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Abstract

Tonic liquids (ILs) have been one of the most attractive classes of materials of the last decades. The reason behind this is
their peculiar set of properties, which enable their possible application in several research fields. ILs are salts that exhibit a
very low melting point, which has been arbitrarily defined to be below 100 °C. Due to their ionic nature, ILs have little to
no vapor pressure and they often demonstrate good electrical conductivity and high thermal and electrochemical stability.
In this work, the focus is directed toward the exploitation of ILs for the engineering of materials that can have a primary
role in light-emitting or light-absorbing devices. Materials belonging to the first type are explored in Papers I-I1I, while
the ones belonging to the second are tackled in Papers IV and V.

There has always been a struggle to find a balance between costs and the efficiency of emitting materials for application
in dedicated devices. In Papers I-111, two strategies are taken into account to address this issue. Finding inspiration from
ionic complexes of Mn(II), newly designed ionic materials and ILs emitting green light are proposed as an alternative to
the more expensive heavy metals-based ones such as Ir(IIT) and Pt(I). Coming closer to an ideal compromise of cost and
performance, fully organic and extremely cheap low-melting salts based on the 8-hydroxyquinoline unit were prepared.
These compounds revealed efficient fluorescence in the blue region of the spectrum for such simple molecules, paving the
way for the preparation of possibly inexpensive light-emitting devices.

In Paper 1V, direct absorption of light is taken into consideration with photoresponsive ionic liquids, which undergo
cis-trans isomerization. Due to this feature and their ionic nature, these materials could be adopted into photoswitches.
Additionally, the effect of functional groups on the isomerization of the ILs and on the ability of the materials to undergo
mesophase formation was studied.

One of the key components of dye-sensitized solar cells is the electrolytic mediator sandwiched between two electrodes.
This has been a matter of intense study due to issues regarding its stability, which impair the device's performance. ILs
can be adopted in devices to solve this issue. In Paper V, triazolium ILs allowed the manufacturing of devices with higher
efficiencies and longer lifetimes than the ones realized with imidazolium relatives. These materials allowed for the stability
of the ionic couple I7/1;” and moisture resistance due to their non-hygroscopic nature.
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Abstract

lonic liquids (ILs) have been one of the most attractive classes of materials
of the last decades. The reason behind this is their peculiar set of properties,
which enable their possible application in several research fields. ILs are salts
that exhibit a very low melting point, which has been arbitrarily defined to be
below 100 °C. Due to their ionic nature, ILs have little to no vapor pressure
and they often demonstrate good electrical conductivity and high thermal and
electrochemical stability. In this work, the focus is directed toward the exploi-
tation of ILs for the engineering of materials that can have a primary role in
light-emitting or light-absorbing devices. Materials belonging to the first type
are explored in Papers I-111, while the ones belonging to the second are tackled
in Papers IV and V.

There has always been a struggle to find a balance between costs and the
efficiency of emitting materials for application in dedicated devices. In Papers
I-111, two strategies are taken into account to address this issue. Finding inspi-
ration from ionic complexes of Mn(ll), newly designed ionic materials and
ILs emitting green light are proposed as an alternative to the more expensive
heavy metals-based ones such as Ir(I11) and Pt(ll). Coming closer to an ideal
compromise of cost and performance, fully organic and extremely cheap low-
melting salts based on the 8-hydroxyquinoline unit were prepared. These com-
pounds revealed efficient fluorescence in the blue region of the spectrum for
such simple molecules, paving the way for the preparation of possibly inex-
pensive light-emitting devices.

In Paper IV, direct absorption of light is taken into consideration with pho-
toresponsive ionic liquids, which undergo cis-trans isomerization. Due to this
feature and their ionic nature, these materials could be adopted into pho-
toswitches. Additionally, the effect of functional groups on the isomerization
of the ILs and on the ability of the materials to undergo mesophase formation
was studied.

One of the key components of dye-sensitized solar cells is the electrolytic
mediator sandwiched between two electrodes. This has been a matter of in-
tense study due to issues regarding its stability, which impair the device's per-



formance. ILs can be adopted in devices to solve this issue. In Paper V, tria-
zolium ILs allowed the manufacturing of devices with higher efficiencies and
longer lifetimes than the ones realized with imidazolium relatives. These ma-
terials allowed for the stability of the ionic couple /13" and moisture resistance
due to their non-hygroscopic nature.



Sammanfattning

Jonvatskor (JV) har uppstatt som en attraktiv klass av material under de
senaste decennierna. Anledningen till detta &r deras unika egenskaper, vilka
har mdjliggjort tillampningar inom flera olika forskningsomraden. JV &r salter
som har en mycket lag smaltpunkt, dar den Gvre gransen godtyckligt
definierats vid 100 °C. | och med deras joniska natur sa har JV ett lagt eller
obefintligt angtryck och de uppvisar ofta god elektrisk och termisk
konduktivitet samt hog elektrokemisk stabilitet. Forskningen som utgdér denna
avhandling har fokuserat pa att nyttja JV for att skapa material som kan ha en
primar roll i ljusemitterande och ljusabsorberande enheter. Material som
lampar sig for det forstnamnda anvandningsomradet, ljusemission, har
utforskats i de tre forsta artiklarna (Paper I-111). I de tva sista artiklarna (Paper
IV and V) har material for ljusabsorption studerats.

Balansen mellan kostnad och effektivitet & en standig avvagning i
utvecklandet av ljusemitterande enheter. | den forsta gruppen av artiklar har
tva strategier anvants for att hjalpa med detta. Genom att ta inspiration fran
jonkomplex av Mn(11) sa har nya joniska material och JV som emitterar gront
ljus utvecklats. Dessa foreslas som alternativ till dyrare material gjorda av
tungmetaller sdsom Ir(11l) och Pt(11). | en &n mer forfinad avvagning av
kostnad och effektivitet sa har fullstandigt organiska och kostnadseffektiva
salter av 8-hydroxikinolin med lag smaltpunkt forberetts. Dessa foreningar
uppvisar effektiv fluorescens i den bla regionen av ljusspektrumet och banar
darmed vég for forberedandet av kostnadseffektiva ljusemitterande material.

| den nast sista artikeln (Paper IV) sa har JV anvants for den direkta
absorptionen av ljus. | detta fall anvands JV som genomgar en cis-trans-
isomerisering. Denna effekt, tillsammans med deras joniska natur, gor att de
kan anvandas som ljus-responsiva material. UtOver detta studerades dven
effekten som olika funktionella grupper har for isomeriseringen, samt
huruvida materialen kan bilda olika typer av meso-faser.

En av nyckelkomponenterna i fargsensibiliserade solceller (Grétzelceller)
ar elektrolytskiktet som finns mellan de tva elektroderna. Dess roll har
studerats intensivt da lag stabilitet hos elektrolyten &r ett vanligt
forekommande problem som paverkar solcellens prestanda negativt. JV kan
implementeras i solceller for att 16sa detta problem. I den sista artikeln (Paper
V) sa har JV baserade pa triazoliumjoner gett solceller med hogre effektivitet
och en langre livstid &n andra JV baserade pa imidazoliumjoner. Anvandandet



av dessa material leder till en stabilisering av jonparet 17/13” samt ett motstand
mot fukt hos materialen i och med deras icke-hygroskopiska natur.
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1. Introduction

In this chapter, I will discuss the concepts that are at the base of my work,
and they are divided into two sections. In the first one, I will explain the nature
of ionic liquids (ILs) and their properties, while in the second one | will dis-
cuss light-related phenomena, materials, and devices that will be fundamental
for understanding the presented results.

