—O—C-) [15]
1184 1185 1184 } V(C—C) skeletal [15]
0
|
IZ}
1240 1238 1243 {:"’ \O [15]
or C-O strech
1325 1329 1329
1396 1392 Ssym(C—H) of 0—CH; [15]

Table 4.1.7. Observed Raman bands of PMMA and their assignments. ® v: stretching, o:

symmetric, asym: antisymmetric.

bending, sym:
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Frequency (cm™)

Assignments ? references
PMMA1S PMMA120 PMMA996

1485 1486 1486

1605
1639 Combination band of (C—COO) [14]
1730 1733 1731 C=0 stretching [15][16]
2852 2848 2848 Combination band of (O—CHz) [14][15]
2941 2939 2941

Vsym (C—H) of (O—CH3) and of (a—
2956 2956 2956 [14][15]
CH3) + Vasym (CHz)

3006 3008 3009 Vasym (CH) of (O—CH3) and of (a—CH3) [14][15]

Table 4.1.7. (continued) Observed Raman bands of PMMA and their assignments. * v: stretching, o.

bending, sym: symmetric, asym: antisymmetric.

The last two components of the ES were analysed together because of the negligible
concentration of Irgacure respect to the BPA. The figure (4.1.14) shows the Raman
spectra acquired on BPA (a) and on BPA with 2% by weight of Irgacure (b). Considering
the nature of Irgacure that is a photo initiator (indeed it is very sensible to sunlight), in
spectrum (b) the phenomenon of luminescence has been very hight. As expected, the
Raman spectra are very similar except for the shape of the bands in the region between
1230 — 1300 cm™ and 1450 — 1515 cm’!. In spectrum b) the band ascribable to skeletal
vibration appear at 1001 cm™!, the same band is not present in spectrum a). Raman bands

are summarised in table (4.1.8).
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Figure 4.1.14. Raman spectrum of BPA (a) and BPA + 2% by weigth of Irgacure (b) in the range 400 —
3200 cm’, the x-axis shows a break between 1800 and 2700 cm™ because no Raman bands have been

observed in this region.
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Frequency (cm™)

BPA + Assignments * reference
BPA
Irgacure
Aromatic (C—H) out of plane
640 640 [12][17]
def.
673 Aromatic (C—H) out of plane [12][17]
def.
738 735 (C-C) skeletal [17]
Substituted aromatic out of [12][17]
825 825
plane def.
918
942 940 (=CH>) wagging [12]
1001 skeletal vibration [12]
1060 1062
1114 1117 sym stretching (=C-0-C) [12]
1149
(CH3)/gem-dimethyl def. (C— [17]
1191 1188
C) stretching
(C-0) stretching and phenolic [17]
1237 1230
(C-O) stretching
1257 1253
1302 1299 asym stretching (=C-0-C) [12] [17]
1413 1412 (=CH>) def. [12]
1474 1467 bending (C—H) [12]
1516 1514
Aromatic ring stretching [12][18-20]
1610 1610
vibration
1638 1636 Vinyl (C=C) stretching [12][18-22]
1725 1726 (C=0) stretching [12][20-22]
2880 2876 (CH2) viym [21]
2916 2913 (CHa) Vasym [12][21]
2946 2946 (CH3) stretching [12][21]
3043 3043 (=C-H) stretching [12]
3075 3076 (=C-H) stretching [12]122]

Table 4.1.8. Observed Raman bands of BPA and Irgacure and their assignments. * sym: symmetric,

asym: antisymmetric, def.: deformation.
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The Raman spectra acquired on the ES of figure (4.1.4) are shown in successive figures.
Figure (4.1.15) shows the spectrum of ES made with PMMA 15, figures (4.1.16) and
(4.1.17) show the spectra of ES made with PMMA 120 and PMMA 996 respectively.

373

Raman Intensity (Arb. Units)
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| 1348 \|1644

1422, ~1492
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1000

1250 1500 1750

Wavenumber (cm'l)

Figure 4.1.15. Raman spectrum of ES made with PMMA 15 in the range 300 — 1900 cm™ and 2800 —

3150 cm™ in the inset.
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Figure 4.1.16. Raman spectrum of ES made with PMMA 120 in the range 300 — 1900 cm™ and 2800 —

3150 cm™ in the inset.
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Figure 4.1.17. Raman spectrum of ES made with PMMA 996 in the range 300 — 1900 cm™ and 2800 —

3150 cm™ in the inset.
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As mentioned above, the ES were used to fabricate the devices shown in figure (4.1.5).
These were exposed to ultraviolet light to perform polymerization. The Raman spectra
acquired on polymerised ES are shown in figure (4.1.18) (PMMA 15), (4.1.19) (PMMA
120) and (4.1.20) (PMMA 996).
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Figure 4.1.18. Raman spectrum of polymerised ES made with PMMA 15 in the range 300 — 1900 cm’!
and 2700 — 3150 cm™! in the inset.
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Figure 4.1.19. Raman spectrum of polymerised ES made with PMMA 120 in the range 300 — 1900 cm™!
and 2700 — 3150 cm™! in the inset.
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Figure 4.1.20. Raman spectrum of polymerised ES made with PMMA 996 in the range 300 — 1900 cm™’
and 2700 — 3150 cm™! in the inset.

The spectra are divided in two regions, the first in the range between 300 cm™ and 1900

cm’!, the second, showed in an inset, in the range between 1800 cm™ and 3150 cm™! (in
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the case of the polymerised ES the lower limit of the inset spectrum . The greatest peaks
in the first region are the ones at ~373 and ~674 cm’!. These signals, as well as the one at
~762 cm’! are no longer present in the polymerised solution spectra shown below (only
the first one is still observable but quite weak), making a great difference between the
polymerised and the unpolymerized solution spectra. Assignments of these signals can be
ascribed to the vibration modes of Chloroform [9], present in electrolyte solution since
it’s used as solvent for PMMA, and probably no longer present in the polymerised one,
maybe due to its volatility and because of great temperature reached during curing. The
other solvents used in making ES are PC and BPA, we can expect signals deriving from
vibration modes related to these molecules. We observe signals ascribable to the (C=C)
bond of both phenyls and acrylates groups of BPA at ~1619 cm! and ~1644 cm’!
respectively [12,18-22]. Acrylates groups are obviously also present in PMMA albeit we
do not see any other signals (rather weak) attributable to combination bands in the
acquired spectra of solid PMMA, see Fig. (4.1.11-4.1.13). It can be seen that the signal
at ~1644 cm™! due to the stretching mode of the (C=C) bond of acrylate groups present in
the unpolymerized ES spectra is no longer present in those of polymerised ES and only
the 1610 cm! signal remains. The decrease of the peak at 1645 cm™ or its total
disappearance due to curing by UV radiation has already been discussed in previous
works [23]. The Raman band at ~644 cm™! (~638 cm™' in the polymerised ES spectra) is
here attributed to the deformation out of plane of the aromatic (C—H) bonds of the BPA
[12,17] but it should be kept in mind that a similar band is also present in the spectrum of
the PC although there is not a precise attribution of the Raman mode observable at this
wavenumber. Signal at ~1796 cm’! is due to (C=0) stretching of PC [5,6] whereas the
same stretching mode of BPA [12,20-22] and PMMA’s [14-16] acrylate groups occurs at
1733 cm’!. The signal at ~716 cm™ also present in the spectrum of polymerised ES
(although it is downshifted at ~709 cm™') is attributed to the symmetric ring deformation
of PC [5-7]. The signals at ~821 — ~851 cm™! in unpolymerized ES spectra and at ~813 —
~845 cm™! in polymerised ES spectra are probably due to a combination of several signals.
Indeed at the lower limit of the range fall the signals related to the stretching mode of
(C—O—C) bond in PMMA [15][16] and to the out of plane deformation of the substituted
aromatic ring of BPA [12][17] while at the upper limit fall the signals attributed to the
rocking mode of (CH3) group of PMMA [15] (not seen in our case in the solid PMMA’s
spectra) and to the symmetric stretching of the ring as well as the bending modes of (CH3)

and (O—C—C) bond of PC [5][6]. In the range between 900 cm™ and 1000 cm™! fall several
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bands. The ones in the lower region of the range can be related to four species of the
perchlorate ions dissolved in propylene carbonate: free perchlorate anion (ie ClOy),
solvent-shared ions, contact ion pairs and multiple ion aggregates [6]. The Raman bands
in the upper limit of the range are ascribable to the rocking mode of (a—CH3) bond of
PMMA [14-16] and to the symmetric stretching of (O—CO—-0) in the ring of PC [5].
Signal at ~1119 cm™ (~1112 cm™ in the polymerised ES spectra) could be due to a
combination of vibration modes of PC, BPA and PMMAs. We have already seen that
wagging and bending modes of (CH3) and (C—H) bond respectively of PC have been
reported in this region [6] as well as the symmetric stretching of the (=C—O—-C) of BPA
[12] and stretching modes of (C—C) skeletal bonds of PMMAs [14-16]. The signal at
~1193 cm! (~1187 cm™ in the polymerised ES spectra) could be attributed to the
stretching mode of (C—O—C—) bonds of PMMAs [15]. But other assignments related to
molecules very similar to BPA have also been reported in this range. Effectively, BPA is
a basic molecule for synthesis of molecules that belong to the epoxy resin family and in
a previous work signal at 1193 cm™ was attributed to the stretching mode of C—C bond
and to deformation mode of geminal methyl [17]. Signal at ~1231 cm™! (~1227 cm™ in
the polymerised ES spectra) can be referred to the stretching mode of C—O bonds, and in
this case, it could be assigned to ether bond of BPA [17], of propylene carbonate [5] and
to the (C—0) of PMMA [15]. Attribution of signal at ~1348 cm™ (~1346 cm™! in the
polymerised ES spectra) is referred to bending mode of CH3 of PC [5,6]. The rather weak
Raman band present in the ES spectra at ~1418 cm™!, not observed in the Raman spectra
of polymerised ES, is probably due to the (=CH>) deformation of BPA [12]. This is in
agreement with the aforementioned process of polymerization of acrylate groups. The last
signals observed between 1400 cm and 1500 cm’' are attributed in general to
deformation vibrations of (CH3)and (CHz) [12]. In this case they could be ascribed to
(CH>) bending and deformations of (a—CHj3) and of (O—CH3) bonds of PMMA [14-16]
and to the asymmetric bending of (CH3), the bending of (-OCH>) and the umbrella modes
of (CH3) in PC [5,6]. The second region of the spectra (from 2700 cm! to 3150 cm™!) is
dominated by strong signals present at ~2884 cm™!, ~2944 cm™! and at ~3076 cm'and
attributed to the stretching mode of (C—H) bonds in (CH) acyclic, (CH2) acyclic and (CH3)
aliphatic groups presents in each molecule of the ES [5,6,9,12,14-16,18-22]. The
difference spotted between ES spectra and polymerised ES spectra is on the hight
frequency shoulder of the ~2944 cm™' Raman band. The shoulder in the ES spectra shows

two maxima at ~3000 cm™ and ~3027 cm!. The second one is probably due to the
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chloroform used to dissolve PMMA. Indeed, in the polymerised ES spectra, there is only

a signal at lower frequency ~2988 cm™'. The observed Raman bands together with their

assignments are summarised in table (4.1.9).

Frequency (cm™)

PMMA1S PMMA120 PMMA996 Assignments ? references
ES p-ES ES p-ES ES p-ES
373 363 373 364 374 366 sym v3 (CHCL3) [9]
Bending
O
ﬂ (5]
449 454 448 459 445 /0 ~ G\
Ring deformation (6]
PC)
Vsym(C—C-0)
0
596 598 596 Cl; [14-16]
c4 o
(PMMA)
640 638 647 638 645 637 Aromatic (C-H) out [12][17]
of plane def. (BPA)
674 666 674 666 675 666 sym v2 (CHCl3) [9]
715 709 715 709 719 709 Symmetric xing [5116]17]
deformation (PC)
765 757 765 deg vs (CHCl3) [9]
Stretching (C—O0—C)
(PMMA)
[15][16]
822 813 819 814 822 814 i

Substituted aromatic
out of plane def
(BPA)

[12][17]

Table 4.1.9. Observed Raman bands in ES and polymerised ES (p-ES) spectra and their assignments. *

sym: symmetric; deg: degenerate.
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Frequency (cm™)

PMMA1S PMMA120 PMMA996 Assignments ? references

ES  pES ES p-ES ES p-ES

Rocking (CH3) [15]
(PMMA) +
852 845 851 845 850 845 Ring breathing [5]
Bending (CH3) and
(0-C=C) (PC) (6]
913 917 914 914
940 931 937 930 938 931 Perchlorate ions [6][8]
Symmetric stretching
ii'
0o~ o [5]
962 957 964 956 964 954 /‘ \\
PO)
+
a—CHj; rock (PMMA) [15]
skeletal vibration
1002 1005 1000 1009 999 [12]
(BPA)
1060 1087 1087
(sh) (sh) (sh)
(CH3) wagging +

i (6]
(C—H) bending (PC)

+
sym stretching
1118 1112 1118 1112 1121 1112 [12]
(=C-0-C) (BPA)
+
v(C—C) skeletal

(PMMA)

[15]

Table 4.1.9. (continued) Observed Raman bands in ES and polymerised ES (p-ES) spectra and their

assignments. ¢ sym: symmetric; asym: asymmetric deg: degenerate; (sh): shoulder.
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Frequency (cm™)

PMMA1S5

PMMA120

PMMA996

ES  pES

ES p-ES

ES p-ES

Assignments ?

references

1148
(sh)

1193 1187

1231 1227

1299

1348 1345
1422

1463 1457

1492 1482

1144
(sh)

1195 1186

1231 1229

1303 1299

1348 1349
1414

1459 1453

1495 1481

1148
(sh)

1193 1187

1233 1227

1306 1296

1348 1345
1419

1459 1450

1491 1484

(C-0) +(C-0)
stretching (PC)

Vasym(C-0—-C-)
(PMMA)

+
(CH3)/gem-dimethyl
def. (C—C) stretching

(BPA)
Stretching (C-O)
(BPA) and (PMMA)
+

stretching

PO
asym stretching
(=C-0-C) (BPA)
Bending (CH3) (PC)
(=CH,) def. (BPA)

Asymmetric bending
(CH3) (PC)
+
dasym(C—H) of a—CHj3
(PMMA)

Bending (-OCH>)
(CH3) umbrella (PC)
+
3(CH2) (PMMA)

(6]

[15]

[17]

[15](17]

(5]

[12]{17]
(6]

[12]

(5]

[14][15]

[51[6]

[14]

Table 4.1.9. (continued): Observed Raman bands in ES and polymerised ES (p-ES) spectra and their

assignments. ¢ sym: symmetric; asym: asymmetric; gem: geminal; (sh): shoulder; def.: deformation.
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Frequency (cm™)
PMMA1S PMMA120 PMMA996 Assignments ?
ES  pES ES  pES ES  pES

references

Aromatic ring

1616 1608 1621 1610 1621 1608 stretching vibration

(BPA)
1623(sh)
Vinyl (C=C)
1644 1644 1645
stretching (BPA)
(C=0) stretching
1733 1729 1729 1728 1731 1729 (BPA)

and (PMMA)

(C=0) stretching
1796 1784 1796 1787 1794 1783

(PC)
2761 2760 2759 (C-H) stretching
2885 2881 2885 2881 2887 2881 (C—Hb) stretching

2945 2938 2943 2938 2946 2937 (C—Ha) stretching

3001 2987 2996 2991 3000 2986 (C—H3) stretching

sym v; (CHCls)
3028 3026 3026 +
(=C—H) stretching

3077 3070 3074 3071 3078 3070 (=C—H) stretching

[12][18-20]

[12][18-22]

[12]{20-22]
[14-16]

[51[61[16]

[51[6112]
[14-16] [21,22]

[51[61(12]
[14-16][21,22]

[5](6][12]
[14-16][21,22]

[51[61(12]
[14-16][21,22]

(9]

[12]
[14-16][21,22]

[12]
[14-16][21,22]

Table 4.1.9. (continued): Observed Raman bands in ES and polymerised ES (p-ES) spectra and their

assignments. ¢ sym: symmetric; asym: asymmetric; deg: degenerate; (sh): shoulder.
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The acquired Raman spectra of the PMMA-based ES solutions with PC saline solutions
of Lithium perchlorate and Lithium trifluoromethanesulfonate are shown in figure
(4.1.21) and (4.1.22) in the range between 300 cm™ — 2000 cm™! and 2600 cm™ — 3200
cm™! respectively. The Raman spectra are quite similar to the previous ones. All the
spectra show a band at ~632 cm'! that is ascribable in this case to the PC but as said before,
there is not a precise attribution of the Raman mode observable at this wavenumber for

the propylene carbonate

634 | 817 961 1343 1458
455 \ 1152 | 1788
602 | \ 231 1358 11490 RN

849~ 914934
712 ' 1123
959 1341 1458

10 (35711487 17341

- 915930
710 846
626 956 111|91 147 1341 1454 1784
oy 59& I 811 | 1225 \1}52 11484 IE,’LNES(3)

-848
957 | 11201148 134, 1455 1786
1033 ] /1227 "\1353 | 1486 1730

BVANRENC)

450 599632
Ay

1341 1455

Raman Intensity (Arb. Units)

8 1786
1486
i
-848 1121
508 7Ll 814 i | 150 R 1786
347 448 573|634 759|914 1227 \1353 (1486 1731 1 ES(6)

400 600 800 1000 1200 1400 1600 1800 2000
Wavenumber (cm'l)

Figure 4.1.21. Raman spectra of the PMMA based ES solutions made with LiClO4 (ES 1-3) and with
LiCF3S0;CH; (ES 4-6) in the range 300 cm™ — 2000 cm™.
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ES1)

2942 2943

Raman Intensity (Arb. Units)

ES(3)
2600 2800 3000 3200 2600 2800 3000 3200

Wavenumber (cm'])

Figure 4.1.22. Raman spectra of the PMMA based ES solutions made with LiClO4 (ES 1-3) and with
LiCF3SO3CH; (ES 4-6) in the range 2600 cm™ — 3200 cm’™'.