1.1 lonic liquids (ILs) and their properties

1.1.1 What are ILs?

The story of ionic liquids (ILs) started over a century ago, in 1888, when
Gabriel and Weiner reported the low-melting (50 °C) ethanolammonium ni-
trate.lM It took more than twenty-five years to observe other examples of salts
with similar thermal properties thanks to the work of Walden in 1914 on al-
kylammonium nitrates.[? Besides these early discoveries, this class of materi-
als has been thoroughly investigated only in the past decades.

ILs, or low-melting salts, are primarily defined by having a melting point
below 100 °C. This is not the only property that made the ILs so attractive to
the scientific community. They revealed negligible vapor pressure, non-flam-
mability, medium-to-low viscosity, recyclability, ion conductivity, and high
thermal and electrochemical stability.*4 Thus, not surprisingly, these proper-
ties made them extremely interesting for “green” solvent applications, as an
alternative to most common organic solvents.¢! Additionally, the high tuna-
bility of both their cations and anions, allowed this class of material to be also
explored in several different areas.["*%

In fact, the nature of the ions can vary a lot, and some examples will be
now provided. The most common cations are based on N or P-containing or-
ganic molecules such as ammonium, imidazolium, triazolium, tetrazolium,
pyridinium, pyrrolidinium, and phosphonium. On the other hand, the type of



anions can space from halides and halogen-containing molecules (such as
[PFe], [BF4]), to weak organic bases (i.e. acetate, alkyl phosphates, and sul-
fates), to metal complexes. According to the desired application, in the latter
case, the metal of choice can be any transition metal, lanthanides, or actinides,
while the ligands can be both halogens (most common) or organic-based.!*2%l
Some of the ions constituting ILs are collected in Figure 1.

The design of the ions involved is the fundamental key to the properties of
ILs. Their shape and symmetry have a major role in defining the thermal prop-
erties of the final ionic compounds™! and the ability to form liquid crystalline
(LC) phases,™ which will be discussed more in detail in the following sub-
chapter. The intrinsic mobility and flexibility of the ions involved also have
an important role in the properties of the final IL,[® since these could hinder
the crystallization of the material. Finally, specific shapes and functional
groups can also affect the properties of the final IL on the basis of the interac-
tions that can be established between the anions and the cations, such as ionic
forces, hydrophobic interaction, van der Waals forces, hydrogen bonds, -
stacking, and so on.'"]

IIQ1 @ N & '31
Ra=NzRz Ri=N"SN-Re Rimyon-Re Re—PZR;
R; \—/ \—/ Rs
ammonium imidazolium triazolium phosphonium
© © o ? 9 9
X BF4 PFe F3c’§‘N’§‘CF3 @OJ\

halides halogen-based > © O

acetate
bis(trifluoromethanesulfonyl)imide

Figure 1. Examples of common ions used in ILs.

1.1.2 ILs with LC phases and plastic crystals

Condensed matter can be classified on the basis of the degree of order of
its components (Figure 2). Crystalline solids possess long-range and three-
dimensional order while being contraposed to isotropic liquids, which display
an absence of positional and orientational long-range order. However, several
materials (such as ILs) can be found in states with degrees of order which are
intermediate between these two opposite cases. For this reason, they fall in the
category of mesophases (from the Greek term mesos, meaning between, mid-
dle). These have been considered the “fourth state” of matter (in addition to



crystalline solid, liquid, and gaseous states)!*-?!1 and they can be further di-
vided into multiple categories. Mesophases can be divided into three groups:
LC (mentioned in the previous paragraph), plastic crystals, and conforma-
tional disordered crystals. The latter will not be taken into consideration in this
work and, for this reason, it has not been included in Figure 2. It is relevant
to highlight that the materials presented in this thesis are defined as thermo-
tropic, meaning that their phase transitions are dictated by temperature change
rather than concentration (lyotropic materials). Thus, all the considerations on
mesophases are restricted to thermotropic cases.

The least ordered LC mesophase is the nematic phase, in which the mole-
cules present only orientational order. In this state, the molecules generally
align along a common direction, called the director.??l Other LC mesophases
with higher levels of order are achieved once the molecules retain a positional
order in addition to the orientational one. These mesophases additionally or-
ganize in layered sheets (one-dimensional positional order) and they are di-
vided into smectic A (SmA) and smectic C (SmC), depending on the director
orientation: perpendicular to the sheets (SmA), or angled (SmC).??2%1 The de-
gree of positional order can be then increased to a two-dimensional level with
a columnar organization. These phases are promoted by molecules with disk-
like shapes, rather than rod-like. For this reason, these can also be called
discotic phases.?4

Plastic crystals demonstrate higher order than LC and when ionic they have
been referred to as “cousins” of ILs.[?521 Plastic crystals are characterized by
maintaining the centers of gravity for the constituting molecules fixed in space
like in a crystalline structure, with long-range order, while achieving high vi-
brational and rotational freedom at short range. They usually exhibit one or
multiple solid-solid phase transitions, which correspond to the activation of
different molecular motions. Thus, once these materials reach their melting
temperature (which is relatively low when compared to crystalline solids), the
entropy is sufficiently high to lead to a low entropy of fusion AS: (<20
J-K*-mol* for neutral molecules and <60 J-K-*-mol for ionic materials).l?"%l
Due to their properties, which are very similar to those of ILs, ionic plastic
crystals have seen high potential as solid ion conductors in solar cells, fuel
cells, and lithium batteries.[¢!
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Figure 2. Order of hierarchy of some of the states of condensed matter.

1.2 Light and Materials

The topics collected in this sub-chapter focus on light-related concepts and
phenomena that are relevant to the wide array of materials discussed in this
thesis work. The first five sections will expose the background for light-emit-
ting devices and preliminary concepts for the studied materials, while the last
two paragraphs will respectively focus on cis-trans photoisomerization and
the basis for harvesting solar energy via dye-sensitized solar cells (DSSCs).

1.2.1 Light-emitting devices

The field of light-emitting devices has received increasing attention over
the past decades. Indeed, one of the viable strategies to tackle the enormous
amount of electric energy demand relies on more efficient lighting technolo-
gies. Phones, computers, light bulbs, televisions, or anything that requires a
digital interface have been and are continuously utilized for everyday life. For
this reason, to make this consumption of electricity more economically and
energetically bearable, two innovative devices have been the focus of research
in the field. The organic light-emitting diodes (OLEDs) were the first to be



introduced in the academic world®?>*! and have recently seen commercializa-
tion in the wide market, while the light-emitting cells (LECs) were proposed
later®Y and are still prerogative of academic research. LECs have been seen
as competitors of OLEDs for their simple design. While OLEDs rely on a
multilayered structure often composed of air-sensitive materials,*? LECs re-
quire only one active layer, which is simultaneously acting as the emitter and
charge transporter (Figure 3) and is sandwiched between two air-stable elec-
trodes. This makes them cheaper and easier to manufacture than the OLEDs.

To achieve electroluminescence, the OLEDs working mechanism is based
on the injection of electrons into the lowest unoccupied molecular orbital
(LUMO) of the organic material and holes into the highest occupied molecular
orbital (HOMO) after the application of external potential. The separated
charges then drift under the action of the electric field, hopping from molecule
to molecule, until they meet. Charge recombination then occurs through the
formation of an excited state of the involved molecule (exciton), which then
relaxes to the ground level with photon emission. ¥l The LECs, instead, de-
pend on the gradient of potential generated by the displacing of mobile ions
under the application of a bias. The redistribution of ions forms p and n-doped
regions at the opposite sides of the cell. Charges are then injected from the
electrodes, before recombining in the middle of the active layer.!

In the last decades, several strategies have been explored and different ma-
terials have been investigated as light-emitting components for LECs 431 and
the nature of the emitters advanced from conjugated polymers,©6-% to ionic
transition metal complexes (iTMCs),“#4 to, most recently, quantum dots, >
%1 and small molecules.5:%!

, Metal l

I Electron Injection Layer I

' Electron Transport Layer

Light-emitting Layer

Hole Transport Layer ‘ Metal

Transparent electrode | Transparent electrode
!

Substrate

|

!
l | |
[ vomectoniamr | P——
| | I
l | |

l Substrate

OLED LEC
Figure 3. Schematic representation of OLEDs and LECs devices.



1.2.2 The rise and struggle of iTMCs

Polymer-based LECs require additional salts and ion-conductive polymers,
other than the emissive material to achieve a proper and stable charge injec-
tion. To simplify the composition of the emissive layer, iTMCs were intro-
duced.8 Their ionic nature would make unnecessary additional salts and ion-
conductive materials, being also suitable for solution processing. Furthermore,
iTMCs proved to have better electroluminescent performances, due to their
phosphorescent character.®”1 The efficient luminescence is the result of the
heavy atom effect of high atomic number transition metals. Heavy elements
are characterized by strong spin-orbit coupling, which enables the radiative
deactivation process from the triplet state, otherwise forbidden by selection
rules.585% This is a very important principle since 75% of excitons generated
in an electrochemical device are triplets.[%¢-¢% In order to harvest the energy
related to the triplets, most of the studied iTMCs are based on metals that can
exhibit a relevant heavy atom effect, such as ruthenium, platinum, and iridium.
Unfortunately, these metals are expensive and rare, making their potential ap-
plication in devices of everyday use unlikable, even if studies have been con-
ducted to make materials adopting them as efficient as possible.>6471 There-
fore, materials involving inexpensive and more earth-abundant metals, such
as copper and manganese,”>"4 or full organic materials have been increas-
ingly studied over the last years, especially in the field of small molecules
(SMS)'[GQJS]

1.2.3 Zero-dimensional hybrid organic-inorganic perovskites
(HOIPs) and Mn(Il)-emitters

One of the most efficient designs that have been used as a fundament for
more earth-abundant light-emitting materials is the host-guest design.[”® This
has found its best expression in the zero-dimensional hybrid organic-inorganic
perovskites (HOIPs). Their structure is presented in Figure 4. Their working
principle consists in treating the inorganic light-emitting units as doping
agents inside an inert organic host matrix. HOIPs have several benefits, such
as reduced self-absorption and self-quenching phenomena because of the long
distances between the emitting centers, and allowing tunability of the lumi-
nescence properties through tailoring of the organic host molecules or the lig-
ands.
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Figure 4. Comparison between three-dimensional (left) and zero-dimensional
(right) perovskite structures.

In our modern world, there has been increasing attention to developing ma-
terials that have a minimal, if not absent, effect on the environment. The field
of innovative luminescence is no exception. Even if research on lead-based
HOIPs is still ongoing, their instability and toxicity have always been an issue
to address.'""8 Thereby, less toxic and lighter elements of the first row of
transition metals have also been recently studied in HOIPs and have demon-
strated extremely good luminescence in this type of structure.l” In our stud-
ies, we took into consideration the earth-abundant manganese(ll) bromide
complexes as the light-emitting units, allowing us to explore the green and red
regions of the visible spectrum.

Mn(11) complexes have been broadly investigated because of their peculiar
phosphorescent behavior. Their luminescence is the result of radiative deacti-
vation from the “T; state to the A, ground state, a d-d transition closely related
to the crystal field strength and, therefore, to the nature of the ligands and the
coordination geometry.["*80-881 |n simple terms, the generally observed trend
shows that octahedral coordination of the Mn(I1) center leads to red light emis-
sion, while tetragonal coordination yields green light (Figure 5). Interestingly,
halide salts of Mn(Il) have demonstrated the ability to switch from octahedra
to tetrahedra if exposed to heat, while the opposite process could occur only
after solubilization and recrystallization. In contrast to this behavior, a series
of ionic materials have shown the potential to reversibly interchange between
the two configurations of the Mn(l1) halide complexes.”88 In one case, this
was observed to take place together with the phase transition from crystalline
solid to mesophase and vice-versa. In the mesophase state, the Mn(ll) tetrahe-



dra come in contact to form polymeric chains of octahedra through face-shar-
ing, allowing, therefore, the photoluminescence to switch from green to red.
In the second case, the geometry conversion was associated with the presence
of coordinating water molecules, which would be released upon heating al-
lowing the geometry of the complex to switch from octahedral to tetrahedral.
Upon cooling in air, water molecules would be reabsorbed, resulting in a struc-
tural change with the restoration of the octahedral coordination.

‘E(*G), A, ("G)

T00 N € (°G), A, (‘G)
“T.(*6) \/ “T, (*G)
v 4Tj{4G)

UoISSIWS Pay

as) b e
e NS T

Figure 5. Energy diagram for the emission of Mn(11) complexes in tetrahedral
(left) or octahedral (right) complexes (high spin configuration).
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1.2.4 Phosphonium cations for Mn(Il) HOIPs

The organic cations in HOIPs have multiple roles. They are fundamental
for ensuring the rigidity of the structure and the isolation of the emitting cen-
ters, allowing efficient luminescence. Additionally, their functionalization
with aryl groups can lead to the antenna effect and therefore energy transfer
to the inorganic emitting center. Promising results were obtained with phos-
phonium cations, more specifically the tetraphenylphosphonium [Ph4P]*. The
most relevant example is the recently reported green-emitting tetra-
phenylphosphonium tetrabromidomanganate(ll) [PPhs]o[MnBr,].8% These
ionic materials have demonstrated high and efficient luminescence with quan-
tum vyield (QY) up to unity and have also been used together in a sunlike
OLED." Being the inorganic anions isolated and surrounded by rigid cations,
the self-quenching of the excited state is hindered, leading to the reported per-
formances.®21 Similar materials could also find applications in LECs. Nev-
ertheless, the high tendency to crystallize demonstrated by these materials
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would create issues while building the device (i.e. irregular distribution of the
material and formation of boundaries that can obstacle the transport of
charges), leading to poor performances. To address this problem, in Paper |
and Paper 11 we looked at the design principles of ILs and the prepared mate-
rials will be discussed in the main body of this thesis work.

1.2.5 SMs and 8-Hydroxyquinolines as extremely compact
emitters

Another of the possible strategies previously mentioned for low-cost light-
emitting materials is based on SMs.[6%92 The research on this class of materials
found fertile soil especially in the field of blue-light emission,>%41 since they
tend to not incur in self-destruction mechanism characteristic for iridium com-
plexes or organic polymers.®5%! The SMs normally rely on extended delocal-
ized organic systems rather than emitting metals.!*°! The nature of SMs can
be either ionic®" or neutral (therefore requiring to be blended with an addi-
tional conducting material).[*®® lonic SMs revealed overall higher perfor-
mances than the neutral ones when applied in light-emitting devices.!®®! Nev-
ertheless, the synthetic procedure for these SMs is generally complex, making
production more challenging.

In our look for economic and synthetically accessible blue emitters, we
found a promising candidate in the 8-hydroxyquinolines (8Hgs) series, which
inspired the work presented in Paper I1l. 8Hgs are very simple SM emitters
whose promising properties have been demonstrated when applied in
OLEDs.[**1%21 More specifically, the complex tris(8-quinolinato)aluminum
(Algs), first reported in 1987 (Figure 6),[1° has revealed green-blue emission
rising from the organic ligand, drawing the attention of the scientific commu-
nity. It has been found that the luminescence of 8Hq is easily tuned through
its functionalization with electron-donating or electron-withdrawing groups.
This is due to the localization of the HOMO and the LUMO on the phenolic
and pyridinic rings, respectively.