The observed Raman bands and assignments of vibrational modes are given in table

(4.1.10).
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Frequency (cm™)

PMMA based solutions Assignments ? references
ES(1) ES@2) ESQ@ ES@ ES(GB) ES(
346 348 347 E (S03) (triflate) [10]
Bending
i
JLH\. [5]
455 450 450 447 447 448 0 CI\
Ring deformation
[6]
PO
573 573 Jsym (SO3) (triflate) [10]
Vsym(C—C-0)
0
)
602 599 594 596 598 g [14-16]
C & \\O
(PMMA)
634 632 626 633 636 634
Symmetric ring
713 712 710 710 710 711 deformation [5-7]
(PO)
758 758 759 Jsym (CF3) (triflate) [10-12]
817 814 813 813 813 814 Vsym(C-O-C) (PMMA) [15][16]
Rock. (CH3) (PMMA) [15]
+
851 849 846 848 846 848 Ring breathing [5]
Bending (CH3) and [6]
(0-C-C) (PC)

Table 4.1.10. Observed Raman bands and vibrational modes assignments of PMMA-based ES 1-6. °

o.bending; sym.: symmetric.
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Frequency (cm™)

PMMA based solutions Assignments ?

ES (1)

ES2 ESQ3) ES4 ES(GB) ES()

references

914
(sh)
935

961

1124

1152

1231

1343

914(sh) 914(sh) 914 914 914

934 930 Perchlorate Ions

[ Symmetric stretching

959 956 957 957 957 — / \

(PC)
+
__a—CHj rock. (PMMA)

1033 1033 1033 Veym (SO3) (triflate)

(CH3) wag. + (C-H)
bending (PC)
1123 1119 1120 1120 1121 +
v(C-C) skeletal
(PMMA)

(C-O) + (C-0)
stretching (PC)

1151 1147 1148 1148 1150

stretching

1229 1225 1227 1227 1227

(PO)

1341 1341 1341 1341 1341 Bending (CH3) (PC)

[6][8]

[15]

[10-13]

[51[6]

Table 4.1.10. (continued): Observed Raman bands and vibrational modes assignments of PMMA -

based ES 1-6.  0: bending; v: stretching, rock.: rocking; wag.: wagging; sym.: symmetric; asym.:

asymmetric; (sh): shoulder.
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Frequency (cm™)

PMMA based solutions
Assignments ? references
ES ES
ES1) ES@2 ESQ3 ES (6)
4) %)
1358 1357 1352 1353 1353 1353 Bending (CH3) (PC) [5] [6]
Asym. Bending (CH3) (5]
(PC)
1458 1458 1454 1455 1455 1455 +
dasym(C—H) of a—CHj3
[14][15]
(PMMA)
Bending (-OCH»)
(CH3) umbrella (PC) [51[6]
1490 1487 1484 1486 1486 1486
+
8(CHz) (PMMA) [14]
(C=0) stretching
1731 1734 1731 1730 1729 1731 [14-16]
(PMMA)
1788 1786 1784 1786 1786 1786 (C=0) stretching (PC) [51[6][16]
[51[6][12]
2765 2764 2764 2764 2765 2767 (C-H) stretching [14-16]
[21,22]
. [51[6][12]
2888 2885 2885 2885 2886 2887 (C-H,) stretching
[14-16]
. [51[6][12]
2943 2942 2942 2942 2943 2943 (C—Hj3) stretching
[14-16]
. [51[6][12]
2998 2997 2997 2996 2998 2998 (C-Hj3) stretching

[14-16]

Table 4.1.10. (continued) Observed Raman bands and vibrational modes assignments of PMMA -

based ES 1-6.  6: bending; v: stretching, rock.: rocking; wag.: wagging, sym.: symmetric; asym.:

asymmetric; (sh): shoulder.
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4.1.3 Conclusions

Electrolyte Solutions (ES) made with use of PMMA seems to be suitable in
electrochromic technology because of good manageability of components without
requirement of preparations before use. Further, the solutions reached seems to become
like a film on ITO surface and polarization process acts on PMMAs as well as on the
BPA. The Raman analysis conducted showed that the differences in the Raman spectra
are related to the vinyl (=CH>) of acrylate groups and to the Chloroform. The Raman
bands ascribable acrylates or CHCl; are visible in the not polymerised ES spectra and not
in the polymerised ES spectra. The different molecular weights of PMMA did not affect
the Raman spectra. The only difference found is related rather to the viscosity of the
solutions obtained and, therefore, to their easy or less manageability. This aspect can be
easily solved by varying the percentage by weight of the components. The values of the
electronic conductivities of the electrolytic solutions realized in the second part of the
study have been calculated. These values are approximatively the same for all the

dispositive and confirm the good conductivity of the lithium salt used.
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4.2 Raman spectroscopic characterization of blend

films of PMMA/PEO

The research on the best polymeric electrolyte for electrochromic use led to
characterization of several blend solutions made with variable proportions of PMMA
120000 GPC and polyethylene oxide (PEO). The two polymers were mixed in variable
proportions and dissolved in an ethylene carbonate (EC)/propylene carbonate (PC)
solution. The solutions were characterized by Raman spectroscopy with a MicroRaman-

LABRAM from Jobin Yvon Srl-Horiba.

4.2.1 Experimental

All chemicals were purchased from Sigma-Aldrich®. Five solutions of a 9 % by weight
mixture of polymethylmethacrylate (PMMA, 120000 GPC) and polyethylene oxide
(PEO) were prepared in a solvent consisting of ethylene carbonate (EC) and propylene
carbonate (PC) with a molar ratio of 1:0,4. The percentages by weight of the PMMA/PEO

ratio for the 5 solutions are summarized in table (4.2.1).

Percentage Ratio
Solutions
(PMMA/PEO)

A 100/0
B 95/5

C 90/10
D 85/15
E 80/20

Table 4.2.1. Percentage ratio PMMA/PEO of

the solutions.

The Raman spectra have been acquired with a NdYAG green laser, emission wavelength
at 532 nm, modulable power at 50 mW. A long working distance objective 50x and an

optical filter DO3 were used. Every spectrum recorded is a result of 30 acquisitions.
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4.2.2 Results and discussion

The acquired Raman spectra in the range between 550 cm'~1850 cm™! and 2800 cm™—

3100 cm! are shown in figure (4.2.1) and (4.2.2) respectively. The discussion about these

spectra is done below.

896

1338

1456 1488
1228 | 1/

A\

1778
\1803
1735 |

1339 1456 1488
1 |

Raman Intensity (Arb. Units)

1778
1487
1454 1733 \1801
_=A L/
719
601 849 || 958 975 1777
58 1485
d | 638 )| 814 Ve B8O g 1339 145618 1738 \1797
i\ S A A
896
719
849 973 1779
961 1072
e 6|04 817 | \/ s 1228 13Is9 145‘3 /1489 1734 \1|800
~ . v, >
600 800 1000 1200 1400 1600 1800

Wavenumber (cm™)

Figure 4.2.1. Acquired Raman spectra in the range between 550 cm™ and 1850 cm of the 9% by weight

solutions of PMMA/PEO in the molar ratios: a) 100/0; b) 95/5; c¢) 90/10; d) 85/15; e) 80/20.
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= 3007
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=~ |b 1
£
2940
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2800 2850 2900 2950 3000 3050 3100

Wavenumber (cm™)

Figure 4.2.2. Acquired Raman spectra in the range between 1800 cm™ and 3100 cm™ of the 9% by weight
solutions of PMMA/PEO in the molar ratios: a) 100/0; b) 95/5; c) 90/10; d) 85/15; e) 80/20.

All the acquired spectra show strong band at ~719 cm™, ~896 cm™!, Fig. (4.2.1), and in
the region of (C—H) stretching, Fig. (4.2.2). The former band is ascribable to the
symmetric deformation of the solvents ring [5-7,16,23] and to the out of plane bending
of the (C=0) bond of the EC ring [16,24]. The second band is the most intense in all the
recorded spectra, it is attributable to the ring breathing of the solvents ring [16,23,24].
The region of (C—H) stretching is characterized by the bands ascribable to the symmetric
and antisymmetric stretching of the methyl (CH3) at 2940 cm™ and at ~3005 cm’!
respectively and to the stretching of the methylene (CH>) at ~2887 cm™!. The frequency
of these Raman bands are slightly higher compared to that of simple alkanes and alkenes
and this indicates the presence of electronegative groups or atoms directly bonded to the
(C—H) or the presence of little rings (non-aromatic) that due to the forces that come into
play produce the slight increase in these frequencies [12]. These Raman modes are
attributable to the solvents and to the PMMA [5,6,12,14-16,21,22]. The attribution of the
Raman modes related to the PEO is somewhat more complicated due to the low
percentage of the blend PMMA/PEO. The Raman band at ~1075 cm™! can be ascribable
to the EC solvent because of the stretching mode of the (C—O) bond reported here [24].
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It is also remembered the presence of a similar band in the spectrum of PC, Fig. (4.1.7),
however attribution of this band was not possible because of the absence of references in
literature. The presence of PMMA is confirmed by the presence of characteristic Raman
bands of relative low intensity at ~601 cm™!, related to the symmetric stretching of (C—C—
0) [14-16], and at ~815 cm!, related to the symmetric stretching of ethereal (C—-O-C)
[15,16]. Additional Raman mode ascribable to the PMMA is given by the broad band at
970 cm! in spectrum a of figure (4.2.1), that is a doublet in the other spectra located at
~961 cm™ and ~975 cm’!. The former of these bands is related to the rocking modes of
(0—CH3) [15] and the latter to the rocking of (O—CH3s) [14-16]. It should be born in mind
that the 961 cm™ band is ascribable as before also to the symmetric stretching of the
(O—CO-O0) in the ring of PC [5]. The stretching mode of the carbonyl (C=0) due to the
PMMA is noticeable at ~1735 cm™ but is very weak compared to the ones of the solvents
visible at ~1778 cm™ (PC) [5,6] and at ~1801 cm™' (EC) [24]. The Raman bands in the
range between 1200 cm™ and 1500 cm™! are related to the bending of the (C—H) bonds of
methyl and methylene residues of the solvents and of the polymers [12]. Table (4.2.2)

summarize the above discussion.

Frequency (cm™)

PMMA/PEO Assignments * references
100/0 95/5 90/10 85/15 80/20

Vsym(C-C-0)
0
|
C

(PMMA)

600 599 601 604 [14-16]

635 637 638

Symmetric ring
deformation
(PC)
719 721 718 719 719 +

[5-7]

Out of plane bending
(C=0)
(EC)
Table 4.2.2. Observed Raman bands of the PMMA/PEQ solutions in EC/PC solvent. “ v:

[16,23]

stretching; sym: symmetric.

182



Chapter 4

Frequency (cm™)

PMMA/PEO Assignments ? references
100/0 95/5 90/10  85/15 80/20
814 817 815 814 817 Vsym(C—O—-C) (PMMA) [15][16]
Rock. (CHs) (PMMA) [15]
+
849 851 851 849 849 Ring breathing + [5]
Bending (CH3) and [6]
(0-C-C) (PO)
896 898 895 896 896 Ring breathing (EC) [16][23][24]
Symmetric stretching
iil
0~ o [5]
962 961 958 961 // \\
(PC)
+
a—CHj; rock. (PMMA) [15]
970 977 974 975 973 O-CHs rock. (PMMA) [14-16]
1075 1073 1076 1080 1072 Stretching (C-0) (EC) [25]
1338 1339 1339 1339 1339 Bending (CH3) (PC) [5][6]
Asym. Bending (CH3) (5]
PO
1456 1456 1454 1456 1453 +
dasym(C—H) of a—CHj3
[14][15]
(PMMA)
Bending (-OCH»)
(CH3) umbrella (PC) [51[6]
1488 1488 1487 1485 1489
+
3(CH,) (PMMA) [14]

Table 4.2.2. (continued): Observed Raman bands of the PMMA/PEQO solutions in EC/PC

solvent. “ 0. bending; rock.: rocking; twist.: twisting; asym. antisymmetric.
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Frequency (cm™)
PMMA/PEO Assignments ? references
100/0 95/5 90/10 85/15 80/20

(C=0) stretching

1735 1733 1738 1734 [14-16]
(PMMA)
1778 1780 1778 1777 1779 (C=0) stretching (PC) [51[6]1[16]
1803 1803 1801 1797 1800 (C=0) stretching (EC) [16][25]
. [51[6](12]
2887 2888 2888 2885 2888 (C-H,) stretching
[14-16]
. [5116](12]
2940 2940 2940 2940 2940 (C—Hy) stretching
[14-16]
. [51[6][12]
3007 3007 3004 3004 3003 (C—H3) stretching [14-16]

Table 4.2.2. (continued): Observed Raman bands of the PMMA/PEQO solutions in EC/PC
solvent. “ 0. bending; rock.: rocking; twist.: twisting; asym. antisymmetric.

4.2.3 Conclusions

Five 9% solutions by weight of a mixture of PMMA and PEO in different weight
percentages by weight were prepared in a binary solvent consisting in propylene
carbonate and ethylene carbonate in molar ratio 1/0.4. The samples were characterized
by Raman spectroscopy demonstrating the presence of the two polymers in the PC/EC
solutions. The attribution of the Raman modes attributable to the PEO has been more
difficult because of the low percentages of polymer used compared to PMMA. The
solutions at room temperature show two phase that seems attributable from literature to a

solubility of polymers affected by the low percentages used [16].
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4.3 Raman characterization of a blend consisting in

folic acid and a polymer

The aim of the work has been the Raman characterization of a blend made by folic acid
and a polymer consisting in methacrylic acid, ethylene glycol di-methacrylate and the
precursors  acetonitrile and  2,2'-azobis(2-methylpropionitrile). The Raman
characterization of the blend follows the research of suitable polymeric electrolytes (in
this case made of a natural polymer as folic acid) for electrochromic uses. The Raman
characterization has been performed with a green laser at 532 nm of a Micro-Raman
LABRAM. Raman spectra collected on single components and the blend show clear
differences between the polymer and blend, sign of an interaction between the

components of the latter.

4.3.1 Experimental

In figure (4.3.1) are shown the molecular structures of the folic acid and of the single
components of a polymer consisting in methacrylic acid (MAA), ethylene glycol di-
methacrylate (EGDMA), acetonitrile (CH3CN) and 2,2’-azobis(2-methylpropionitrile)
(AIBN), the latter two element probably used as initiators. The folic acid and the polymer
have been used to realize a blend in order to make a polymeric film. Raman spectra have
been collected with a confocal Micro-Raman—-LABRAM by jobin Yvon Srl (now Horiba
scientific) associate to an optical microscope highly stable with an objective long working
distance. In this experiment a green laser with emission wavelength at 532 nm and 50
mW power has been used. Detector is a CCD device cooled with a Peltier module
1024x256, 16 bits dynamic range (pixel size 27 um). Apparatus is equipped with a series
of optical filters but in current analysis, OD1 was preferred. The spectral resolution is

about 1 cm™.
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Figure 4.3.1. Molecular structure of a) folic acid; b) EGDMA; c¢) MAA; d) AIBN.

In figure (4.3.2) are shown the optical images acquired on the single components and on

the blend.

Figure 4.3.2. Optical microscope images, magnification 50x, a) folic acid, b) polymer, c) blend.

4.3.2 Results and discussion

Firstly, attention was directed to the individual elements of the blend, folic acid and
polymer because of necessity to analyse any differences between the acquired Raman
spectra. The samples were then deposited as received on a glass substrate and different
acquisition times and optical filters were used. The Raman spectrum of folic acid
deposited on glass is not shown here due to the large luminescence and lack of Raman
signals, so no information could be deduced from the Raman spectra acquired in this way.
Analysis were successively performed using a glass substrate on which a thin gold layer
was previously deposited. Following several attempts, it has been decided to use an OD1
optical filter, best compromise because with smaller filters the folic acid sample was
damaged after measurements while with larger filters the Raman signals were poorly

resolved. The same conditions were maintained in the acquisition of the Raman spectra
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of the polymer and of the blend. The Raman spectrum of folic acid is shown in figure

(4.3.3), those of polymer and blend are shown in figure (4.3.4).