Algs

Figure 6. Molecular structure of the Algs complex.
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Nevertheless, studies of 8Hg in solution demonstrated its weak fluores-
cence because of fast proton transfer deactivation of the excited state.[204-106]
This mechanism has been identified for both cationic and anionic forms, but
higher photoemission QY's could be achieved in strong acidic or basic condi-
tions.[*%.107] |n the case of Algs, this quenching process is prevented, resulting
in high QYs and suitability in electroluminescent devices.

1.2.6 Azobenzene photoisomerization

Light is the most relevant source of energy for all living organisms. Radia-
tive energy is collected and stored as high-energy chemicals, which are then
utilized for the needed biological functions.[*%! During these processes, the
high-energy chemicals act as “fuel”. The obtained products are “waste”, mol-
ecules that are not needed anymore and have to be removed to allow the cor-
rect operation of the system. Nevertheless, some chemicals do not generate
side species, but they undergo clean and reversible processes. Examples of
this kind of compounds are the azobenzenes (Figure 7).[1%1 Light excitation
of this class of molecules leads to cis-trans photoisomerization via in-plane
inversion or twisting around the N=N double bond.™% Due to the reversi-
bility of the process, azobenzenes have been widely studied, ranging from ap-
plication in the fields of data storage**? and optical switching™®! to being
reported as a base for light-driven molecular machines.!**4

Energy

Excitedstate

Groundstate

trans isomer cis isomer

Figure 7. Energy profile for the cis-trans isomerization of azobenzenes, where
h is the Planck’s constant, v and v’ the frequency of the photons exciting re-
spectively the trans and the cis isomers, k the Boltzmann’s constant, and T the
temperature (Adapted with permission from Paper V).
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1.2.7 Importance of Solar Energy and ILs in Dye-Sensitized Solar
Cells (DSSCs)

Light can not only be used for the aforementioned chemical processes, but
also for electrical energy production. In our growing modern world, the global
energy demand has been constantly rising. Only in the past years, the outbreak
of the disease COVID-19 led to a drop that has not been seen in the last 70
years.l'*®! The effects of lockdowns and social distancing on the population
have influenced the energy management of industry and households, revealing
the challenges and the consequent opportunities for post-pandemic recov-
ery.['161 One of the opportunities would be the investment in renewable en-
ergy,*1 especially since providers of wind- and solar-generated electricity
have not seen detrimental slowdowns.*® Even before the appearance of
COVID-19, photovoltaic energy and solar cells drew researchers' attention
since harvesting the amount of solar radiation hitting the Earth for just one
hour (4.3-10% J) would be sufficient to satisfy the world energy demand of
one year (4.1-10% J).[2281

DSSCs have been demonstrated to be a valid alternative to semiconductor-
based solar cells, due to their lower production cost, flexibility, and promising
efficiencies that bode well to reach the Shockley-Queisser limit of 33%.19
Their design requires a light-harvesting anode normally based on TiO; and a
dye separated from the poly(3,4-ethylenedioxythiophene) polystyrene sul-
fonate (PEDOT:PSS) cathode by an electrolyte solution. The two electrodes
are then connected externally through a circuit, therefore generating current
that can be used for energy storage (Figure 8). The lifetime of these devices
is strongly affected by the electrolyte intermediate responsible for the charge
equilibrium. The most applied electrolyte in DSSC is the redox couple /13,
which normally requires the presence of a solvent and has been shown to lead
to corrosion of the metal electrodes, among other drawbacks.™?% The utiliza-
tion of a solvent (e. g. ethanol, acetonitrile, DMSO) brings obvious limitations
due to its intrinsic volatility, especially when the DSSC is operated for a long
time and at high working temperatures.[?l
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Figure 8. Schematic overview of the operating principle of a DSSC (Adapted
with permission from Paper V). FTO-glass stands for fluorine-doped tin ox-
ide-glass.

ILs have strongly demonstrated their suitability for the substitution of elec-
trolyte media, thanks to their almost negligible vapor pressure, high thermal
and chemical, and electrochemical stability.[*?%6] These properties often
come together with high viscosity, which hinders the movement of the charges
affecting negatively the performance of the cell.[*27128] This obstacle has been
shown to be bypassed by ILs presenting an LC mesophase.[*2%-1%1 Due to the
ability to form such phases, these materials can form a two-dimensional elec-
tron-conductive structure between the electrodes.**! This abated the re-
sistance to the charge movement, thus improving the photocurrent density and
leading to well-performing DSSCs.

1.3  Scope of the thesis

This thesis was inspired by the high versatility and peculiar physicochem-
ical properties of ILs. The target of this work was to explore the suitability of
ILs and materials inspired by ILs for light-related applications.
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2. Preparation and characterization of
materials

This chapter includes the procedures for the preparation of materials and a
brief description of the analysis techniques utilized. More details are provided
within the attached Papers from I to V.

2.1 Preparation of materials

2.1.1 Synthesis of ILs and ILs-inspired materials

The synthetic procedures utilized for all the ILs and ILs-inspired materials
reported in the manuscripts collected in this thesis follow a simple double-step
reaction as a basic procedure (Figure 9). The first step normally involves the
functionalization of alkyl- or aryl-phosphine in Papers | and Il, of 8-hy-
droxyquinoline in Paper 111, and of imidazole or triazole in Papers IV and V.
For Papers I-111 this allowed obtaining the cations of interest. The second step
consists of the metathesis of the anion, the exchange of the counterion of the
cation obtained in the first step with the desired one, for the materials pre-
sented in Papers I-111. In Papers | and 11, this step is associated with the halide
complexation of Mn(ll). For Papers IV and V, the second step is related to a
second functionalization of the imidazole or triazole and the formation of the
cation of interest. When possible, the synthesis is followed by extraction to
increase the purity of the final product. Subsequently, the final material is
dried under a dynamic vacuum. Each cation would need specific working con-
ditions such as solvents and temperatures. Due to the sensitivity of the rea-
gents and products to exposure to oxygen and moisture present in the air, some
of the reactions need to be performed under an inert atmosphere (i.e. glovebox
and Schlenk techniques) and with dry solvents. More details can be found in
the respective papers.
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Figure 9. Two-step synthesis of the materials presented in this thesis.
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2.2 Methods and Analysis Techniques

2.2.1 Cyclic Voltammetry (CV)

CV is a versatile electrochemical technique where the potential of a work-
ing electrode (WE) is cycled within a predetermined potential range and the
resulting current is recorded. In correspondence with electrochemical pro-
cesses such as reduction and oxidation of the investigated species or the uti-
lized media, the absolute current signal will increase non-linearly with the po-
tential trend. Two possible setups are available: two-electrode or three-elec-
trodes system. In the first one, only the WE and reference electrode (RE, used
to determine the potential on the WE) are utilized. In the second system, an
additional counter electrode (CE) is used. The CE function is to avoid high
currents running through the RE, risking to affect its potential.

In this thesis work, the CV has been utilized mainly to establish or have
insight into the electrochemical stability and HOMO-LUMO gap of the inves-
tigated proposed materials. Different setups for the cyclic voltammetry were
used for the manuscripts presented herein. Nevertheless, all of them were rec-
orded on the same Gamry Instrument Interface 1010 potentiostat (Gamry In-
strument, Warminster, PA) applying a three-electrode system. For all the
cases, solutions between 10* M and 10 M of the investigated salt were pre-
pared and transferred into the cell. Salts such as LiTf,N or LiClIO, were added
to the solutions to increase the conductivity. Additionally, the measurements
were performed while holding the cell under Ar if not differently specified. In
Figure 10, a schematic representation of the utilized three-electrode system is
provided.