1608

1356
1290

680 1574

856 1636

Raman Intensity (Arb. Units)

g |

400 600 800 1000 1200 1400 1600
Wavenumber (cm'l)

Figure 4.3.3. Raman spectrum of folic acid acquired on gold substrate with 532 nm laser, ODI optical
filter, between 400 cm™ and 1785 cm’.

The discussion made below on the assignment of the Raman bands noticed in the folic
acid spectrum follows that of some SERS (Surface-Enhanced Raman Spectroscopy)
although the Raman spectra in our case have been acquired without sample preparation
and on solid folic acid. The most intense signal of the spectrum is at 1608 cm™ and is
assigned to the symmetrical stretching of the aromatic ring of folic acid [25,26]. Signals
at 1356 cm™! and 680 cm!, seconds in relative intensity, are attributed respectively to the
wagging of the aromatic (C—H) and C(B—y)Hz [25,26] and the out—of—plane deformation
of the (OH) group [25]. The signal at 856 cm! is attributed to the deformation of the
C(a)-H bond as well as the breathing of the aromatic ring [25]. The doublet at 1178—1188
cm’! is a signal that can be traced back to the twisting of aliphatic CH» [25], the signal at
1252 cm! can be attributed to the C(9)H, wagging [25,26] as well as the in—plane
deformation of C(7)-H [25]. The relatively very weak signal at 1386 cm! is attributed to
the in—plane deformation of the C(7)-H bond and the rocking of the (NH2) [25]. The
relatively weak signal at 1461 cm™! is attributed by Kokaislova et al. to the in—plane
deformation of the N(10)—H bond and to the scissors of the C(B)H> [25]. In the same
publication the band at 1490 cm™ is attributed to the C(9)-H: scissoring and to the in—
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plane deformation of the C(7)-H [25]. The 1539 cm™! signal is assigned to the stretching
of the aromatic ring and the in-plane stretching of the (N-H) [25,26]. The Raman signal
at 1574 cm’1 is ascribable to the in—plane deformation of the N(3)-H bond [25,26].
Finally, a very weak signal can be found in the spectrum at 1636 cm™! attributed in the
literature to bending scissors of the (N—H) bond and stretching of the C(4)-O [25]. The

results are summarized in table (4.3.1).
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Frequency (cm™) Assignment? references
680 out-of-plane def (OH) [25]
def. C(a)-H
856 + [25]
ring breathing
1178 twisting (CHy) [25]
1188 twisting (CHy) [25]
1229
wagging C(9)H, [25][26]
1252 +
in plane def. C(7)-H [25]
1290
wagging aromatic (C—H) and C(B—
1356 [25][26]
Y)Hz
In plane def. C(7)-H
1386 + [25]
Rocking (NH»)
in plane def. N(10)-H
1461 + [25]
scissoring C(B)Ha
scissoring C(9)—H»
1490 + [25]
in plane def. C(7)-H
v aromatic ring
1539 + [25][26]
v in plane (N-H)
1574 in plane def. N(3)-H [25][26]
1608 Vsym aromatic ring [25]]26]
scissoring (N-H)
1636 + [25]
v C(4)-O

Table 4.3.1. Observed Raman bands of folic acid and relative

references. “ v: stretching; def.: deformation; sym.: symmetric.

assignments and
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Figure 4.3.4. Raman spectra acquired on gold substrate with 532 nm laser, OD1 optical filter, between
400 cm™ and 1785 cm™ of: a) polymer; b) blend of folic acid-polymer.

Turning to the analysis of polymer, which should be a copolymer of MAA and EGDMA,
with CH3CN and AIBN as initiators of curing (for this reason perhaps present as minor
components of the copolymer), and of blend copolymer—folic acid — related spectra, you
can point out some differences that could be due to an interaction between the various
components of the blend. At first glance, we notice the absence in the blend spectrum of
the signal presents in the polymer spectrum at 1641 cm™ as well as the different shape of
the signal in the range at 700-850 cm™'. The 1641 cm™! signal is reported in the literature
as stretching of the (C=C) bond in acrylates and methacrylates and is typically used as a
cross-linking polymerization efficiency detector [12,18-22,27]. It is important to note that
the signal is no longer present in the blend, which is likely index of the fact that there may
have been a link between the terminal acrylate vinyl groups (responsible for the stretching
signal (C=C) at that frequency in the polymer) and Folic Acid. The very intense band at
1727 cm’!, reported in the literature as stretching of (C=0) of molecules having saturated
carbon atoms adjacent to carboxyl group does not change frequency from polymer to
blend [12,14,15,27]. It would therefore be reasonable to expect that even the signals
relating to symmetric and asymmetric (C—O—-C) stretching of the same carboxylic

residues will not undergo changes in frequency from the polymer to the blend. In fact, in
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the literature, such modes are reported around the frequencies of the signal detected at
1188 cm™! for asymmetric stretching, while symmetrical stretching is reported around 816
cm™! [14,15,27]. This brings us back to discuss the other big difference between the
spectra of the polymer and the blend: the signals in the frequency range between 700 cm”
U'and 820 cm™!. If, indeed, as expected, the signal related to the asymmetric stretching of
the (C—O—C) does not undergo frequency shifts from the polymer to the blend, the
symmetrical stretching is instead absent in the polymer while it is found in the mixture at
815 cm’!. Particularly, in the polymer, the signal closest to the symmetrical stretching
frequency of the (C—O—C) is at 801 cm™!. This signal is close to that detected at 762 cm’!
and associated with the symmetrical stretching of the (C—COOH) bond of the MAA
monomer [28]. In the blend, the corresponding signals appear to be, as mentioned above,
at 815 cm™! and 727 cm! respectively. The attribution of the first signal has already been
discussed, while the second could be attributed to skeleton (C—C) modes [15]. At this
point it is good to discuss about the signal at 801 cm™!, perhaps indicative of the fact that
in the polymer the MAA turns out to be more in the monomeric component, or in the
terminal positions of the copolymer. This signal is also attributed in the work of J. Bong
et al. [29] to symmetrical stretching of the (C—COOH) binding of methacrylic acid; in this
publication it is pointed out that the intensity of this signal wanes with the increase of a
radiative dose that significantly improves the curing and therefore the disappearance of
the vinyl portion adjacent to the bond [29]. The signals in the region of the spectrum
between 700 cm™ and 820 cm™ are therefore attributable to methacrylic acid in the
polymer while in the blend they are no longer. At this point, since the (C—O—C) bond is
present only in the EGDMA monomer and also in the copolymer (result of
polymerization) and given the presence of the signal at 1641 cm™, it is believed that the
monomeric components within the polymer are important, or in terminal position of
copolymer while the presence of folic acid in the mixture increases the degree of
polymerization or lead to a link between Folic Acid and terminal monomer components
of polymer. The signal in the polymer spectrum at 596 cm! is attributed in literature to
the stretching of the (C—C-O) bond of the methacrylate ester groups, found in the
spectrum of the mixture at 593 cm™! [15]. At the same type of binding, but an opposite
stretching in this case, is due to the signal at 1286 cm™ in the polymer spectrum and
shifted to 1282 cm! in the spectrum of the blend. By analysing the differences of the two
spectra in more detail, we can see that the same type of signal displacement affects all

bands attributable to the (C—H) and (C—C) bonds and that the displacement occurs at
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lower frequencies in the blend than the polymer of an average shift of 3-4 cm™'. Thus, the
signal in the polymer at 1455 cm’!, attributed to the asymmetric deformation of the (CH3)
is shifted at 1453 cm™ in the blend [15,27]. Also in the polymer spectrum, the two rather
weak bands at 1402 and 1391 cm’! which are attributed to (CH>) twisting or wagging
modes and the symmetrical bending of the (C—H) bond in the (CH3) groups respectively,
are shifted in the spectrum of the blend to 1400 and 1389 cm™' [15,27]. Finally, the signals
in the polymer spectrum at 1119 cm™, 1045 cm™, 966 cm™ and 879 cm™, attributed in
literature to stretching of the skeleton (C—C) bonds, the first two and the rocking of the
(CH3) and (CHa) the last two, are shifted to 1117 cm™, 1041 cm™, 962 cm™ and 874 cm’
Uin the blend spectrum [15,27]. In table (4.3.2) the observed Raman bands together with

their assignments and the relative references are summarized.

Frequency (cm™)

Assignment? references
polymer Blend

596 593 v(C—C—0) methacrylate esther [15]

727 skeleton (C-C) [15]
762 Vsym (C—COOH) (MAA) [28]
815 801 Vsym (C—O—-C) [14,15,27]
879 874 rocking (CH») [15,27]
966 962 rocking (CH3) [15,27]
1045 1041
1119 1117 v(C-C) [15,27]
1188 1188 Vasym (C-O-C) [14,15,27]

1239
1246

1250
1286 1282 v(C—C-0) methacrylate esther [15]
1349 1343
1391 1389 sym bending (C—H) of (CH3) [15,27]
1402 1400 (CH) twisting or wagging [15,27]
1455 1453 asym def. (CHz3) [15,27]
1641 stretching acrylate (C=C) [12,18-22,27]
1727 1727 stretching (C=0) [12,14,15,27]

Table 4.3.2. Observed Raman bands in polymer and blend. * v: stretching; sym.:

symmetric; asym.: asymmetric.
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4.4.3 Conclusions

In summary, some signals present in the polymer and not in the blend, can be traced back
to the vinyl portions of the monomers that make up the polymer itself. It can be assumed
that these monomeric units are located in terminal positions of polymer chains and that is
at that level that a folic acid — polymer interaction occurs. Indeed, in the mixture, these
signals are no longer present and noticing an overall shift at low frequencies of the
vibrational modes of the C—H and C—C bonds, one can imagine a significant interaction

between the two components of the blend.
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4.4 Effect of combination of gold nanoparticles and
polyelectrolyte layers applied on glass substrate on
Raman spectra of a 10% volume aqueous solution

of acetic acid.

In this work, polyelectrolyte layers (PE) are deposited on substrates made by glass
covered by an array of gold nanoparticles (GNPs). Four types of substrates have been
used, starting from a substrate without layers of PE (GGPE_0) and substrates that have
got 3 layers of PE (GGPE_3), 11 layers of PE (GGPE_11) and 21 layers of PE
(GGPE_21). The Raman analysis of an acetic acid solution (10 % v/v) was carried out in
function of the different substrates. Focusing on the Raman bands of the acetic acid
aqueous solution, it appears clear that an enhancement has been done. Theses Raman
bands are much more intense with increasing the number of PE layers. The presence of
Gnps layer is sufficient to obtain a small increase of the Raman signals related to acetic
acid aqueous solution and the presence of PE layers further enhance the intensity of these
bands.

SERS is nowadays well known and widely used in various studies such as: detection of
low abundance molecules [30,31], monitoring environmental contaminants [32,33], food
science [34], analysis of biomolecules, pharmaceutical and drugs research and many
others [35,36].

SERS was observed for the first time in 1974 [37,38] and it is a technique that allows to
promote the signals detected by Normal Raman spectroscopy. Briefly, SERS is due to
electronic and chemical interactions between the sample, the substrate and the laser
source. To explain the SERS effect, the mechanisms involved are two: the
electromagnetic and the charge transfer. The first one occurs when the incident laser
source excites the surface plasmons of the metal substrate and the second one is ascribed
to a transfer of electrons between metal and sample [32].

Noble metal surfaces have been used as SERS substrates. Those have been used as flat
surfaces or as nanoparticles [39]. Today, there are several methods to obtain SERS
substrates: metal nanoparticles in suspension, metal nanoparticles immobilized on solid

substrates and nanostructures fabricated directly on solid substrates [40-42].
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4.4.1 Experimental

Acetic acid (99.0%, purity) was purchased by Fluka Analytical Company. Such solution
has been diluted at the 10% in acid acetic by using double distilled water in order to be
used as standard for the Raman analysis.

The substrates studied in this work are four samples composed of a GNPs array on glass
substrate covered by: no PE layer, 3 PE layers, 11 PE layers and 21 PE layers labelled as
GGPE_0, GGPE_3, GGPE_11 and GGPE_21, respectively. In figure (4.4.1) is reported

a schematic view of the four samples studies.

3 layers
Gold.  Polyelectrolyte
nanoparticles —___ material
Glass _~
substrate
GGPE_0 GGPE_3
21 layers
 Polyelectrolyte
Polyelectrolyte 11 layers material
material g
Gold
Gold nanoparticles
nanoparticles /
Glass \‘ = Glass
substrate — substrate
GGPE_11 GGPE 21

Figure 4.4.1. Schematic view of the four samples: GGPE_0 (Glass substrate/Gold nanoparticles),
GGPE_3 (Glass substrate/Gold nanoparticles/3 layers of Polyelectrolyte material), GGPE_I1 (Glass
substrate/Gold nanoparticles/11 layers of Polyelectrolyte material) and GGPE_21 (Glass substrate/Gold

nanoparticles/21 layer of Polyelectrolyte material).

The synthesis of gold nanoparticles, the functionalization of glass substrates and the gold
nanoparticles array deposition have already been reported in a previous work [43]. Firstly,
spherical gold nanoparticles have been synthesized following the Turkevich method [44].
In brief, 600 mL of an aqueous solution of tetrachloroauric (III) acid (0.25 mM) were
brought to a boil in a round-bottomed flask under vigorous magnetic stirring.
Subsequently, the gold has been reduced by pouring to the boiling solution 15 mL of
aqueous sodium citrate solution (0.03 M). After 15 min, the full reduction of the gold salt
into monodisperse gold nanoparticles with an average diameter of 20 nm was obtained,

as demonstrated by the solution colour that turned from yellow to deep red.
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The glass substrates were first cleaned and hydroxylated with piranha solution (3:1
mixture of sulphuric acid to hydrogen peroxide 30%) for 30 min. To modify the surface
chemistry, the substrates were dipped in a 5% (v/v) solution of N-[3-
(trimethoxysilyl)propyl] ethylenediamine in ethanol for 30 min and then rinsed with
milli-Q water. Excess of water was removed using a stream of nitrogen followed by
drying in a furnace at 120 °C for 30 min to assure good silanization.

The GNPs arrays were prepared by dipping the functionalized glass slides in the GNPs
solution for two and a half hours. The samples were then washed with milli-Q water and
dried under a stream of nitrogen.

The polyelectrolytes (PE) solutions of 5 mg/mL Poly(allylamine hydrochloride) (PAH,
positively charged) and Poly(styrenesulfonate) (PSS, negatively charged) were prepared
in 0.1 M of NaCl in water. Their opposite charge allows the fabrication of multilayers of
PE layers via the layer-by-layer (LbL) deposition technique [45] by means of electrostatic

interaction.

4.4.2 Results and discussion

Acetic acid has been chosen as test substance because its vibrational modes in liquid and
gaseous forms are well-known and generally precisely assigned in literature [46-49]. In
figure (4.4.2) are shown the representative Raman spectra collected on the 10% v/v acetic
acid solution in a cuvette and on the top surfaces of the glass substrate that can be used

as references.

196



Chapter 4

249 1094 (b)

485 1948 3325 ‘!3433

N2

\

416

Eaman Intensity (Arb, Units)

400 800 1200 1600 W00 2400 2800 3200 3600 4000
(a) 2948 321 4
Nt

Raman Intensity (Arb, Units)

400 #00 1200 1600 2000 2400 2800 3200 3600 4000

Wavenumber (cm-)

Figure 4.4.2. Representative Raman spectra collected on the 10 % v/v acetic acid solution in a cuvette (a)

and on the top surfaces of the glass substrate (b).

The spectrum shown in figure (4.4.2.a) is due to acetic acid in volume: the whole laser
spot is inside the liquid and the resulting Raman bands are very strong and well defined.
The three bands at 892 cm™!, 2948 cm™! and the broad band at 3434 cm™' have been
assigned to the (C—C) stretching, (C—H) stretching of acetic acid molecules and to the
(O—H) stretching of water molecules, respectively [46,47]. The bands at 3223 cm™! and
3321 cm’! have been assigned to the (O—H) stretching modes [46,47]. Others two weaker
bands at 624 cm™ and 1708 cm™! are attributed to the (O=C—0) bending mode and (C=0)
stretching, respectively [46,47]. The representative Raman spectrum collected on acetic
acid deposited on the top of the glass substrate it is shown in figure (4.4.2.b). Besides the
Raman bands described above, figure (4.4.2.a.) which are still detected, there are new
bands, at 426 cm™, 485 cm!, 549 cm™ and 1094 cm™, that have been ascribed to the glass
substrate [50]. The bands at 624 cm™ and 1708 cm™! seen in the spectrum of figure
(4.4.2.a). are not detected in the spectrum of figure (4.4.2.b).

In figure (4.4.3) are shown the Raman spectra of the 10 % v/v acetic acid solution

deposited on the substrates with different numbers of polyelectrolyte, see Fig. (4.4.1).
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Figure 4.4.3. Representative Raman spectra of 10 % v/v acetic acid solution in the ranges between 200
and 1300 cm™ and between 2800 and 3800 cm™ on GGPE_Q (Glass substrate/Gold nanoparticles) (a),
GGPE_3 (Glass substrate/Gold nanoparticles/3 layers of Polyelectrolyte material) (b), GGPE_I1 (Glass
substrate/Gold nanoparticles/11 layers of Polyelectrolyte material) (c) and GGPE_21 (Glass

substrate/Gold nanoparticles/21 layer of Polyelectrolyte material) (d).

In the spectra of Figure (4.4.3) are present the bands that fall at 424 cm™, 430 cm!, 479
cm’!, 484 cm™!, 546 cm™, 550 cm!, 560 cm!, 1087 cm’!, 1092 cm™! and 1104 cm™ and
these are ascribed to the substrate; the bands at 619 cm™, 622 cm’!, 626 cm™, 890 cm’!,
892 cm’', 893 cm’!, 2946 cm™, 2947 cm!, 294 cm'8 and 2950 cm™! are ascribed to the
acetic molecules and the others bands above the 3000 cm™ are due to the (O-H) stretching
of the water molecules.

Table (4.4.1) resume the observed Raman bands.
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Frequency (cm™)

10% (V) acetic acid aqueous solution Assignment references
cuvette glass GGPE_0 GGPE_3 GGPE_11 GGPE_21

426 430 424 424 425

485 479 479 479 484 Pelocalised modes [50]

549 546 560 546 550 (glass)
624 626 619 622 bending (O=C-0) [46][47]
892 891 893 892 890 892 Stretching (C-C) [46-49]

Stretching motion
1094 1092 1104 1087 1104 of silica tetrahedra [50]
(glass)

1708 Stretching (C=0) [46][47]
2948 2948 2950 2947 2948 2946 Stretching (C—H) [46-49]
3223 3215 3224 3224 3222 3204
3321 3325 3316 3316 3324 3309 Stretching (O-H) [46-49]
3434 3432 3470 3443 3443 3436

Table 4.4.1. Observed Raman bands of acetic acid aqueous solution on cuvette, glass, GGPE_O,

GGPE_3, GGPE_I11 and GGPE_21 substrates and their assignments.

In figure (4.4.4) are shown some of the Raman bands of the spectra of figure (4.4.3) fitted
in order to study what happen to the samples when the acetic acid is deposited on the
different substrate used in this work where the number of polyelectrolyte layer changes

as shown in figure (4.4.1).
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Figure 4.4.4. Fitting procedure in the ranges between 800 and 1250 cm™ (on the left) and between 2800
and 3800 cm™! (on the right) of the Raman bands of 10 % v/v acetic acid solution deposited on GGPE_0
(Glass substrate/Gold nanoparticles), GGPE_3 (Glass substrate/Gold nanoparticles/3 layers of
Polyelectrolyte material), GGPE_I11 (Glass substrate/Gold nanoparticles/11 layers of Polyelectrolyte
material) and GGPE_21 (Glass substrate/Gold nanoparticles/21 layer of Polyelectrolyte material). The

grey line is the experimental spectra, the green lines are the single fitting curve and the red line is the

total fitting curve.

It is possible to see in figure (4.4.4) that the first band at 890 cm™!, ascribed to the acetic
acid, is fitted by a single Lorentzian function. (A second small band around 930 cm™! is
present in the sample without polyelectrolyte but becomes not detectable as well as the
polyelectrolyte layer is deposited on the substrate). The other experimental band around

at 1100 cm™ has been fitted by three functions that fall at about: 1065 cm™!, 1098 cm'!

Wavenumber (cm)
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and 1130 cm™'. The band in the middle seems to be the most representative of the Raman
features of the substrates and it should be used as reference in order to monitor the effect
of the polyelectrolyte layers on the scattering responses of the sample.

The other Raman band at about 2950 cm™!, ascribed to the acetic acid has been fitted with
just one single fitting function. The other band, ascribed to the (O-H) stretching in water,
has been fitted with four functions that fall at 3186 cm™!, 3307 cm™', 3458 cm™! and 3593
cm’™', in accordance with a previous study that has shown that the broad O—H band due to

the water molecules was fitted with 4 Gaussian functions [49]. The first two bands,

according to literature [48,49], are ascribable to the water molecules strongly associated

(by hydrogen bonds). The other band at 3458 cm™ is ascribed to the presence of the water
molecules weakly associated (only one hydrogen atom involved in the hydrogen bond)
and the last band at 3593 cm! is ascribed to completely free water molecules.

In order to evaluate the effects on the Raman features of the acetic acid solution performed
by the increasing of the polyelectrolyte layer, the intensities of the bands ascribed to the
acetic acid and of the water on the intensity of the band at 1098 cm™! have been plotted as

a function of the layer of polyelectrolyte. In particular, in figure (4.4.5) are shown the

ratios Igoo / L1098 (@), 12950 / T109 (b), (I3186+13307+13458+13593) / L1098 (C).
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Figure 4.4.5 Trends, as a function of the number of the layers of polyelectrolyte, of the ratios of the
intensities bands that fall at the frequencies indicated as subscripts in the follow relationships: Iso / 11098

(a), I2950 / 1098 (b), (I3186+13307+13458+13593) / L1098 (c) and that have been calculated by the fitting procedure

shown above (see figure 4.4.4).
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The trends shown on figure (4.4.5) indicate that when the acetic acid solution is deposited
on the substrates with higher number of layers of polyelectrolyte the Raman scattering
results to be stronger then when it is deposited on the substrate without any
polyelectrolyte layer. In particular, in the first two panels of figure (4.4.5.a and 4.4.5.b) it
has been shown as the intensities of the bands ascribed to the acetic acid molecules are
increased when are deposited on the sample GGPE_21 with respect to those collected on
the sample GGPE_Q. Similar behavior has been shown also for the intensities of the bands
ascribed to the (O-H) stretching of the water molecules as it can be seen in figure (4.4.5.c),
where the sum of the intensities of the four Raman bands increases as well as the number
of the layers of polyelectrolyte that made the whole substrate increases. These results
demonstrate that the polyelectrolyte layers behave as surfaces to enhance the Raman

scattering.

4.4.3 Conclusions

In this work, sample made by a glass substrate, a layer of gold nanoparticles particles and
different layers of polyelectrolyte (0, 3, 11 and 21) have been studied in order to analyse
the effect of the number of polyelectrolyte layers on the Raman scattering. For this aim,
an acetic acid solution 10 % v/v has been used as a test substance and characterized both
in a cuvette and on the top of a glass substrate, and the relative Raman modes have been
assigned. Subsequently, the acetic acid solution has been deposited on the four substrates
and then the Raman spectra have been collected. In order to make a quantitative
evaluation of the observed effects, all the Raman spectra collected on the different
substrates have been fitted. The trends of the ratios of the intensities of the Raman bands
of the acetic acid solution (acetic acid and water molecules) on the band at 1098 cm™!
ascribed to the substrates seem to indicate that there is a Surface Enhanced Raman

Spectroscopy effect which is related to the number of the polyelectrolyte layers.
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4.5 Raman analysis of chitosan complexed with

inorganic complex

In the following section, Raman spectroscopy characterization has been performed on
chitosan samples: chitosan films and blends obtained by chitosan films and zinc complex
of both pyrazolone and methanol. The blends have been made with the following zinc
complex / chitosan ratios: 1/80, 1/40, 1/20, 1/13 and 1/10 or in percentages 1.25%, 2.5%,
5.0%, 7.5% and 10.0%, respectively.

The chitosan polymer has been extensively used in many pharmaceutic and engineering
technological applications because it is biocompatible and biodegradable [51]. The
chitosan is obtained by deacetylation of chitin which is the primary structural element of

shrimp shells and other sea crustaceans (Fig. 4.5.1).
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Figure 4.5.1. Chitosan obtained by deacetylation of Chitin.

As it can be seen in figure (4.6.1), Chitosan can be considered such as a linear
polysaccharide made by two repetitive units: glucosamine and N-acetyl glucosamine. The
glucosamine on N-acetyl glucosamine ratio value, called degree of deacetylation, can fall

in the range between 30% and 95% [51]. When the degree of deacetylation is about 50%,
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the chitosan polysaccharide becomes soluble in acidic aqueous solutions. The Chitosan
polymeric structure could therefore be suitable for electrochromic purposes [52].
In the present work, the chitosan polymer has been used as host matrix for the zinc (Zn)

complexes of both pyrazolone and methanol (Fig. 4.5.2).
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Molecular Weight: 798.30

Figure 4.5.2. Zinc complex of both pyrazolone and methanol.

The interactions between the chitosan polymer and the Zn complex were studied by
Raman spectroscopy, which allowed to better understand the mechanisms of the

interactions involved in such systems [53].

This research is part of the paper “New Zinc-based active chitosan films: physicochemical
characterization, antioxidant and antimicrobial properties” submitted on My Frontier

Chemistry, Inorganic Chemistry.
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4.5.1 Experimental

The studied samples are the pure chitosan film (labelled CS) and five other films made
with different zinc complex /chitosan molar ratios: 1/80 (labelled CS@ZNQ)25), 1/40
(labelled CS@ZNQ25), 1/20 (labelled CS@ZNQs), 1/13 (labelled CS@ZNQ7,5) and 1/10
(Iabelled CS@ZNQ1o) (figure 4.5.3).

Raman spectra were collected by a micro-Raman LABRAM apparatus by Horiba Jobin
— Yvon Srl equipped by a 632.8 nm laser sources (He:Ne laser), a 50x objective by
Olympus lens with a focal length of 15 mm. The spectral resolutions can be esteemed in

2cm.

Figure 4.5.3. Optical images of the studied samples with different zinc complex / chitosan molar ratios: (a)
chitosan film labelled CS, (b) 1/80 (labelled CS@ZNQ;2s), (c) 1/40 (labelled CS@ZNQ:s), (d) 1/20
(labelled CS@ZNQs), (e) 1/13 (labelled CS@ZNQy7s5) and (f) 1/10 (labelled CS@ZNQ ).
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4.6.2 Results and discussion

The representative Raman spectrum collected on solid crystalline Zinc complex is shown

in figure (4.5.4).
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Figure 4.5.4. Representative Raman spectra collected on the Zinc complex of both pyrazolone and
methanol in the solid crystalline phase in the ranges between 250 cm™ and 1650 cm™' and 2800 cm™ and
3200 cm’ (in the inset).

Among the different Raman features present in the spectra shown in figure (4.5.4) during
this work the main attention has been given to the band at 999 cm™!, ascribed to the
aromatic ring breathing mode of the pyrazolone ligand. The other bands at 1599 cm™,
1609 cm™! and 1626 cm™ have been assigned to the C=0 stretching of pyrazolone in the
enolic forms [54,55]. The Raman bands visible in the inset of figure 4.5.4 are attributed
to the (C—H) stretching of the pyrazolone ligand and of the substituent of the pyrazole
ring [56,57].

In figure (4.5.5), it is shown the Raman spectra collected on the pure sample of Chitosan

polysaccharide.
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Figure 4.5.5. Representative Raman spectra collected on the Chitosan polysaccharide pure sample in the

ranges between 275 cm™ and 1750 cm™ and between 2650 cm™ and 3500 cm’'.

The band at 352 cm'is attributed to the out of plan bending mode (y) of (OH) and of the
pyranoid ring (¢) while the two bands at 468 cm™ and 494 cm' are assigned to the in
plane bending mode (5) of the glycosidic (C—O—C) and to the 6 mode of (CO-NH) + (C—
CHas), respectively [58]. The band that falls at 572 cmis due to the y modes of (N-H) and
(C=0) and to the out of plan bending mode (®) of (CH3) [58]. The Raman band centred
at 1111 cm is attributed to the overlapping of several peaks: two peaks that fall at 1038
cm' and 1087 cm!, assigned to the deformation mode (p) of (CHs3) and the (8) modes of
(CH) and (OH) and another peak, that falls at higher frequency 1152 cm, is assigned to
the stretching (v) of (C-O-C) + v(¢) + v(C—-OH) + v(C-CHz) + 6(CH) + p(CHz) +
p(CH3) [58]. Other authors ascribed the last bands at 1087 cm™ and at 1152 cm’!, mainly,
to the stretching modes of the glycosidic bond (C—O—C) and in particular: symmetric and
antisymmetric of C—-O-C, respectively [59-62].

The Raman peaks at 898 cm! is ascribed to the v(@) ring breathing (pyd) + p(CH-) [58-
62]. The other bands have been assigned to: the band at 1268 cm™! is ascribed to §(OH...O)
hydrogen bond (HB) + v(C—C) + v(C-O) + §(CH) + 8(CH>), the band at 1376 cm™! is due
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to 8(CHaz)-others deformation of the polysaccharide backbone and to the 3(OH) and v(¢)
and the band at 1463 cm™ is assigned to the (CH) + o(CHz2) modes [58-62].

The band at 1654 cm™! is due to the double bond C=C. The other bands at 2750 cm!, 2892
cm™! and 2932 cm! are assigned to the v(CH), v(CHz) and v(CH3) modes, respectively
[58-62].

The Raman band at 3320 cm™! is assigned to the N-H stretching while the other two bands
at 3371 cm* and 3457 cm™ are assigned to the O-H stretching mode [63].

In figure (4.5.6) are shown the Raman spectra collected on the Chitosan sample mixed
with different amount of the Zn complex.

The spectra of the CS@Zn, films show the main characteristics of both chitosan matrix
and [Zn(Q),(MeOH),] complex (figures 4.5.1 and 4.5.2 respectively). In fact, as it can
be seen in figure (4.5.6), the band that falls at 1000 cm™, typical of the Zn complex,
increases as well as the complex concentration in the blends increases. In the same way,
the bands above 3300 cm, totally ascribed to the chitosan polymer, seems to decrease as

well as the Zn complex concentration in the blends increases.
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Figure 4.5.6. Representative Raman spectra in the ranges between 250 cm™ and 1700 cm™ and between
2700 cm™ and 3500 cm™ of the samples obtained with different zinc complex /chitosan molar ratios: (a)
1/80 (labelled CS@ZNQ2s), (b) 1/40 (labelled CS@ZNQ:>s), (c) 1/20 (labelled CS@ZNQs), (d) 1/13
(labelled CS@ZNQys5) and (e) 1/10 (labelled CS@ZNQ o).
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The Raman spectra of CS @Zn, films show the main difference in the region of glycosidic
bond. In fact, it is possible to see in figure (4.5.6) the progressive disappearing of the
broad band typical of the pure chitosan band (around ~1108 cm™) as well as the Zn
complex percentage increases. The same behavior can be observed for the Raman band
ascribed to the y(OH) (~350 cm™) and for the higher frequencies Raman bands due to the
(NH) and (OH) stretching. At the same time, in the blend films, the Raman band of the
complex ascribable to the (¢) ring breathing of the phenyl (ph) appears and grows in
intensity (1000 cm™!) [54,55] together with the Raman modes observed at ~1239 cm™,
1529 cm™ and 1612 cm™. The strong band at 1612 cm™ is ascribed to the C=0 stretching
in enolic form of pyrazole ligand which is different from the ketonic form which fall at
about 1640 cm™' [54,55]. This is confirmed in the work of Patel et al. [64] where this
band and the one at 1529 cm! are related to the imine-ol tautomeric form of the pyrazole
ring and to the (C=0) (the former) and the (C=N) (the latter) stretching.

Therefore, the Raman study confirms that the ligand is bonded to the Zn metal in a
specific tautomeric form (the imine-ol one). In addition, as it can be seen in figure (4.5.6),
the band occurring at 1000 cm™, typical of the Zn complex, increases as well as the
complex concentration in the blends increases. In the same way, the bands above 3300
cm’!, totally ascribed to the to the chitosan polymer, seems to decrease as well as the
complex concentration in the blends increases. In order to study such behaviors
quantitatively these bands have been fitted by using one single Lorentzian function for
the band at 1000 cm™ and two Lorentzian curves for the bands around 3300 cm™: in
particular, one band falls at about 3300 cm™ and the other band falls at about 3320 cm!
(figure 4.5.7).
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Figure 4.5.7. Representative Raman spectra in the range between 994 cm™ and 1010 cm™ and between
3260 cm! and 3350 cm™ of the blend film at different composition: 1.25%, 2.5%, 5.0%, 7.5% and 10%.

The open circle are the experimental data, the short dot curves are the single Lorentzian bands and the

solid line is the total fitting curves.

In figure (4.5.8) is plotted the Rzacomplex/Chitosan Tatio obtained by the ratio of the Intensity
of the Zn complex band at 1000 cm™! and the sum of the bands at 3300 cm™ and 3320 cm™

Wavenumber (cm?)

! of the Chitosan, as a function of the blends composition in percentage:
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Figure 4.5.8. Intensity Ratio of the Intensity of the Zn complex band at 1000 cm™ and the sum of the bands

at 3000 cm™ and 3200 cm™' as a function of the blends composition in percentage.