RE

CE WE CE = Counter Electrode
RE = Reference Electrode
WE = Working Electrode
X =Tf,N or ClO,

Solvent

Figure 10. Schematic representation of the setup utilized for cyclic voltam-
metry measurements.
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2.2.2 Crystal Growth

Crystals suitable for structural characterization were grown, when possible,
by isothermal evaporation. The desired IL or salt was dissolved in a solvent
with high vapor pressure to form dilute solutions. The so obtained solution
was then let in the open air, giving enough time for the solution to yield nuclei
for crystal formation.

2.2.3 Differential Scanning Calorimetry (DSC)

DSC allows for the identification of endo- and exothermic processes which
a sample undergoes as a consequence of temperature variation. The obtained
data can be plotted in curves that were used in this thesis work to recognize
specific phase transitions such as solid-solid transitions, crystallization, melt-
ing to isotropic liquid or mesophases, and vitrification. Additionally, analyses
of all but the latter-mentioned phenomena (second-order transition) allow for
the calculation of the associated enthalpy and entropy. The last one was re-
vealed to be a key element for the identification of the nature of specific
mesophases.

The majority of the DSC measurements were performed with a computer-
controlled Phoenix DSC 204 F1 thermal analyzer (Netzsch, Selb, Germany).
Measurements were carried out at a heating rate of 1 °C-min* or 5 °C-min!
with a nitrogen flow rate of 40 mL-min™. The samples were placed in alumi-
num pans which were cold-sealed and punctured if the sample was air-stable.

2.2.4 Infrared Spectroscopy (IR)

The spectra obtained via IR allow probing of the vibrational modes (such as
stretching and bending) of materials. Here, IR was used mainly as a comple-
mentary technique to nuclear magnetic resonance (NMR, see further) and
mass spectrometry (MS, see further) for the identification of characteristic
modes for the starting materials and the synthesized products or solvent resi-
dues.

IR data were collected on a Bruker Alpha-P ATR-spectrometer equipped
with a diamond crystal (Karlsruhe, Germany) in an attenuated total reflection
configuration. The obtained spectra were then processed with the OPUS pro-
gram (Bruker, Ettlingen, Germany).
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2.2.5 Karl Fischer Titration

The Karl Fischer titration is a well-established method to evaluate the water
content (in the order of ppm) of a substance. This technique is employed es-
pecially for materials that seek application in electrochemical devices such as
batteries since the presence of water would be detrimental to the longevity of
the apparatus. The base principle relies on the reaction:

2H,0 + SO, + I, » H,S0, + 2HI

in which one molar equivalent of iodine and one molar equivalent of water are
consumed. In this thesis work, this technique was adopted to assess the amount
of water for ionic materials which synthetic procedure was carried out without
a protective atmosphere nor dry solvent and which IR spectra did not show
the clear presence of water.

The Karl Fischer titration measurements were carried out following with a
C10S KF Coulometer (Mettler Toledo, Sweden).

2.2.5 Mass Spectrometry (MS)

MS is a technique that is founded on the ionization of the investigated ma-
terials. The latter can break into ionic fragments (or just become ionized) that
are then separated and recorded according to their mass-to-charge ratio with
the aid of magnetic or electric fields. This technique was utilized as a comple-
mentary analysis for the identification of the desired final materials.

An SYNAPT G2-S HDMS Q-ToF Mass Spectrometer (Waters, Manches-
ter, UK) with an electron spray ionization (ESI) operated in the positive and
negative ion mode, was used. The ion source was set up as follows: capillary
voltage: 2500 V, extractor: 1.0 V, RF lens: 0.5 V, ion source temperature: 120
°C, and desolvation temperature 250 °C. N, was used as both the cone and
desolvation gas at a flow of 70 L/h and 500 L/h, respectively. Ar was used as
collision gas at a pressure of 2.95-10~* mbar. The detector was a time-of-flight
(TOF).

2.2.6 Nuclear Magnetic Resonance (NMR)

NMR is a well-known technique in organic chemistry for the determination
of the structure of molecules in deuterated solutions (i.e. DO, d-DMSO,
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CDCls) or even in solid states. In the presented work, NMR has been used
(when possible) to determine the purity of the synthesized materials.

Characterization through *H-, $3C-, and *!P-NMR was performed at room
temperature on a Bruker 400 MHz spectrometer equipped with a broadband
observe (BBO) probe (Bruker AXS, Karlsruhe, Germany). *F-NMR spectra
were recorded at room temperature in DMSO on a Bruker 400 MHz Ul-
trashield spectrometer equipped with a BBO probe (Postdam, Germany). The
identified peaks were reported with chemical shifts (6 units) expressed in ppm.
The solvents used were CDCl3 or dg-DMSO, and the chemical shifts of the
'H-NMR spectra were reported with respect to residual solvent signals, which
are specified within each manuscript.

2.2.7 Photoluminescence Characterization

The mechanism of emission of luminescent materials and their efficiency
can be investigated by the recording of excitation and emission spectra. The
former are obtained while scanning excitation wavelength (Aex) and recording
how the luminescence at a fixed wavelength (Aem) increases or decreases in
intensity. The resulting spectra reveal the energy bands that lead to the light
emission. The emission spectra are obtained when exciting with a fixed Aex
and checking the observed intensity at different Aem. These give objective in-
formation on the emission energy (non-biased by the human eye). The effi-
ciency of the luminescence or quantum yield (QY) is calculated utilizing the
reflectivity and the emission of both the sample and a blank (high reflectivity,
low emission), normally BaSO4. The lifetime of emitters is investigated by
exciting with a pulsed laser (fluorescence investigation) or a pulsed discharge
lamp (phosphorescence investigation) and recording the time between the ex-
citing photon of the source and the emitted photons of the luminescent mate-
rials.

The luminescent materials were characterized by collecting steady-state ex-
citation and emission spectra, the lifetime of the excited state, and the quantum
yield on a HORIBA Jobin Yvon FluoroLog-3 modular spectrofluorometer
with an R928P PMT detector (Horiba France, Longjumeau, France).

2.2.8 Powder X-Ray Diffraction (PXRD)

PXRD is a technique that utilizes X-rays to analyze the crystalline nature
of powder samples. In this work, the PXRD has been used to verify the phase
purity of materials whose structure was identified with single crystal X-ray
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diffraction (see below) and to observe the accomplishment of phase transitions
(vitrification, solid-solid).

Diffraction data on powders were collected at room temperature on a PAN-
alytical X’pert PRO diffractometer (Malvern Panalytical, Malvern, United
Kingdom) using CuKal radiation in reflection mode. The diffraction patterns
were collected in the 20 range 5°-70°. For X-ray fluorescent compounds,
PXRDs were collected on a Bruker Phaser D2 diffractometer using CuKa ra-
diation in reflection mode. The instruments were operating at 45kV and 40
mA and with a rate of 0.55 sec/step.

2.2.9 Raman Spectroscopy

Raman spectroscopy, similarly to IR, is used to identify vibrational modes
in the investigated materials. However, some of these modes are active and
therefore can be probed only in one of the two techniques. For the results pre-
sented in this thesis, Raman spectroscopy was utilized to confirm the coordi-
nation geometry of [MnBr4]* complexes.

Raman Spectroscopy measurements were performed at room temperature
using a Horiba LabRAMHR system (Horiba Europe, Sweden) equipped with
a red laser (A = 785 nm) and a CCD detector. The instrument was calibrated
with a Si standard.

2.2.10 Single Crystal X-Ray Diffraction (SCXRD)

SCXRD is one of the most utilized methods to determine the crystal struc-
ture of a crystalline material. Similarly to the PXRD, X-rays are used to gen-
erate a pattern of reflections which can be then traced back to the crystalline
structure. Herein, this technique was used to obtain precise information re-
garding the configuration of the ionic moieties, allowing us to have a deep
understanding of the material properties.

Structural characterization of crystalline compounds was performed on dif-
ferent single-crystal X-ray diffractometers, using Ka radiation of Cu or Mo at
different temperatures, from 100 K to room temperature. The diffractometers
utilized were a Stoe IPDS-I, a Bruker D8 Venture, and an Agilent SuperNova.
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2.2.11 Thermogravimetry Analisis (TGA)

TGA consists in recording the weight change that occurs while heating a
known amount of sample. This allows for identifying the presence of solvents,
which evaporation will be recorded as a weight loss, providing insight into the
decomposition process (in an inert atmosphere), or tracing oxidation of the
material while in an unprotected atmosphere. In this thesis work, this tech-
nique was used always in inert conditions.

TGA measurements were performed with a TG 449 F3 Jupiter (Netzsch,
Selb, Germany). Measurements were carried out in aluminum oxide crucibles
with a heating rate of 10 °Cmin-1 and N, or Ar as the purge gas. Onset values
are given as defined by 5% weight loss.

2.2.12 UV-Vis Absorption

Light absorption can be explained following the empirical Lambert-Beer
law

A= ElC = loglo(lo/l)

with A absorbance, € molar extinction coefficient, | length of the optical path,
C concentration of the investigated solution, I the intensity of the light source
irradiating the sample, and | the intensity of the light not absorbed from the
sample and reaching the detector. In the case of a solid sample, the same in-
formation can be obtained by recording the intensity of the light reflected by
the material and following the relationship

A = —log R

where R is the intensity of the reflected light. The calculation and plotting of
this dimensionless property over the wavelength of the light source give in-
sight into the energy bandgaps and levels of the investigated materials. This
information can be used for several different applications. In this work, this
type of analysis has been used to probe in-solution behavior of ionic materials,
to observe isomerization, and as a complementary technique to the photolu-
minescence characterization.

Absorption spectra in the near UV and visible region of the light were rec-

orded for solids, liquids, and solutions on an Agilent Technologies Cary 5000
UV-Vis-NIR spectrophotometer equipped with an Agilent Praying Mantis
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diffuse reflectance accessory (Agilent Technologies, Kista, Sweden). Liquids
and solutions were measured inside cuvettes of 1 cm light path.
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3. Papers I-1l: Luminescent manganese-
containing ionic materials

Papers | and Il collect studies on ionic materials sharing the same [MnBr4]*
anion but with phosphonium-based cations functionalized in different ways.
In Paper I, the design that was taken into consideration was focused on sym-
metric tetraalkylphosphonium cations. To investigate the effect of the chain
length on the thermal and optical properties and with the purpose of finding a
good balance between optical properties and IL-like processability, three dif-
ferent alkyl functions were studied: butyl (Cs), hexyl (Cs), and octyl (Cs). In
Paper Il, instead, the properties of the more rigid triphenylbenzylphosphonium
[PhsPBn]* were explored. Its design is based on the introduction of an element
of asymmetry, the benzyl (Bn) group, in the well-performing and previously
mentioned [PPh4].[MnBr.]. This has been recently achieved by Qin and col-
laborators,*32 who synthesized the bis-triphenylbenzylphosphonium tetrabro-
midomanganate [PhsPBn].[MnBrs]. In their study, a series of Mn(ll)-based
compounds is presented, with a brief characterization for each of them. This
consisted of TGA up to 650 °C, crystal structure, photoluminescence, and tri-
boluminescence studies. Since the cations bear three phenyl rings and one
benzyl unit, we expected the ionic material to show reduced rigidity and crys-
tallinity (compared to [PPhs].[MnBr4]). These are qualities that would suit
well for application in LEC since they could allow for better ion conduction.
For this reason, we decided to expand the thermal characterization of
[PhsPBn]2[MnBr.] and to study the performances of LEC adapting it as a guest
emitter.
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3.1 Mesophase formation and structural
characterization

The compounds bis-tetrabutylphosphonium tetrabromidomanganate
[Paaaa]2[MNnBrs] and bis-tetraexylphosphonium tetrabromidomanganate
[Pesss]2[MnBrs] were obtained as waxy light yellow powders, while the bis-
tetraoctylphosphonium tetrabromidomanganate [Pssss].[MnBr4] was collected
as a dark yellow-orange oil. These first qualitative observations already
pointed toward non-crystalline behavior and the tendency to form
mesophases. [PhsPBn].[MnBr.], on the other hand, was obtained as a whitish
powder. Thermal analysis with DSC (Figure 11) paired with POM (Figure
12) unveiled the IL-like behavior of [Psss]2[MnBrs] and [Pssss]2[MnBrs],
while [Peess]2[MnBra4] and [PhsPBn].[MnBr4] did not fit into the category due
to their high melting point (over 200 °C). While [Psgss].[MnBrs] maintained
the liquid state all over the investigated temperature range (thus getting clas-
sified as room temperature IL (RTIL)), [Pa444]2[MnBr4], [Pesss]2[MnBr4], and
[PhsPBn]2[MnBr4] exhibited multiple phase transitions, as revealed by the
heat-exchange profiles.
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Figure 12. a) Conical feature of the SmA mesophase of [Pasas]2[MnBr4]; b)
difference of light diffraction between the LTS (left) and the HTS (right) of
[Pesss]2[MnBr4]; ¢) polycrystalline phase (left) and unidentified mesophase
(right) of [PhsPBn]2[MnBra].

[P4444]2[MnBrs] showed a melting point of 68.4 °C upon the first heating
ramp and glass formation at Ty = -34 °C upon the first cooling cycle. The
molten state was recovered in the second heating cycle upon reaching approx-
imately the same T, Continuing to increase the temperature (second heating
ramp) an exothermic process with an onset at 22.0 °C to a SmA phase was
identified due to the appearance of conical features in POM (Figure 12a),
before melting occurred at 67.9 °C.

During all the heating ramps, [Psses]2[MnBr.] transitioned endothermically
from a low-temperature solid phase (LTS) to a high-temperature solid phase
(HTS) at 43.1 °C and then melted at 234.5 °C. The cooling cycles displayed
the two reverse processes, being the transition to the HTS from the molten
state at 196.2 °C and the conversion to the LTS at 30.2 °C. When analyzed
with POM (Figure 12b), the solid-solid transition was detectable as a change
of the light diffraction, from displaying different colors in the LTS to not
showing any (absence of diffraction) in the HTS. Interestingly, the melting
transition was accompanied by a small entropy change (22 J K mol?) for a
non-1L compound, especially when compared to higher-temperature melting
salts. The small value of the entropy of melting, along with the results of the
crystal structural characterization, is important for the understanding of the
underlying mechanism of the phase transformation, as will be discussed be-
low.

When heated to high temperatures (up to 250 °C), [PhsPBn],[MnBr4] ex-
hibited three endothermic phase transitions. The first two occurred in a short
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range of 13 °C, without being completely resolved even at a low heating rate
(1 °C mint). Unfortunately, POM analyses (Figure 12c) did not allow une-
quivocal identification of the phases. During the first transition at 207 °C, the
crystalline material most likely evolved to another crystalline phase, which
could be speculated due to the polycrystallinity observed under the polarized
light. This phase was then further converted to an unidentified mesophase at
214 °C before finally transitioning to isotropic liquid at 220 °C, which is indi-
cated by the extremely low enthalpy associated with the transition. Interest-
ingly, following cooling never restored a crystalline phase. Instead, near 77 °C
the material underwent glass formation even when performing measurements
with low cooling rates. Curiously, this is a thermal behavior that we have seen
often related to ILs. It can be speculated that the reason for this behavior has
to be connected to the benzyl group, which mobility in the liquid state could
hinder the ability of the molecule to reorganize in a regular crystalline struc-
ture.
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Figure 13. Projection of the crystal structure of [Passs]o[MnBrs] (a) and
[PhsPBn]2[MnBr.] (b) showing the distribution of the isolated [MnBr4]*> com-
plexes down the a-axis.