As it can be seen in figure (4.5.8), the trend of such ratio is increasing vs Zn(II) complex
composition in percentage. A jump in such trend can be observed for concentrations
between 2.5% and 5.0% of the Zn(Il) complex. For this reason, the first two points have
been fitted with one linear fit (in red, in figure 4.5.8) whereas the last three points were
fitted by another linear fit (in blue, in figure 4.5.8). The jump and the different slopes
found in the linear fits may be due to a change of the structural order of the blends induced
by the increase of the Zn complex percentage.

The intensity of the band at 3300 cm™ band at 3320 cm are assigned, as state above to
the N-H stretching and therefore, in figure (4.5.8) it is also shown as the N-H bands
decrease as well as the Zn complex percentage increases.

Similar trends have been observed for the bands assigned to the hydroxyl group (see Fig.
4.5.6), the intensity of the band around 352 cm”, attributed to the out of plan bending
mode (y) of (OH) and of the pyranoid ring (¢), decreases as well as the percentage of the

Zn complex increases in the blend). In figure (4.5.9) it is shown the trend of the sum of
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the intensities of the bands at 3371 cm™ and 3457 cm™ (assigned to the O-H stretching
mode) and the Intensity of the Zn complex band at 1000 cm™!, defined as Rom):

I —1y+I] -1
(3371cm™ ) " (3357cm™ )
Riony = @)

1(1000 cm~1)

Roon

CS@Zn, ( % wiw)

Figure 4.5.9. Intensity Ratio, Ron), of the sum of the bands at 3371 cm! and 3457 cm™' and the Intensity of

the Zn complex band at 1000 cm™, as a function of the blends composition in percentage.

All the observed trends seem to indicate that the Zn complex affects simultaneously the
hydrogen of both the amino and methanol groups, present on the chitosan structure. On
the basis of such observations, it has been formulated on hypothesis that could explain

the experimental data. It has been shown in figure (4.5.10).
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Figure 4.5.10. Hypothesis of the interactions which occur between the chitosan polymer and the Zn
complex: the different units of the complex bonded by hydrogen bonds are divided by the combined action
of the —CH>OH and —NH; of the chitosan.

In the proposed model, Fig. (4.5.10), the different units of the Zn complex bonded each
other by hydrogen bonds are divided by the combined actions of the -CH>OH and -NH>
of the chitosan chain which acts on the N(1) and O(3) sites of two units of the Zn complex
adjacent, respectively.

Nevertheless, deeper quantitative investigations on the study of the interactions between
the chitosan polymer and the Zn complex are on the way in order to better understand the

mechanism involved.

4.6.3 Conclusions
Micro-Raman spectroscopy has been used in order to study blends made by using Zn-
complex and chitosan polysaccharide with the ratios di Zn complex / Chitosan equal to:
1/80 (1.25%), 1/40 (2.5), 1/20 (5.0%), 1/13 (7.5%) and 1/10 (10%). The Raman spectra
of the complex and of the polysaccharide and of all the blends samples have been shown

and the main Raman features have
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been assigned. The Raman study confirms that the ligand is bonded to the Zn metal in a
specific tautomeric form (the imine-ol one).

In addition, the fitting procedure of some bands has been shown in order to following the
ratio of the Raman band of the complex on the Raman band of the Chitosan. It has been
shown that such ratio increases with the Zn complex composition in percentage, showing
a jump above the Zn complex concentration of 2,5%. The points before and above the
jump have been fitted by two lines with different slope and this aspect has been ascribed
to a different change of the structural order of the blends induced by the increase of the
Zn complex percentage.

It has been shown that, in the blends, the bands assigned to the N-H and O-H decrease as
well as the Zn complex percentage increases. It has been assigned to the interactions
between the complex and the N-H and O-H groups which interact with the ligands of the
Zn complex. A model of the interactions has been purposed. Nevertheless, deeper
quantitative investigations on the study of the interactions between the chitosan polymer

and the Zn complex are on the way in order to better understand the mechanism involved.
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4.6 Study of the SERS effect of gold plates on

bipyridine samples

In this section, the Raman characterization of 5,5'-Bis(mercaptomethyl)-2,2'-bipyridine
(BIPY-DT) sample has been performed with the help of gold plate (AuPI-BIPY-DT) to
evaluate the SERS effect on the sample. This work is part of the Raman spectroscopic
study as contribution to the paper “Luminescent Self-Assembled Monolayer on Gold
Nanoparticles: Tuning of Emission According to the Surface Curvature”.

The aim of the overall work has been the evaluation of the enhanced Raman response of
several Bis(mercaptomethyl)-2,2'-bipyridine (BIPY-DT) due to the use of gold nanorods
and gold plates.

4.6.1 Experimental

In figure (4.6.1) it is shown the structure formula of (BIPY-DT).

HS N

N SH

Figure 4.6.1. Structure formula of 5,5'-Bis(mercaptomethyl)-2,2"-bipyridine (BIPY-DT).

Micro-Raman spectra were collected using a Horiba-Jobin Yvon microprobe apparatus
with spectral resolution ~2 cm-1), equipped with a CCD (256 x 1024 pixels) detector
cooled at - 70°C. The spectrum was collected by using the line laser source at 633 nm of
He-Ne laser with an emitted power of 17 mW power, equipped with edge filter. The film
has been characterized by using the 50x Mplan Olympus objective, focusing a laser spot
of about 1 um of apparent diameter and the spectral resolution is below 2 cm-1. The
Raman spectrum shown in the next section is the representative one collected on the
sample and is shown only the range where the Raman features were detectable and are
not shown the ranges where the Raman spectrum was made only by noise. The Micro-
Raman study was carried out on the following sample, gold plate covered by the 5,5'-

Bis(mercaptomethyl)-2,2'-bipyridine (AuPl-BIPY-DT).
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4.6.2 Results and Discussion

An enhancement effect can be seen when the (BIPY-DT) is deposited on the gold plate
(AuPI-BIPY-DT). In figure (4.6.2) and in figure (4.6.3) are shown the representative
Raman spectra collected on the sample AuPl-BIPY-DT in the range between 400 and
1650 cm™ (Fig. 4.6.2) and between 500 and 1100 cm™!, 1170 and 1800 cm!, 2450 and
3000 cm™! (Fig. 4.6.3).

1593

1260
1240 1496

1215 1301
~N

Raman Intensity (Arb. Units)

433 569

I 465

1022 1119

450 600 750 900 1050 1200 1350 1500 1650
Wavenumber (cm'l)
Figure 4.6.2. Representative Raman spectrum collected, with laser source at 633 nm, on the sample AuPI-

BIPY-DT in the range between 400 and 1650 cm™'.

The sharp Raman peaks of figure (4.6.2) that fall at 433 cm™, 465 cm™, 569 cm™, 630
cm™!, 661 cm™, 713 cm™, 794 cm™, 843 cm™, 1022 cm™, 1119 em™, 1215 cm™!, 1240 cm
11260 cm™, 1301 cm™!, 1321 cm’!, 1406 cm’™!, 1496 cm™ and 1593 ¢cm™ can be assigned
by using the modes described in table (4.6.1). Such Raman peaks are due to the presence

of the 5,5'-Bis(mercaptomethyl)-2,2"-bipyridine (BIPY-DT).
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Frequency (cm™) Assignment? references
T(CCCQC)16b' (Out of plane [65]
Vibration)
433 Svm A ) o
m — Vi4 Interring 1.p.
ym Ag —Vi4 gLp (6]
bend (In plane modes)
465 B(C'C)15' (In plane Vibration) [65]
m(CCy)10a (Out of plane
( p (65]
Vibration)
569 Sym Bu - v ring 0.p.
def+interring o.p. bend + (CH) (6]
o.p. bend (out of plane modes)
CCC)6b' (In plane
B(CCO)6D' (In p [65]
Vibration)
Sym Ag - vi3 ring i.p. def (In
e+ Sy
ane modes) + Sym Bu - v
p y 13 (6]
ring i.p. def (In plane modes)
Sym Bu - vis ring i.p. def (in [66]
661 plane modes)
Ring i.p. def. [67][68]
713 Ring breath. [67][68]
Sym Au - v4 (CH) o.p. bend
794 [66]
(out of plane modes)
B(CCC)12' (In plane [65]
Vibration)
Sym Bg - v4 interring o.p.
243 ymbg - V4 g0.p
bend + (CH) o.p. bend (out of [66]
plane modes)
CH o.p. bend [67]]68]

Table 4.6.1. Observed Raman bands of AuPIl-BIPY-DT and relative assignments and

references. i.p., in-plane; o.p., out-of-plane; def, deformation; str, stretching
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Frequency (cm™) Assignment? references
Sym Bu - v12 ring i.p. def +
1022 Y grp [66]
ring str (In plane modes)
B(CH)18a' (In plane [65]
Vibration)
1119 Sym Bu - vg (CH) i.p. bend (In [66]
plane modes)
(CH) i.p. def. + ring str [67][68]
1215 (CH), Wagging [68]
v(C-C)19a (In plane
[65]
Vibration)
Sym Ag - v7 ring str (In plane
1240 [66]
modes)
Inter-ring stretch + ring str. +
[671[68]
(CH) i.p. def
Sym Bu — vs+ v ring str +
1260 (CH) i.p. bend (In plane [66]
modes)
Sym Ag - ve interring str+ring
1301 str+ring i.p. def (In plane [66]
modes)
Sym Ag - vs CH i.p. bend +
[66]
interring i.p. bend (In plane
1321 modes)
Inter-ring str. + ring str. +
[671[68]
(CH) i.p. def
Sym Bu - v4 CH i.p. bend + [66]
1406 ring str (In plane modes)
(CH), Wagging [67][68]

Table 4.6.1. (continued) Observed Raman bands of AuPl-BIPY-DT and relative

assignments and references. i.p., in-plane; o.p., out-of-plane; def, deformation; str,

stretching.

218



Chapter 4

Frequency (cm™) Assignment? references
v(C-C)19a (In plane [65]
Vibration)
1496 Sym Ag —v3 (CH) i.p. bend [66]

ring str (In plane modes)

(CH) i.p. def. + ring str [671[68]

v(C-N)8b (In plane Vibration)

[65]
Sym Ag - v; ring str (In plane
1593 Y £ £ P [66]
modes)
, [671[68]
Ring str.

Table 4.6.1. (continued) Observed Raman bands of AuPl-BIPY-DT and relative
assignments and references. i.p., in-plane; o.p., out-of-plane; def, deformation; str,

stretching.

Quite interesting are the Raman spectra shown in figure (4.6.3). In this case among the
Raman bands at 567 cm™!, 630 cm™, 661 cm’!, 712 cm™, 747 cm’™!, 794 cm™', 843 cm’!,
1023 cm™, 1216 ecm™!, 1241 cm™!, 1262 cm™, 1302 cm’!, 1407 cm™, 1495 cm!, 1541 cm
I'and 1593 cm! appears the Raman band at 2561 cm™ which is assigned to the (S-H)
stretching. The bands at 747 cm™ and 1541 cm! are associated to the mode vs ((CH) o.p.
bend + ring o.p. def) and v» (ring str.) of the BIPY-DT, respectively [77].
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Figure 4.6.3. Representative Raman spectra collected, with laser source at 633 nm, on the sample AuPI-

BIPY-DT in the ranges between 500 and 1100 cm™ (on the top) and between 1170 and 1800 cm™ and
between 2450 and 3000 cm™' (on the bottom).

The presence of the band associated to the (S-H) stretching means that the enhancement
effect allows to see that the BIPY-DT layer on the gold plate in the AuPl-BIPY-DT
samples is not homogenous: in some area there are not thiol groups free and in others are
there is the presence of free S-H groups. The reason to explain such experimental
evidence could be addressed to the orientation of the BIPY-DT molecules on the plate.

When the (S-H) groups are detectable the molecules of BIPY-DT are
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perpendicularly bonded to the gold surface and one of two thiols group of the BIPY-DT
molecule remains free. It means that when the (S-H) stretching is not visible (Fig. 4.6.2)
then the BIPY-DT molecules are parallel bonded to the gold surface. However, other

studies are on the way with the aim to confirm such hypothesis.

4.6.3 Conclusions

Micro-Raman spectroscopy has been used to study 35,5'-Bis(mercaptomethyl)-2,2'-
bipyridine deposited on gold nanoplate.

In this work, the attribution of the Raman spectra observed on the AUPI-BIPY-DT has
been purposed.

In this work, an enhancement effect induced by gold plate has been shown on the BIPY -
DT, with the characteristic ring stretching mode at about 1595 cm™ seen in both the
systems. Moreover, it has been shown that most probably the BIPY-DT molecules are
bonded in two different ways: parallel to the gold surface (Fig. 4.6.2) and perpendicularly
to the surface (Fig. 4.6.3). A deeper investigation on the orientation of such molecules,

when bonded to the gold surfaces, is on the way.
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4.7 Raman characterization of functionalised

Graphite

In this section, the Raman spectroscopic study of graphite functionalised samples has
been done. The samples have been functionalised with sulphur bridges and Raman
investigation on the functionalised samples has been conducted in order to study the
interaction between graphite and sulphur bridges. The typical Raman features of (S-S)
and (S-H) bonds are not been appreciable in the functionalised graphite however a
difference in the crystalline structure of the graphite has been detected between the
functionalised samples and a reference.

Graphite is a natural molecule that possesses a polymeric crystalline lattice and has an
intrinsic electronic conductance that can be used in optoelectronics. Uses of graphite in
fabrication of electrodes for ED or as precursor to the formation of graphene films have

already been reported [69-72]
4.7.1 Experimental

Raman analyses were performed by using a confocal micro-Raman LABRAM supplied
by Horiba-Jobin-Yvon equipped with a Nd-YAG laser at 532 nm, a charge-coupled
device (CCD) cooled with a Peltier module 1024x256, 16 bits dynamic range (pixel size
27 um) and a long working distance objective 50x. (Some spectra have been collected by
using He:Ne laser at 633 nm which do not show any remarkable differences and therefore
not shown).

In figure (4.7.1) are shown the two samples which should be: graphite S-S and graphite
S-H (Fig. 4.7.1a and 4.7.1b). In figure (4.7.1c) is shown the sample used as reference .

>

< B
a) b) c)

Figure (4.7.1): Photographs of the graphite S-S (a), the graphite S-H (b) and the reference sample (c).
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As it can be seen in figure (4.7.1), all the samples result to be quite similar. In figure
(4.7.2) are shown the relative optical images collected on these samples with the 50x
objective of the microscope.

As it can be seen in figure (4.7.2), all the samples, together with the reference, show the

same optical features typical of the graphite surfaces.

Figure 4.7.2. Optical image collected with 50x objective of the graphite S-S (a), the graphite S-H (b) and

the reference sample (c).

4.7.2 Results and discussion

In figures (4.7.3-4.7.5) are shown the representative Raman spectra collected on the

graphite S-S, the graphite S-H and the reference sample respectively.
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Figure 4.7.3. Representative Raman spectrum of Graphite S-S. Hash symbol marks the position of S-S mode

Raman band. Asterisk mark the position of combination bands.
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Figure 4.7.4. Representative Raman spectrum of Graphite S-H. Hash symbol marks the position of S-H

mode Raman band. Asterisk mark the position of combination bands.
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Figure 4.7.5. Representative Raman spectrum of Graphite reference sample. Asterisk mark the position

of combination bands.
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As it can be seen in the figures (4.7.3-4.7.5), all the spectra show the doubly degenerate
phonon mode of graphite (E2¢) named G band which results to be quite sharp and intense
band and falls at 1589 cm™. In the spectra shown in figures (4.7.3-4.7.5) is possible to
notice the presence of a band indicated by D letter. The D band is connected to the
“disorder” of the lattice. This band results to be quite weak in the studied samples. It falls
at 1334 cm™! for the graphite S-S, 1341 cm™ for the graphite S-H and 1340 cm™ for the
reference sample.

Consequently, the overtones and combination bands of this band are very weak. Notably,
the combination bands, for which the assignments are still difficult, at around ~2450 cm’
(D + D") and ~2950 cm™ (D +G) and marked with an asterisk in the spectra are here
relatively absent.

Quite interesting are the bands 2D and 2D’ at ~2669 cm™ and ~3181 cm™!, respectively.
In the figures (4.7.3-4.7.5) the 2D + G combination band at ~4240 cm! can be detected
[73-76].

The results of Raman characterization are summarised in table (4.7.1).

Frequency (cm™)

Assignments References

S-S S-H reference

1336 1341 1340 D [73-76]
1568 1567 D’ [73-76]
1589 1588 1587 G [73-76]
2671 2669 2670 2D [73-76]
3184 3184 3185 2D’ [73-76]
4242 4240 4245 2D+G [73-76]

Table 4.7.1. Observed Raman bands of graphite S-S, graphite S-H and graphite

reference sample.