Only [Pa444]2[MnBrs4] and [PhsPBn].[MnBr4] were found to form crystals
of sufficient quality for SCXRD analysis, revealing similar HOIP structures
(Figure 13). In both cases, weak C-H---Br hydrogen bonds and hydrophobic
interaction were found. These could account for the formation of not well-
stabilized mesophases. Regarding [Pesss]2[ MNBr4], the obtained crystals gave
very poor resolution at SCXRD (1.89 A), allowing only the identification of
the unit cell. The indexing of diffraction spots collected in temperature-de-
pendent measurements yielded a face-centered cubic unit cell with
a=23.63(2) A for the HTS. The same kind of measurements was conducted
for the LTS, but the indexing of the diffraction peaks did not lead to a well-
defined structure. More insight into the two solid phases was instead given
from temperature-dependent PXRD studies. Indexing of the Bragg reflections
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collected for the HTS (~50 °C) yielded a face-centered cubic unit cell with
a = 23.623(3) A, thus matching the result obtained from SCXRD. The PXRD
pattern collected for the LTS was characterized by a higher number of peaks,
which were indexed in a monoclinic unit cell with a = 28.130(1) A,
b =17.224(6) A, c =28.627(1) A, p = 110.561(2)°. Additionally, it was pos-
sible to find a transformation matrix from the unit cell of the HTS to the one
of the LTS, therefore providing evidence that the two are structurally related.
These results, together with the low entropy of melting, could indicate that
[Pesss]2[MnBr] is a plastic crystal.

3.2 Photo- and electroluminescence of Mn(ll)-emitters

The ionic materials containing [MnBrs]* anions exhibited an expectedly
green photo- and electrostimulated emission (Figure 14). The emission was
centered at 512 nm for [PhsPBn],[MnBr4], 520 nm for [Pass]2[MnBr4] and
[Pesss]2[MNnBr4], and 530 nm for [Pggss]o.[MnBr.]. Photoexcitation near 280 nm
led to emission from the “T1(G) state for all the compounds. While an antenna
effect could be seen for the [PhsPBn].[MnBr4], the same could not be observed
for the tetraalkylphosphonium due to the absence of aromatic groups on the
cations. Instead, photoluminescence was still obtained when exciting at high
energies due to the excitation to the “T»(F) state of the manganese center. The
same emission was obtained when exciting with a less energetic wavelength
(361 nm), targeting the *T,(D) state. While the emission of [Pssss]o[MnBr4]
was extremely weak, that of [Passs]2[MnBrs], [Pesss]2[MnBrs] (LTS), and
[PhsPBn]2[MnBr4] was intense enough for lifetime and QY evaluation. When
the luminescence of the HTS of [Pesss]o[MNBr4] was recorded, the intensity
decreased significantly, making the calculation of the lifetimes and the QY
not possible.

The lifetimes were in the microsecond region for all the compounds, indi-
cating the phosphorescent nature of the emission. The longest lifetime rec-
orded at room temperature was 304 psec for [PhsPBn].[MnBr4] when excited
at 280 nm. When exciting at 276 nm, [Pa4]2[MnBr4] showed a lifetime of
149.1 psec and [Peess]2[MnBr4] (LTS) a lifetime of 134.7 psec. At the longer
wavelength of 361 nm, the lifetimes did not undergo dramatic variations, be-
ing respectively 301 pusec for [PhsPBn])[MnBrs], 149.7 pusec for
[Pa4aaa]2[MnBr4], and 133.4 psec for [Pesss]2[MnBra] (LTS). The decay of the
excited states was fitted with mono-exponential curves, confirming the exist-
ence of only one singular type of emitting center.
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While the QY of the [PhsPBn]:[MnBr.] reached unity, the other com-
pounds did not reach such high values. The [Paua]2[MnBrs] and the
[Pesss]2[MnBrs] (LTS) exhibited similar QYs, within the limit of the experi-
mental error (~10%), being around 60%. This demonstrated that efficient lu-
minescence can be obtained also without antenna groups. Similar results were
already reported for compounds with tetraalkylammonium cations,**3 but
there was no evidence of the performance of the phosphonium relatives, espe-
cially those functionalized with long alky! chains.

Envisioning the application of our salt in light-emitting devices, we have
checked the photoluminescence of [PhsPBn],[MnBr4] in its glass state with a
UV lamp. Despite the amorphous state, the salt was still able to emit green
light. The reason behind this phenomenon could be related to the fact that the
[MnBr.]? tetrahedra retain a rather rigid conformation, without allowing an
excessive distortion of the geometry of the complex in the excited state or
hindering in general the chances of non-radiative deactivation even in the
amorphous glass state. This feature could be exploited for the formation of an
emissive amorphous layer, often utilized in LEC fabrication.
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Figure 14. Photoluminescence spectra and relative CIE 1931 coordinates of
[P4444]2[MI’]BI’4], [Peeee]z[MnBM], [Psgsg]z[MﬂBM], and [PthBn]z[Man].
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All the ionic compounds revealed to be not only photoluminescent but also
electroluminescent. Unfortunately, it was not possible to record the electrolu-
minescent spectra of any of them due to the sensitivity of the instrument, but
the observed emission still has important qualitative value, which let us spec-
ulate on their possible application in electrochemical devices. In all the cases,
the luminescence seemed to not have dramatically shifted from the one rec-
orded via photoexcitation. The observed electroluminescence is pictured in
Figure 15, and it was induced by exciting vacuum-sealed Schlenk tubes con-
taining the luminescent materials with an electric spark.

Figure 15. Electroluminescence of [Pa4aa]2[MNBr4] (2), [Pesss]2[MNnBra] (b),
[Psgsg]z[Ml’]BM] (C), [PthBn]z[MnBu] (d)

3.3 Cyclic Voltammetry of luminescent Mn(ll)-based
jonic materials and white LEC based on
[PhsPBn]2[MnBr4]

For application in electroluminescent devices, it is extremely important to
estimate the energy of the HOMO and LUMO (or, more precisely, of the va-
lence and conductive bands) of the materials. This helps to identify the sup-
porting materials that compose the device, in order to have proper electron and
hole transportation. To do so, cyclic voltammetry is one of the most suitable
techniques. In a system like the one presented in section 2.2.1, the current flow
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is recorded while changing the potential and it will increase intensity in cor-
respondence to electrochemical processes. Scanning toward positive potential
will reveal the oxidation processes while scanning toward negative potentials
will spot the reduction processes. For the material herein investigated, the first
oxidation process corresponds to the removal of one electron from the valence
band (or HOMO), while the first reduction process indicates the injection of
one electron into the conduction band (or LUMO).

Regarding the Mn(ll)-containing salts, the oxidation process was always
easily detected, while the reduction one exhibited low current intensity. In the
case of the tetraalkyphosphonium, we used the data obtained from the absorp-
tion spectra to calculate via Tauc plot the energy of the LUMO. For the
[PhsPBn]2[MnBr.4], it was possible to obtain satisfactory results with just the
cyclic voltammetry data. Additionally, these results were also confirmed with
the support of the absorption spectrum and the calculated Tauc plot. Overall,
the electrochemical bandgap resulted to be wide, around 2.6 eV for all the
tetrabromidomanganates.