In figure (4.7.6) are shown the bands obtained by the deconvolution procedures of the D
band at ~1338 cm™', of the G band at ~1588 cm™! and of the 2D band at ~2670 cm™'.
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Figure 4.7.6. Representative Raman spectra of Graphite in the range of the D band (~1338cm™), G band
(~1588cm™) and 2D band (~2670 cm™) of the graphite S-S (top), graphite S-H (middle) and of the

reference sample (bottom). The open circle are the experimental data (black line), the dot curves are the

single Lorentzian functions (green lines) and the solid lines are the total fitting curves (red line).

The S-S and S-H modes are not detected on the spectra shown in figures (4.7.3-4.7.5).

In order to better investigate such samples the following ratios have been calculated: ratio
between the intensities of the G and D bands labelled as Rg/p (eq. 4.7.1), the ratio between
the intensities of the G and D' bands labelled as Rop (eq. 4.7.2), the ratio of the intensities
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of the G and 2D bands labelled as Rg2p (eq. 4.7.3), the ratio of the sum of the intensities
of the G and D' bands on the intensity of the 2D band labelled as R +p2p (eq. 4.7.4) and
the ratio of the intensities of the D’ and 2D bands labelled as Rp2p (eq. 4.7.5).

I(G band)
Rg/p = 22end 4.7.1)
(D band)
I(G band)
Rg/p, = S0 (4.7.2)
(D! band)
(G band)
RG/ZD = % (473)
(2D band)
1 +1
_ G band)T (D! band)
Reipij2p = 120 band) 4.7.4)
1
Rpi/2p = b band) 4.7.5)
I(2D band)

In table (4.7.2) are reported the results of the ratios above listed.

Intensity Ratios

R¢/p R¢/p Rg/o2p | Rg+piyz2p | Rpij2p
grap‘;‘te - 3l 25 2 2.8 0.8
graphite S- 68.5
H 1.9 2 3 1
Reference 21.2 2.8 1.9 2.6 0.7

Table 4.7.2. Intensity ratio of eq. 1-5 between fitted bands obtained for graphite S-S, the graphite
S-H and the reference sample.

From the data shown in table (4.7.2) it is possible to state that the procedure used to obtain
the graphite S-S does not affect the crystalline structure of the graphite lattice as well as

the procedure used to obtain the graphite S-H does.

4.7.3 Conclusions

Raman spectroscopy has been used to characterize two samples of graphite
functionalized: graphite S-S and graphite S-H. No Raman evidence of the S-S or S-H
modes have been detected. From the deconvolution of some bands it has been possible to
state that the procedure used to obtain the graphite S-S does not affect the crystalline
structure of the graphite lattice as well as the procedure used to obtain the graphite S-H

does.
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4.8 Raman spectroscopic investigations of Graphene

nano-plates on Silica support

Research on the use of graphene in optoelectronics is nowadays well-started. The
performances of ED multilayer-based and the presence of interfacial layers of graphene
have been already done [71, 77-79].

In the following section, graphene nano-plates (GNP) deposited on silica substrates have
been studied by micro-Raman spectroscopy. GNP were made up by several sheets with
overall thickness ranging from 1 to 15 nm [80].

It is known that graphene samples show the following Raman bands: G band (one phonon
from Brillouin zone center), D band (one phonon due to the amorphous phase), the
overtone 2D band and small bands due to the second/third order modes.

Raman analysis of these bands allows to investigate several properties of graphene
systems, such as: the thickness, the degree of order of the lattice, the mechanical strain
and, in some case, the chemical doping of the sample [81-84].

The Raman study is part of the paper “Spectroscopic and morphological study of
graphene nanoplatelets thin films on Si/SiO2 substrates” published on Material Research
Express in 2019.

4.8.1 Experimental

Raman spectroscopic investigation was performed by a micro-Raman LABRAM Jobin
Yvon Srl, equipped with: 10X and 50X objectives, a Nd-YAG laser with 50 mW
adjustable power, doubled 532 nm and with a CCD detector, cooled with a Peltier module
1024 x 256. The spectral resolution is ~2 cm™..

In figure (4.8.1) it is shown the photo representative of the samples. It can be seen in

figure (4.8.1) a quite uniform black layer which covers the whole silica surface.
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Figure 4.8.1. Representative photograph of the samples.

When the sample is observed under a microscope, it results to be as shown by the

representative optical images of figure (4.8.2). The sample seems to be quite uniform with

some “islands” thicker.

"

Figure 4.8.2. Optical Images acquired on the top of the samples.

4.8.2 Results and discussion

The representative Raman spectrum of the background it is shown in figure (4.8.3). As it
is possible to see in figure (4.8.3), the background spectrum shows two Raman bands at
518 and 964 cm™! assigned to the silica substrate, which will be present in all the spectra
collected during this work. The Raman bands assigned to the “carbon-based material”

used to cover the top surface of the substrate, are not detectable on the spectra collected

on the background of the sample.
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Figure 4.8.3. Representative Raman spectra of the background of the sample.

In figure (4.8.4) it is shown the representative Raman spectra collected on the “islands”

saw in figure (4.8.2).
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Figure 4.8.4. Representative Raman spectra collected on the “islands” shown in figure 4.8.2 in the range

1200 - 4500 cm™.
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As it can be seen in figure (4.8.4), beyond the band assigned to the silica substrate (bands
non shown in figure 4.8.4 since the spectral range goes from 1200 and 4500 cm™) are
detectable bands which are assigned to the graphene. In fact, [80-84] there are the D, G
and 2D bands which fall at 1346 cm™!, 1582 cm™ and 2719 cm™, respectively. At about
1620 cm™! falls the D' band. Moreover, it is possible to see the others combination bands
such as: D + D" (~2462 cm™), D + G (~2951 cm™), 2D +G (~4300 cm™) and the 2D’
(~3249 cm™). These Raman bands are ascribed to the presence of disordered graphene

[80-88].

4.8.3 Conclusions

In conclusion, during the present work silica substrates were covered by disorder
graphene, also if it is not detectable of the background spectra. The presence of graphene
it is confirmed by the spectra collected on the “island” which shows the typical Raman

bands of disordered graphene.
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4.9 Surface enhancement of Ag thin layer on Raman
spectra of deposited Rhodamine 6G films by

pseudo-cavity mode of the substrate

The Raman characterization of three samples made of spin coated Rhodamine 6g (R6g)
directly on glass or Silver (Ag) thin layers have been performed. The characterization
shows that a Surface Enhanced Raman Spectroscopy effect (SERS) has been reached.
Focusing on the Xanthene Ring (XR) deformation band located at about 613 cm™, the
fitting of the experimental Raman bands shows that the growth in the intensity is over
300% with respect to the reference sample. The reflectance spectrum of the enhanced
sample shows a pseudo-cavity mode that falls exactly in the range of the excitation

wavelength.

4.9.1 Experimental

Two deposited Rhodamine 6G (R6G) films on glass substrates by spin-coating technique
(at 3000 rpm) were analysed by Micro-Raman spectroscopy.
The structural formula of Rhodamine 6G (R6G) is showed in figure (4.9.1).

Figure 4.9.1. Structural formula of Rhodamine 6G (R6G).

In figure (4.9.2) there are shown the two samples based on R6G film deposited on glass
substrate covered by a layer of silver (105nm) and the reference sample based on R6G

film deposited directly on glass substrate indicated as S6, S7 and Sreri, respectively.
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Figure 4.9.2. The investigated reference sample R6G film deposited via spin coating directly on glass
substrate (SRef) and the R6G films deposited on thin layer of silver (S1 and S2).

Micro-Raman spectra were acquired with a Horiba — Jobin Yvon apparatus with spectral
resolution of ~ 2 cm™! equipped with a CCD (256 x 1024 pixels) detector cooled at -70°C.
The spectra were collected by using He-Ne laser source (A = 632.8 nm) with an emitted
power of 17 mW. Analyses were performed using an Edge filter and a 50x Mplan
Olympus objective of a coupled Microscope BX40. Several optical filters were used in
order to reduce the luminescence.

The reflectance spectra were acquired with a spectroscopic ellipsometer M2000 by

Woolam in the range from 300 to 700 nm.

4.9.2 Result and discussion

In figure (4.9.3) there are shown the Raman spectra acquired on samples S1 and S2
together with the Raman spectrum of the reference SRef in the spectral range between

255 cm™ and 1800 cm™.

233



Results and discussion

611 1365

1513

Raman Intensity (Arb. units)

775 1651
1182 1318

400 600 800 1000 1200 1400 1600 1800

Wavenumber (cm")

Figure 4.9.3. Representative Raman spectra of the samples S1 and S2 and of the reference SRef acquired

in the range between 255 cm™ and 1800 cm™'.

In the acquired spectra, the Raman bands ascribable to the Rhodamine 6G are visible.
Attribution of the bands made here follows the one in literature although there are some
different points of view [30,89-93]. Raman band found at ~613 cm’! is referred to the
deformation of xanthene ring (XR) for all the authors cited here [89-93] except Nie et al
[30] because the range of the discussed spectrum in this case is 1000 — 2000 cm’™’. In
particular, for references [90-93] this band is due to the in plane bending of the XR while
reference [90] also attributes the band to the out-of-plane bending of the ring. Majombe
et al. [89] also attributes the Raman band found at ~773 cm™ to the deformation of XR
without going into detail. However, references [90,92,93] attribute it to the out-of-plane
bending of (C—H) bonds. Raman band found at ~1184 is attributed by Jensen et al. [90]
to the in-plane deformation of XR together with the bending of (C—H) and (N—H) bonds.
References [30] and [91] seems to attribute it to the symmetric stretching modes of the
aromatic moieties (in plane XR). The Raman band is present in the spectra of Majoube et
al. [89], Li et al. [92] and Hildebrandt et al. [93] however these authors do not make any
attribution of the band. All the Raman spectra, except the Raman spectra relative to the

samples S8 and S9 in which there are multiple Raman bands in this region, show 4 Raman
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bands in the upper region of the spectrum. The first band is found at ~1316 cm™, is visible
in the spectra of reported literature [30,89,90,92,93] but in this case attribution of the band
is difficult. Majoube et al. [89] attribute it to the (C—H) deformation while for Jensen et
al. [90] it is due to the combination of the in plane breathing of XR + (N-H) bend and
(CH») wagging and last, Nie et al. [30] attribute it to the symmetric modes of in plane (C—
C) stretching. References [92] and [93] do not make any attribution of the band simply
reporting it. Raman band found at ~1364 cm™ is present in the spectra of reported
literature. It is attributed by all the authors to the stretching of aromatic (C—C) of xanthene
ring and its substituents. To the same vibration mode are attributed the last two Raman
bands found at ~1514 cm™ and ~1653 cm™ [30,89-93]. Table (4.9.1) resumes the

observed Raman bands of the investigated samples and their vibrational assignments.
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Frequency (cm™)

Sret S6 S7 Assignments references
3 XR [89]
611 614 615 in—plane 6 XR [90-93]
out—of—plane 6 XR [90]
3 XR [89]
775 772 773
out—of—plane § (C—H) [90,92,93]
in—plane § XR
[90]
+8 (C-H) + 6 (N-H)
1182 1184 1188 [30]
Stretching aromatic benzene
) [91,93]
ring
(C-H) deformation [89]
breathing XR + [90]
1318 1314 1319
6 (N-H) + (CH») wagging
(C—C) aromatic stretching [30]
(C-C) XR [30]
1365 1367 1366
aromatic stretching [89-93]
(C-C) XR [30]
1514 1510 1516
aromatic stretching [89-93]
(C-C) XR [30]
1652 1654 1657
aromatic stretching [89-93]

Table 4.9.1. Frequencies of the observed Raman bands of R6G and their assignments and

relative references; 0. bending, XR: xanthene ring.

The Raman spectra acquired on the various samples show quite differences in the
intensities and in some case in the shape of the Raman bands ascribed to the R6G. To
evaluate the enhancing of the Raman bands related to R6G molecules, we have focus on
the Xanthene Ring deformation band located at about 613 cm™. In figure (4.9.4) it is
shown the comparison between the intensities of the fitted Raman bands relative to the

Xanthene ring deformation mode situated at about 613 cm™'. The experimental XR ring

deformation Raman bands have been fitted with single Lorentzian functions.
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Figure 4.9.4. Lorentzian functions of the XR ring deformation band located at about 613 cm™.

The increase in the intensity between the reference sample Sir and the samples is 111%
in the case of sample Si and 314% in the case of sample S». The observed phenomenon
is related to the substrate: in figure (4.9.5) it is shown the reflectance spectrum of the
sample S: for different angles. In the upper quarter (angle at 25°) a mode of pseudo-cavity
is observed for sample S» that is situated exactly in the range of excitation wavelength
used during analysis (632.8 nm). In short, although the incident light is normal, the
objective of the microscope focus the excitation light (laser) allowing to a series of low
angle wave vectors (precisely up to 25°) to reach the sample (through the incident light).
In this manner, at 25° sample S» exhibits the pseudo-cavity mode that enhances the
available field by resonance mechanism [94]. The observed pseudo-cavity mode led to an

important SERS effect on the Raman spectrum of sample S».
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Figure 4.9.5. Reflectance spectra for the sample S» taken at different angles in the range from 300 to 700

]

nm. In the 25° quarter the sample exhibits a pseudo-cavity mode (indicated by the narrow) in the range of

excitation wavelength (that is 632.8 nm).
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4.9.3 Conclusions

Raman characterization of R6G various samples has been done. The spectra have been
taken with 632.8 nm red laser because of the great luminescence registered during
analysis with the 532 nm line. The acquired Raman spectra show the main Raman bands
attributable to the Rhodamine molecule. A strong enhancement of the Raman features is
observable (over 300% with respect to the reference sample for the sample S2). The
reflectance analysis on the S sample shows that a pseudo-cavity mode is present at 25°,
enhancing the field and producing the observed SERS for the sample. The sample S| does
not present any similar mode on its reflectance spectra and so the SERS effect is not as

relevant as for the sample So.
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4.10 Raman characterization of TiO: films

Two samples of titanium dioxide (TiO2) were obtained by sputtering on glass substrates
with different deposition conditions. The samples have been characterized by Raman
spectroscopy in order to determine the nature of the film and the used best deposition

conditions.

4.10.1 Experimental

In figure (4.10.1) are shown the two TiO> samples obtained through use of sputtering
technique. They have been obtained with two operating conditions of sputtering. Sample
A has been obtained in Ar 30% and Oz 3%, while sample B is the result of a deposition
in Ar 37% and Oz 12.5%. The two samples were raised to 400°C for one hour after

deposition.

Figure 4.10.1. 7iO; samples A (left) and B (right).

The Raman characterization of the film has been done with a microRaman LABRAM of
Jobin-Yvon Horiba Srl with a red laser source at 633 nm and 17 mW power. A CCD

detector has been used to register the spectra.
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4.10.2 Results and discussion

In figure (4.10.2) are shown the optical images of the samples acquired with a 50x
objective. In the case of sample A, micrometric accumulations of material has been
detected on the overall surface of the sputtered glass, while sample B does not show any
similar structure. The different morphology of surfaces A and B also emerged in the

Raman study carried out.

Figure 4.10.2. Optical images of sample A (left) and sample B (right) acquired with a 50x objective.

In figure (4.10.3) it is possible to see that while the process used for the preparation of
sample A leads to the formation of TiO2, the one used for obtaining sample B does not

allow to obtain layers of materials that can be investigated by means of Raman analysis.
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Figure 4.10.3. Raman spectra acquired with 633 nm laser in the range 190 cm™ 700 cm™ of sample A

(blue line), and sample B (red line).

The spectrum of sample A shows two rather intense Raman bands at 440 cm™ and 609
cm’! and a broad and weaker band at 242 cm™. TiO; is found in nature both in the
amorphous state and in different crystalline structures three of which are well known:
rutile, anatase and brookite (the other two forms much less frequent are akaogiite and
TiOoll). The first two form are more widespread and are included in the tetragonal
crystalline system. Brookite is instead part of the orthorhombic system. The bands
observed in the spectrum of sample A are ascribable to the vibrational modes attributable
to the irreducible representations of the space group D% - P4o/mnm of which the rutile
1s part [95-97]. The 15 vibrational modes of the space group are described by 8 irreducible
representations of which 4 are allowed in Raman while the others are allowed in IR [95].
In particular, the 242 cm! band is attributed by Narayanan [95] and J. Zang et al. [97] to
the B1, mode. The modes E; and A, can be attributed to the bands at 440 cm™ and 609

cm’! respectively [96,97]. Raman bands and their assignments are resumed in table

4.10.1.
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Frequency (cm™)

Assignment references
Sample A Sample B
242 - By [95]197]
440 - E, [96][97]
609 - Aig [96][97]

Table 4.10.1. Observed Raman bands, assignments and references of sample A

and B.

4.10.3 Conclusions

The Raman analysis on two sample of TiO; films obtained through sputtering method has
been done. The analysis has showed that sample A is a film of TiO: in the crystalline form

of rutile while sample B does not present any Raman bands ascribable to the TiO».
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4.11 Effect of UV-cured Bisphenol A glycerolate (1
glycerol/phenol) diacrylate on a Viologen
solution-based electrochromic devices

performances

In this work, electrochromic devices are made by using Diethyl Ferrocene and Ethyl
Viologen Diperchlorate as a redox couple; Propylene Carbonate is used as an aprotic
solvent to facilitate ions separation and diffusion inside the devices. Viologens are of
great interest nowadays [98]. They can be defined as 1,1’-disubstituted-4.4’-bipyridinum
salts and exist in dicationic form and can reduce two times: the most stable reduced form
is the radical one. In this work Ethyl Viologen Diperchlorate has been used to realize
electrochromic devices: it was plenty used in the past [99,100]. So, this Viologen can be
involved in two reductions: the first one leads to the formation of a radical species, while
the second one can fully reduce the Viologen leading to a neutral species. It is known that
the radical species of a Viologen compound is very stable and has a very intense blue
coloration because of the radical electron delocalization inside the m-system of the
bipyridyl nucleus, while the neutral species has a less intense coloration and is less stable.
The dicationic form of Viologens is colourless, the radical form shows a navy-blue
coloration and the fully reduced form usually has less intense coloration [101]. Solution-
based electrochromic devices are of great interest since they can lead to flexible
electrochromic devices for several applications: since organic compounds can be
processed in solution, Viologen-based electrochromic devices could be very adequate in
order to obtain flexible electrochromic devices.

This work aims to underline the benefits of viologen-based electrochromic device
performances due to the UV-cured Bisphenol A glycerolate (1 glycerol/phenol) diacrylate
polymerization. To understand the differences in terms of performances between samples
containing not polymerized Bisphenol A and samples containing polymerized Bisphenol
A, such devices are characterized by different techniques, such as Cyclic Voltammetry,
UV-vis-NIR, and Raman spectroscopies. Physically the devices show a light-yellow
coloration in the bleached state and dark blue coloration in the colored state; furthermore,

transmittance spectra show IR absorption in the devices ON-state and an optical contrast
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(AT%) of ~40% at 432 nm, up to 88% at 580 nm and 78% at 1200 nm. This suggests that

such devices should be used for energy-saving applications.

4.11.1 Experimental

Diethyl Ferrocene and a Viologen compound (Ethyl Viologen Diperchlorate, EV) were
chosen as redox couple and mixed together with an aprotic solvent, Propylene Carbonate
(PC, 99%) in order to facilitate ions separation inside the electrochromic device: the
electrochromic couple is in solution phase (electrochromic solution, ES). Another
solution of Bisphenol A glycerolate (1 glycerol/phenol) diacrylate and photoinitiator
Irgacure (Dimethoxy-phenylacetophenon 99%) was prepared and added to the first
solution.

The as-prepared electrochromic mix was inserted in a cell made with two ITO-coated
glasses, in order to apply an electric potential to the mix. Different samples were prepared
by filling the cells with the electrochromic mix by capillarity; this was possible by using
glasses spheres spacers (diameter of 88 pm) between the two glasses. The solution used
as glue was cured under a UV lamp (from Jelosil, HG 200 L model, optical power per
unit area 0,043 W/cm™?) light for 1 minute and 30 seconds, in order to maximize its
strength between the two ITO-coated glasses.

Figure (4.11.1) shows the parts of an electrochromic device and the assembled device. In
the disassembled device, the glue disposition used to attach the two ITO-coated glasses
can be noticed on the lower ITO conductive layer: in the assembled device, the two

glasses are staggered in order to apply a potential.
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Figure 4.11.1. Electrochromic device disassembled (on the top) and assembled (on the bottom).

All chemicals, shown in figure (4.11.2), were purchased from Sigma Aldrich and used
without any particular additional treatments, except for Bisphenol A glycerolate (1
glycerol/phenol) diacrylate: since this compound has too high density even at room

temperature, a heat treatment was necessary to manipulate it.
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Figure 4.11.2. Chemicals: (a) Bisphenol A glycerolate (1 glycerol/phenol) diacrylate, (b) Propylene
Carbonate; (c) Ethyl Viologen Diperchlorate; (d) Diethyl Ferrocene.

Systems with different EM compositions were prepared and studied; furthermore,
systems with polymerized and not polymerized Bisphenol A inside the EM were studied
in order to understand the differences. A Vortex mixer (from Velp Scientifica) was used
to mix the two solutions. Bisphenol A inside the devices was polymerized by putting them
under the UV lamp already described before for 1 minute and 30 seconds.

First of all, the study of this system was centered around the EM optimum composition:
this was done by varying the ES wt% content inside the EM and systems with 20 wt%,
30 wt%, 40 wt%, 60 wt%, 70 wt% and 80 wt% ES were prepared. From a visual analysis,
the best system was that containing 60 wt% ES content, so the study was focused on
devices with three different compositions: 55 wt%, 60 wt% and 65 wt% ES content. (In
the following, the three percentages of the electrochromic mix at 55%, 60% and 65%,
studied in this work, are indicated by EMss, EMgo and EMgs, respectively. Transmittance
measurements were performed by using a Spectrophotometer (from AvaSpec), equipped
with a halogen lamp, whose spectrum covers a wide range of wavelengths (from 180 nm,
in the UV region, to 1310 nm, in the IR region): this range is wide enough to provide

interesting informations about the devices.
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Cyclic Voltammetry measurements were performed by using a potentiostat/galvanostat
(model 2059 from Amel s.r.l.) equipped with the 7800 interface in order to manage
measurements by Junior Assist software.

Raman spectroscopy measurements were performed by using a micro-Raman-LABRAM
(from Jobin Yvon Srl), equipped with an optical microscope, in order to collect Raman
spectra from small regions of the sample, such as 2-5Sum. MicroRaman-LABRAM is
equipped with a HeNe 17mW laser (633 nm), a NdYAG 50mW laser (doubled, 532 nm)
and a CCD detector (Peltier cooled, 1024 x 256). Optical microscope is equipped with
10x NA 0.25, 50x NA 0.7 and 100x NA 0.9 objectives.

4.11.2 Results and discussion

4.11.2.a Cyclic Voltammetry measurements

Cyclic Voltammetry measurements have been performed in order to understand the
response of the samples, from an electrochemical point of view, under the action of an
electric potential. As stated in the experimental section, three electrochromic mixes at
55%, 60%, and 65 % weight ratios between the electrochromic solution and Bisphenol A
glycerolate (1 glycerol/phenol) diacrylate have been studied and, here, are indicated by
EMss, EMgo and EMgs, respectively.

The cyclic voltammograms (CV) were collected on devices filled with the three mixes,
but three kinds of devices were subjected to the polymerization process of the Bisphenol
A whereas, others three kinds of devices were not subjected to the polymerization process
of the polymer. In this way, the effect of the polymerization process on the
electrochemical responses of the studied systems can be detected. All measurements were
performed with a scanning speed of 50 mV/sec and vs open voltage circuit. Cyclic
Voltammetry is fundamental to understanding the working voltages of the device and
identifying the redox peaks; furthermore, Cyclic Voltammetry is a very important
instrument to test the devices life after a certain number of cycles. Figure (4.11.3)
represents an electrochromic device under different applied potentials and the species that
are diffused to the two electrodes: the relative cyclic voltammograms show symmetric
peaks at 1.2 Volt, -1.2 Volt, 0.4 Volt and -0.4 Volt and at these potentials coloration

changes occur.
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/ = 0.4+ 0.6 Volt

Figure 4.11.3. Schematic representation of electrochromic device when voltages of -1.2 Volt (a), between

-0.4 and -0.6 Volt (b), 0 Volt (c), between 0.4 and 0.6 Volt (d) and 1.2 Volt (e) are applied. Fc indicates

Diethyl Ferrocene, EV is Ethyl Viologen.

Figure (4.11.4) shows the voltammograms collected on the devices filled with the three

percentages of the electrochromic mix at 55%, 60% and 65% indicated as EMss, EMeo

and EMes, respectively with the Bisphenol A polymerized and not polymerized.
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Figure 4.11.4. Cyclic Voltammograms collected on the samples filled with the three percentages of the
electrochromic mix at 55%, 60% and 65% indicated as EMss, EMso and EMss, respectively. In particular

in each frame are compared the voltammograms obtained with the Electrochromic mix polymerized (blue

line) and not polymerized (red line).

From a first fast analysis, cyclic voltammograms show a current maximum value
(absolute value) at 6.5 x 10 Ampere inside the devices, while the switching potentials
are comprised between 1.1 Volt and 1.2 Volt (in absolute value) for full coloration. Cyclic
voltammograms show a noticeable symmetry when potential polarity is reversed, and a
first noticeable redox peak occurs at 0.4 Volt (in absolute value). This one can be related
to Diethyl Ferrocene oxidation [101] and to the Viologen reduction caused by redox
reaction, while a peak comprised between 1.1 Volt and 1.2 Volt can be related to the
Viologen compound charge separation. It was reported that at certain potentials the ionic
bond between perchlorate ions and Viologen (in its oxidized form) can be broken, causing
an accumulation of charges on the electrodes and the reduction of Viologen here [102].
Since Ferrocene-based compounds are blue [103] in the oxidized state and a radical form

of a Viologen compound with short alkyl substituents (such as Ethyl) promotes a dark
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blue form [103], the blue colour of the devices can be due to both the reactions: Diethyl
Ferrocene oxidation and Viologen compound single reductio. The main redox reaction
involved in the coloration process is the formation of a Viologen compound radical
species and the oxidation of Diethyl Ferrocene. Since the coloration process starts at
voltages between 0.4 Volt and 0.6 Volt and becomes more intense at voltages between
1.1 Volt and 1.2 Volt, one can believe that the process ends with the formation of radical
species of the Viologen compound and not with the formation of its neutral species.
Nevertheless, literature states that the double reduction reactions of Viologens are
irreversibly [104] while the system described here shows reversibility and a dark blue,
typical of a single reduced Viologen, occurs. A lower intense peak can be noted at 0.2
Volt potentials (in absolute value): it was reported a redox potential of 0.16 Volt for
reactions involving Methyl Viologen Diperchlorate dimers, so that, in analogy, this peak
can be related to a redox reaction involving Ethyl Viologen Diperchlorate dimers [105].
Voltammograms are symmetric since the electrochromic materials are in the solution and
the devices have symmetrical electrodes. It means that by changing voltage polarity only
the current direction is reversed, and the reaction involved is the same described above,
together with the charge separation.

As can be seen in figure (4.11.4), the switching potentials seems to become lower as well
as the composition in electrochromic solution pass from 55% to 65%. On the contrary,
the current intensities present on the different devices become higher as well as the
composition in electrochromic solution pass from 55% to 65%. The effect of the
polymerization is negligible in the sample with EMss. In the case of EMseo, the not
polymerized samples show switching potentials higher than polymerized samples while
in the case of EMgs the not polymerized samples show higher current with respect to the
polymerized ones.

Figure (4.11.5) shows voltammograms collected on samples, polymerized and not
polymerized, made with different Electrochromic mix compositions in terms of
Electrochromic solution weight percentage: 55%, 60%, 65%, 70%, 80%.

The voltammograms of EMgo not polymerized its quite difficult from the others because
in this case, the phase of the mix is almost liquid. Such trend changes a little bit when the
systems is polymerized but still its form it is not the same of the other systems. It is
possible to see in figure 3 that the voltammograms obtained on the polymerized samples
show current peaks lower than respective samples not polymerized. The other systems

shows similar characteristics with the samples at 60% polymerized that shows highest
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current and with the lower applied voltage used to switch the displays which represent

the best compromise between charge carries and voltage employed.
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Figure 4.11.5. Cyclic Voltammograms collected on the samples filled with five percentages of the
electrochromic mix at 55%, 60% and 65%, 70% and 80% indicated as EMss, EMso, EMss, EM7p and

EMgyy, respectively. In particular are shown the voltammograms obtained on the samples not polymerized
(a) and polymerized (b).

As can be seen in figure (4.11.6), the not polymerized sample is stable up to about 700
cycles, when the peaks of the voltammograms became lower with respect to those of the
first cycles. The sample polymerized, indeed, remains stable up to 2000 cycles and the
voltammograms taken in the last cycles are quite close to those of the first cycles (see
figure 4.11.6.a). Of course, since each cycle corresponds to two switches On (transition
from transparent to coloured states), the number of times that someone can turn On the
devices is twice the number of the CV cycles performed (without any particular

degradation of the systems): 1400 and 4000 switch On for the not polymerized and

polymerized devices, respectively.
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Figure 4.11.6. Cyclic Voltammograms collected on the samples filled with five percentages of the

electrochromic mix at 55%, 60% and 65%, 70% and 80% indicated as EMss, EMeso, EMss, EM7p and

EMsy, respectively. In particular are shown the voltammograms obtained on the samples not polymerized

(a) and polymerized (b).

4.11.2.b UV-vis-NIR Spectroscopy

Dynamic transmittance measurements allowed us to determine the time employed by the

devices during the complete switch Off-On and the time that the devices turn Off,

spontaneously. Other measurements were performed to compare the transmittance

spectra, of the devices, at a given constant applied potential: starting from 0.1 Volt to 1.2

Volt (steps of 0.1 Volt, each). It was possible to establish the potentials at which

transmittance spectra change and to confirm them with the voltages of redox peaks,
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discussed above (voltammograms). In addition, to monitor the degradation of the
electrochromic systems, have been blotted also the transmittance spectra collected during
the first cycle and after other cycles: if these spectra do not show any remarkable changing
means that the active layer is still working well.

Figure (4.11.7) shows an example of the electrochromic device in the state Off and On.

()

Figure 4.11.7. Photographs of the devices in the state Off (a) and On (b).

Figure (4.11.8) and figure (4.11.9) show the transmittance spectra collected on the devices
filled with EMss, EMeo and EMss in the Off state and On state, respectively.

All spectra show characteristic absorption bands of viologens with short alkyl chain bond
to nitrogen: in particular the two bands at 550 nm and 880 nm are related to the formation
of ethylviologen radicals (EV™® ) dimers, while the band at 600 nm is related to the
presence of EV*® species, indicating a strong concentration of the last one in the ON state
[105]. The band at 400 nm can be related to the presence of Ethyl Viologen radicals too
[103].

Since there is no evidence of characteristic oxidized Ferrocene compounds green
coloration (when they are in a Ferrocene-based solution) [102], one can conclude that
Diethyl Ferrocene oxidation and Ethyl Viologen Diperchlorate reduction occur at the
same potential.

UV absorption can be related to glasses and to the Diethyl Ferrocene oxidized form [106],
while the IR very broad band centered around 1200 nm can be assigned to reducted Ethyl
Viologen since it can be noticed in the transmittance spectra (not reported) of a system
that doesn’t contain Diethyl Ferrocene as redox mediator.

First of all, transmittance spectra showing the differences between samples with
polymerized and not polymerized Bisphenol A are reported.

Samples with polymerized Bisphenol-A have a higher transmittance compared to samples
with not polymerized Bisphenol-A. This is due to the fact that this polymer is transparent

and in the solid state it decreases the active area available for redox reactions.
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Figure (4.11.10) and figure (4.11.11) show the transmittance spectra at different applied
voltages on the devices filled with EMss, EMeo, and EMgs in polymerized and not
polymerized states, respectively. A noticeable change of transmittance in the visible and
in the IR regions can be seen for voltages comprised between 0.5 Volt and 0.6 Volt, when
Diethyl Ferrocene exists in its oxidized form and the Viologen starts the reduction
process.

When a voltage of 1.2 Volt is applied to the devices, the transmittance reaches its
minimum value at each wavelength studied. This is in agreement with cyclic voltammetry
measurements: the maximum in current is achieved at 1.2 Volt, when perchlorate ions

and Viologen dications separate and diffuse to the electrodes.
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Figure 4.11.10. Transmittance spectra collected on the devices filled with EMss, EMso and EMess not

polymerized at different applied voltages in the range between 0.1 V and 1.2 V with 0.1V step.
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Figure 4.11.11. Transmittance spectra collected on the devices filled with EMss, EMso and EMss
polymerized at different applied voltages in the range between 0.1 V and 1.2 V with 0.1V step.

Figure (4.11.12) and figure (4.11.13) show transmittance spectra of the electrochromic
devices, EMss, EMgo and EMss polymerized and not polymerized, at different times
straight after the application of a voltage of 1.2 V in order to switch On the devices.

The figure (4.11.14) and (4.11.15) show the transmittance spectra of the electrochromic
devices, EMss, EMgo and EMgs polymerized and not polymerized, when the straight after
the applied potential is switched Off once reached the minimum of transmittance, in order
to estimate the memory times of the devices.

Samples with polymerized Bisphenol A are faster in switching On and in returning in the

Off states after that the applied voltage is switched-OFF.

257



Results and discussion

Not Polymerized

—]y m— 5y e— )y e— D)5 w— )5 — 805

Transmittance (%)

T T T
1000 1100 1200

Transmittance (%)

T T T T T T T T T F .
200 300 400 500 600 700 800 200 1000 1100 1200 1300

Transmittance (%)

T ¥ PRI S S S e ——
300 600 700 800 1000 1100 1200
Wavelenght / nm

Figure 4.11.12. Transmittance spectra collected on the devices filled with EMss, EMso and EMes not

polymerized at different times straight after the application of a voltage of 1.2 V in order to switch On the

devices.
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Figure 4.11.13. Transmittance spectra collected on the devices filled with EMss, EMso and EMss

polymerized at different times straight after the application of a voltage of 1.2 V in order to switch On the

devices.
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Figure 4.11.14. Transmittance spectra collected on the devices filled with EMss, EMso and EMes not
polymerized straight after the applied potential is switched Off once reached the minimum of
transmittance.
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Figure 4.11.15. Transmittance spectra collected on the devices filled with EMss, EMso and EMes
polymerized straight after the applied potential is switched Off once reached the minimum of

transmittance.
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Figure (4.11.16) shows the switching time from the state Off to the state On and
conversely measured for the Electrochromic devices filled with EMss, EMgo and EMss
polymerized and not polymerized in order to compare the effect of the polymerization on
such response times.

To reach full coloration, electrochromic devices filled with EMss, EMgo, and EMss
polymerized are faster than the respective devices not polymerized (Fig. 4.11.16). Since
the polymerization decreases the resistance to the ions diffusion inside the devices also

the memory times are lower for polymerized systems with respect to those not

polymerized.
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Figure 4.11.16. Switching times Off-On (on the top) and On-Off (on the bottom) of the devices filled with
EMss, EMso and EMss not polymerized (circles symbols) and polymerized (square symbols).

As it can be seen in figure (4.11.16), once applied a voltage of 1.2 V, the times for the
switching Off-On of the electrochromic devices filled with EMss, EMeo and EMegs not
polymerized are about 88 s, while for the polymerized samples fall in the range between
55 s and 63 s. As stated above also the memory times in polymerized devices are lower
than those polymerized . In fact, for the devices not-polymerized the memory times fall
in the range between 130 s and 145 s while for the polymerized ones fall in the range

between 64 s and 96 s.
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In figure (4.11.17) are shown the transmittance spectra collected on the electrochromic

devices filled with EMss, EMgo and EMgs not polymerized and polymerized in the states
On and Off.
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Figure 4.11.17. Transmittance spectra, in the states Off and On, of the devices filled with EMss, EMso and
EMgss not polymerized (a) and polymerized (b).

In both the systems, polymerized and not polymerized, the spectra collected in the devices
with the highest concentration of the electrochromic materials show a lower
transmittance, at each wavelength, in both the states Off and On. Of course, it can be
assigned to the number of the color centers that increases, as well as the concentration of
the electrochromic materials, does.

Figure (4.11.18) and figure (4.11.19) show the comparison between transmittance spectra

of the Off-state with respect to the On-state collected on the electrochromic devices filled

with EMss, EMeo and EMes not polymerized and polymerized.
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Figure 4.11.19. Transmittance spectra, in the states Off and On, of the devices filled with EMss (a), EMso
(b) and EMss (c) not polymerized.
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Coloration Efficiency (CE) at a given wavelength is an important parameter to establish

how good a device is:

In the previous formula, AA is the absorbance difference between ON and OFF states,
and Q is the number of charges injected per unit area ([C]/ [cm]?). In the following table
(4.11.1), CE at 580 nm and at 1200 nm for the devices filled with EMss, EMeo, and EMes

polymerized and not polymerized are reported.

Not polymerized Polymerized
CE CE
CE CE
Sample [C)V[cm]? [CV[cm]?
[C)/[cm]? [CV[cm]?
(at 1200 (at 1200
(at 580 nm) (at 580 nm)
nm) nm)
EMs;s 101,03 100,93 27,12 24,07
EMeo 93,61 65,03 92,82 80,38
EMes 42,83 71,96 54,76 56,90

Table 4.11.1. Coloration Efficiency at 580 nm and 1200 nm of the electrochromic devices
filled with EMss (a), EMeo (b) and EMss (c) not polymerized.

Figure (4.11.20) shows the transmittance spectra collected on the devices filled with
EMgeo, not polymerized after the first cycle and after 700 cycles (switch Off- On and switch
On-Off).

By looking at the figure (4.11.20), it can be seen that the spectra collected after 700 cycles
shows a lower transmittance with respect the spectra collected after one cycle and in
particular AT% at 400nm, 600nm and 1205 nm is 3.3%, 6.6% and 6.3%, respectively. It
means that the sample is becoming to degrade. On the contrary, as it can be seen in figure
(4.11.21), when the EMgo is polymerized that system is still stable (without any forms of
degradation) up to 2000 cycles. In the case of the polymerized samples (figure 4.11.21),

the AT% is very low and does not shows any changes at each wavelength in the
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considered range. It means that polymerization strongly enhances the life of the
electrochromic devices.
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Figure 4.11.20. Transmittance spectra, in the state On, of the devices filled with EMeo not polymerized at
the 1*' (red line) and 701*" cycle (blue line).
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Figure 4.11.21. Transmittance spectra, in the state On, of the devices filled with EMso polymerized at the
1*" (red line) and 2001*" cycle (blue line).
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4.11.2.c Raman Spectroscopy

Raman spectroscopy was performed on the electrochromic devices filled with EMss,
EMso, and EMgs polymerized and not polymerized.

Raman spectra have been shown in two ranges: from 310 cm™ to 2000 cm™ and 2000 cm™
1.3510 cm!. In Figures (4.11.22-4.11.27) are shown the Raman spectra of the
electrochromic devices filled with EMss, EMgo, and EMes polymerized and not
polymerized. All the Raman spectra show similar peaks. A triplet centred around 935 cm”
!, that is related to the (Cl-O) stretching in the perchlorate ions when they are free,
interacts with propylene carbonate or with each other [6,102]. Peaks comprised between
822 cm™! and 826 cm™! correspond to the rings breathing mode of the viologen. In the
2000 cm™ — 3500 cm™! region, a change in the Raman spectra can be noticed between
those collected on not polymerized spectra with respect to those collected on the
polymerized spectra. The signal at about 3043 cm™ in the spectra of the polymerized
samples is very weak or totally absent compared to the spectra of not polymerized
samples. Such behaviour is similar to the peak at 1640 cm™ because both are related to
the (C=C) stretching of the acrylate group of Bisphenol A. The Bisphenol A
polymerization occurs at the terminal (C=C) double bond; studies of the intensity
variation of the 1640 cm™ bands during polymerization have already been reported [23].
Peaks at 1726 cm™! and 1787 cm! can be assigned to (C=0) groups: the first one to the
acrylate carbonyl group, the second one to the propylene Carbonate carbonyl group).
Several signals in the spectra can be assigned to Propylene Carbonate [6]: the band at
~455 cm™! can be assigned to the propylene carbonate ring deformation, while the strong
band at ~712 cm™! can be assigned to its symmetric ring deformation. The strong band at
~849 cm! can be assigned to the (C—H) methyl group and to (O—C—C) (not comprising
Carbon bond to the methyl group) bending of Propylene Carbonate. The band at ~1119
cm’! is assigned to the (C-H) methyl group and to the (C-H) stretching of Carbon of the
methyl group of Propylene Carbonate. A very low signal can be identified at ~1147 cm”
!, corresponding to a (C—C) stretching (Carbon to the methyl group and the immediately
one bound in the ring) and to an (O—C—0) (comprising the Carbon in the (C=0) group)
bending of the Propylene Carbonate. Signals with very low intensity can be identified
between 1336 cm™ and 1391 cm!, related to the (C—H) methyl group bending of
Propylene Carbonate. Signal centred around 1460 cm™! can be assigned to the (C—H)
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methyl group umbrella mode of Propylene Carbonate. Signals at ~2882 cm™!, ~2940 cm’
T'and ~2990 cm! can be assigned to the various (CH») and (CHj3) stretching modes of
species in solution. Very low Raman peaks below 455 cm™ can be assigned to Diethyl
Ferrocene rings modes. Signal at 3073 cm™! cans be assigned to the (C-H) stretching of
aromatic rings. Since no signals can be observed in the 3200 cm™ — 3500 cm™! range,

condensation between different polymeric chains can be excluded (i.e. no water can be

identified in the spectra).
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Figure 4.11.27. Raman Spectra collected in the range between 2000 and 3510 cm™' on the samples EMgs

polymerized (a) and not polymerized (b).

Table (4.11.2-4.11.4) summarize the above discussion.
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Frequency (cm™)

EMss Assignments references

polymerized Not polymerized

394
449 445 PC ring deformation [6]
Aromatic (C—H) out of plane def.
638 641 [12][17]
(BPA)
710 712 Sym. ring deformation (PC) [6]
823 824 Ring breathing viologen

(5]
Sym. ring vibration (PC)

846 846 +

(CH3) and (O—C—C) bending of PC (6]

916 909 (C1-0) stretching [6][102]
932 934 (C1-0) stretching [6][102]
957 959 (C1-0) stretching [6][102]

(CHj3) wagging + (C—H) bendin
1113 1114 seie £ [6]
(PC)

(CH3)/gem-dimethyl def. (C—C) [17]
stretching (BPA)

1187 1185

Asymmetric stretching (PC)

O
1229 1231 ﬂ [5]
o~ ™ o\
/
1300 1300 asym stretching (=C-O-C) (BPA) [12] [17]
1410
1459 1459 Asymmetric bending (CH3) (PC) [5]
1538
1611 611 Aromatic ring stretching vibration [12][18-20]
(BPA)
1637 Vinyl (C=C) stretching (BPA) [12][18-22]
1652 1652

Table 4.11.2. Observed Raman bands of the EMss device.
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Frequency (cm™)

EMss Assignments references

polymerized Not polymerized

1726 1725 (C=0) stretching acrylates [12][20-22]
1787 1789 (C=0) stretching PC [5][6]
2762 2761 (C-H) stretching [5] [6]
2882 2883 (C—Hy) stretching [5]1[6][21]
2942 2941 (C—Has) stretching [51[6][12][21]
2994 2993 (C—H3) stretching [5] [6]
3043 BPA (=C-H) stretching [12]
3074 3075 BPA (=C-H) stretching [12][22]
3107

Table 4.11.2. (continued) Observed Raman bands of the EMss device.

Frequency (cm™)

EMseo Assignments references

polymerized Not polymerized

399
450 453 PC ring deformation [6]
Aromatic (C—H) out of plane def.
639 640 [12][17]
(BPA)
711 712 Sym. ring deformation (PC) [6]
823 825 Ring breathing viologen

(5]
Sym. ring vibration (PC)

847 850 +

(CH3) and (O—C—C) bending of PC (6]

914 (C1-0) stretching [6][102]
934 934 (C1-0) stretching [6][102]
958 960 (CI-0) stretching [6][102]

(CHs3) wagging + (C—H) bendin
1116 1118 ’ seing ) £ [6]
(PC)

(CH3)/gem-dimethyl def. (C-C) [17]
stretching (BPA)

1188 1191

Table 4.11.3. Observed Raman bands of the EMgo device.
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Frequency (cm™)

EMso Assignments references
polymerized  Not polymerized
Asymmetric stretching (PC)
O
1228 1234 l! [5]
O/ . CI\
/
1300 1304 asym stretching (=C-O-C) (BPA) [12] [17]
1458 1465 Asymmetric bending (CH3) (PC) [5]
1613 610 Aromatic ring stretching vibration [12][18-20]
(BPA)
1640 Vinyl (C=C) stretching (BPA) [12][18-22]
1653 1653
1731 1727 (C=0) stretching acrylates [12][20-22]
1785 1782 (C=0) stretching PC [51[6]
2762 2764 (C—H) stretching [5] [6]
2885 2887 (C—Hb) stretching [5] [6][21]
2942 2942 (C—H3) stretching [S1[6]1[12][21]
2993 2996 (C—Hj) stretching [5][6]
3043 BPA (=C—H) stretching [12]
3074 3075 BPA (=C—H) stretching [12][22]
Table 4.11.3. (continued) Observed Raman bands of the EMeso device.
Frequency (cm™)
EMges Assignments references
polymerized Not polymerized
391
455 445 PC ring deformation [6]
638 640 Aromatic (C—H) out of plane def. [12117]
(BPA)
711 712 Sym. ring deformation (PC) [6]
824 827 Ring breathing viologen
Sym. ring vibration (PC) >l
846 846 +

(CH3) and (O—C—C) bending of PC

(6]

Table 4.11.4. Observed Raman bands of the EMss device.
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Frequency (cm™)

EMes Assignments references
polymerized  Not polymerized
914 917 (C1-0) stretching [6][102]
933 934 (C1-O0) stretching [6][102]
959 959 (C1-O0) stretching [6][102]
14 1116 (CH3) wagging + (C-H) bending (6]
(PC)
1188 1188 (CH3)/gem-dimethyl def. (C-C) [17]
stretching (BPA)
Asymmetric stretching (PC)
O
1229 1231 l! [5]
0~ o
/ \
1301 1302 asym stretching (=C-O-C) (BPA) [12] [17]
1460 1454 Asymmetric bending (CH3) (PC) [5]
1612 1612 Aromatic ring stretching vibration [12][18-20]
(BPA)

1640 Vinyl (C=C) stretching (BPA) [12][18-22]
1653 1654
1725 1728 (C=0) stretching acrylates [12]]20-22]
1785 1790 (C=0) stretching PC [5]16]
2763 2765 (C—H) stretching [5] [6]
2884 2881 (C—H>) stretching [5][6][21]
2942 2942 (C—H3) stretching [51[6][12][21]
2992 2995 (C-Hj3) stretching [5][6]

3044 BPA (=C-H) stretching [12]
3081 3077 BPA (=C—H) stretching [12]122]

Table 4.11.4. (continued) Observed Raman bands of the EMss device.
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4.11.3 Conclusions

Several samples containing an electrochromic mix were prepared: electrochromic
solution contained electrochromic materials, with a redox couple (Ethyl Viologen
Diperchlorate and Diethyl Ferrocene) and an aprotic solvent (Propylene Carbonate).
Electrochromic solution was mixed together with a solution of Bisphenol A glycerolate
(1 glycerol/phenol) diacrylate with photinitiator Irgacure, in different proportions, in
order to verify the electrochromic performances of devices by varying EM compositions.
The best composition was that with 60 wt% of electrochromic solution. Differences in
terms of performance were noticed between samples not polymerized and samples
polymerized. The last ones show shorter switching times and were able to have a longer
cycle life (more than 2000 cycles vs 700 and, since cycles were symmetrical when
polarity was reversed during cyclic voltammetry, one can take into account a doubled
number of cycles, so (4000 vs 1400). Degradation occurs inside samples not polymerized.
Transmittance spectra revealed typical absorbance peaks at 585, 600 and 880 nm of Ethyl
Viologen radical and dimer forms: the sample’s dark blue color is related to Diethyl
Ferrocene oxidation, Ethyl Viologen single reduction, and charge separation inside the
solution due to the applied potential.

Samples show exceptional optical contrast (AT%) of ~ 40% at 432 nm, up to 88% at 580
nm and 78% at 1200 nm, making the Electrochromic devices studied during this work as
good candidates to make smart windows.

A sample with not polymerized Bisphenol A at its 1*'and 701* cycle shows at 1205 nm a
difference in terms of AT% (between a new and a degraded sample in the ON state) of
6.3%, 6,63% at 605 nm and 3.27% at 400 nm; this difference is almost zero in a sample
with polymerized Bisphenol A inside between its 1* and 2001* cycle (in the ON state).
It has been seen that the spectra collected after 700 cycles shows a lower transmittance
with respect the spectra collected after one cycle and in particular AT% at 400nm, 600nm
and 1205 nm is 3.3%, 6.6% and 6.3%, respectively. It means that the sample is becoming
to degrade.

On the contrary, the relative Electrochromic device polymerized are stables up to 2000

cycles.
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In this thesis work, materials with different technological properties have been studied in
order to their own potential use in the electrochromic technology. Such materials have
been characterized with different techniques. In particular, the main technique has been
the Raman spectroscopy which allowed to obtain numerous information about the

physical chemistry.

Following the preliminary studies on the different materials, an electrochromic
demonstrator has been successfully produced using the following components:
- the redox couple has been made with ethyl viologen diperchlorate and diethyl
ferrocene dissolved in a solution of Propylene Carbonate.
- the electrolyte layer has been realised with the use of bisphenol A glycerolate
directly added to the solution in a precise percentage.
The final electrochromic solution has been inserted by capillarity into a cell made with
two ITO coated glass. The application of a voltage between 1.5 and 3.5 Volts allows the
device to switch from a phase substantially transparent (characterized by a pale-yellow

colour) to a coloured one.

A complete characterization of the demonstrator in the states ON and OFF has been made
by Cyclic voltammetry, UV-vis Spectroscopy and Raman spectroscopy techniques.

At the time, the research on electrochromic device technologies is focused on the use of
polymeric materials that can enhance the performances of the device both from a
structural point of view, are currently studying the realization of flexible devices, and

from the point of view of the environmental sustainability of the device production chain.

Another critical point is the scale up of the electrochromic devices fabrication. In fact, the
realization of large electrochromic devices is subject to several complications such as
ohmic fall and differences in thickness at different points of the device. Further analyses

are therefore currently under consideration to resolve these impediments.
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