Due to the high photoluminescence QY of [PhsPBn].[MnBr.], we decided
to test how a LEC would perform when integrating into the active layer. For
the device structure, we followed a host-guest approach. This method consists
in mixing in the active layer charge-transporting material (host) together with
a small percentage of emitting material (guest). LECs adapting this strategy
have increasingly attracted the attention of researchers in the field because of
their ability to overcome drawbacks characteristic of LECs built according to
a more classic design.[****371 In our case, we chose our host blend by taking
inspiration from the OLED device built by L.-J. Xu and collaborators, in
which the very similar [PhsP].[MnBrs] was used as the emitter.!®! The hole
and electron transporting materials they employed were tris(4-carbazoyl-9-
ylphenylhamine (TCTA) and 2,6-bis(3-(9H-carbazol-9-yl)phenyl)pyridine
(26DCzPPy), respectively. As the energy diagram presented in Figure 16 is
showing, the energy levels of these materials are compatible with the energy
levels of our [PhsPBn]2[MnBrs], making them suitable for the host matrix. The
so chosen host materials and the guest [PhsPBn]2[MnBr.] were mixed together
and with the supporting IL tetrahexylammonium tetrafluoroborate (THABF.),
which was found to be necessary to increase the ion mobility and thus obtain
detectable electroluminescence. The so prepared active layer was sandwiched
between PEDOT:PSS on ITO-glass and vapor deposited Al (Figure 16). Two
different LECs were prepared with different amounts of guest: 10% w/w
(LEC1) and 20% w/w (LEC2).
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Figure 16. Energy diagram for the host and guest materials (left); LEC struc-
ture (right).

The devices surprisingly revealed white electroluminescence (EL) with a
predominant peak in the red region of the visible spectrum (Figure 17). The
reason behind this behavior was investigated with further analysis and led to
the formulation of hypotheses, especially since none of the energy gaps ob-
servable in Figure 16 corresponds to the energy of red light emission. We
recorded the photoluminescence of the LECs in different moments of the life-
time, from prior to utilization, to post-mortem. The photoluminescence (PL)
of the just prepared LECs revealed only the contribution of the blue emission
of the host materials and the green emission of the guest, while the PL spectra
collected after the cells were left running for about two minutes exhibited the
band in the red region of the spectrum. Additionally, the green emission of the
[PhsPBn]2[MnBr.] showed to decrease in intensity across the lifetime of the
LECs. This made us formulate the hypothesis that while the LECs are operat-
ing, the [MnBr4]? tetrahedra could drift under the action of the applied bias
and therefore come in contact with each other to form octahedral or trigonal
bipyramidal complexes (Figure 18). This is in line with the progressive for-
mation of red-emitting Mn(l1l) complexes and the consequent loss of green-
emitting ones, rather than exciplet emission due to the interaction with the host
materials. In fact, the exciplet emission should appear right after the host-guest
layer formation, but this was not observed in our case. Moreover, a behavior
similar to the one we described has been reported in the study by Y.
Rodriguez-Lazcano and collaborators,*®! where [MnX4]? tetrahedra (X = ClI
or Br) converted into red-emitting species under stress in form of pressure,
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and in the previously mentioned study by Z. Huang and collaborators, where
the transition of ILs to LC phases led to the formation of [MnCI,Br]™ red-
emitting species. (8
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Figure 17. Photoluminescence (left) and electroluminescence (right) spectra
of the prepared LECs.

Overall, our findings show how the asymmetric [PhsPBn].[MnBr4] was suc-
cessfully employed as a practical dual emitter for monocomponent white
LECs. The adopted design allowed the in situ formation of red-emitting spe-
cies that additionally gave a major contribution to the LEC spectra. Most
likely, this is the result of the highly mobile environment surrounding the
[MnX,]? tetrahedra, which was provided by the asymmetric cations and the
supporting IL.

W oo g

Figure 18. Proposed mechanisms for the formation of red-emitting Mn?* oc-
tahedra.
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4.  Paper IlI: Fully organic small molecules
as emitters

4.1 8-Hydroxyquinolines IL-like thermal properties

In Paper 111, we attempted to synthesize IL-SM by combining the lumines-
cent [BHgH]" cation with the bis(trifluoromethanesulfonyl)imide [Tf2N]-,
which is extensively used for the synthesis of ILs due to its flexibility and
chemical stability.[***242 We expanded our research by functionalizing the
cation with one methyl group in position 2 (on the pyridinic ring)
[2Me8HgH]* and position 5 (on the phenolic ring) [5SMe8HgH]*. The methyl
group has an electron-donating nature and the introduction of this group in
different positions was expected to affect the electron cloud and therefore to
perturbate the energy levels of the molecule. This allowed us to better explore
and understand the photophysical properties of these compounds.

The DSC curves of the synthesized salts (Figure 19) demonstrated a
typical profile for ILs, but [BHgH][Tf.N] and [2Me8HgH][Tf:N] presented
a temperature of melting higher than 100 °C, therefore formally violating the
definition of ILs. While [BHgH][Tf:N] and [2Me8HqgH][Tf.N] melted, respec-
tively, at 113 °C and 130 °C, [5Me8HqH][Tf.N] melted at 99 °C. Addition-
ally, the first two compounds were both characterized by a strong supercool-
ing (ATsupercooling) OF 46 °C and 40 °C, respectively, while [5Me8HgH][Tf:N]
showed a much smaller ATsypercooling OF 17 °C. This is the result of a crystalli-
zation hindering, which is a common feature for ILs.®! This behavior could be
exploited in the field of electroluminescent device fabrication, allowing sol-
vent-free layer formation through the application of supercooled materials.
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SCXRD was performed for all three compounds, revealing an intricate net-
work of hydrogen bonds and =w-stacking (Figure 20). The latter always
involved the stacking of one moiety of the cation (phenolic or pyridinic)
and a different one from a neighboring cation. In the structure of
[BHgH][Tf.N] and [5SMe8HqH][TfN], this resulted in the formation of con-
tinuous columns of cations in what we called a stair configuration, while
the cations of [2Me8HqH][Tf:N] organized in dimers. Both hydrogen-bond
and mt-stacking interactions are the reason why the compounds exhibit a
high tendency to crystallize, besides the “quenching” presence of the
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Figure 19. DSC curves of the obtained 8-hydroxyquinolinium salts.
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Figure 20. Representation of the strongest hydrogen bond connectivities in
[BHgH][TfN] (a), [5SMe8HqH][Tf.N] (b), and [2Me8HqH][Tf.N] (c) to-
gether with the respective stair ([8HgH][Tf.N] (d) and [SMe8HqH][TT:N] (e))
and dimeric ([2Me8HqH][Tf:N] (f)) n—n stacking forming the crystallo-
graphic networks.

4.2 The effect of methyl-substitution on the
luminescence of [BHqH]" salts

Differently from the just discussed materials, the [BHqH]* salts presented
in Paper 111 do not rely on a metal center for light emission, but rather on the
fluorescent quenching of the excited states of the cations.

All the [8HgH]"-based ionic compounds revealed blue or green-blue emis-
sion under UV photoexcitation (Figure 21) and their properties were investi-
gated in solid-state, in aqueous solutions (2.0 x 10* M), and in the supercooled
state to unravel more details of their luminescence properties. DFT calcula-
tions were performed to have a deeper understanding of the luminescent
mechanism and nature. From the results of DFT calculations, the HOMO and
LUMO of 8Hgs-based compounds were located on the phenolic and pyridinic
rings, respectively (Figure 22). Since the addition of a methyl group in posi-
tion 2 or 5 affects the energy of the molecular orbitals due to its electron-
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donating nature (as also confirmed by DFT), the luminescence of the com-
pounds is also affected. More specifically, the methyl group increases the en-
ergy of the molecular orbitals located on the functionalized ring. Therefore,
we expected a narrowing of the HOMO-LUMO gap for [SMe8HqH][T:N]
(an increase of the energy of the HOMO) and a widening for
[2Me8HqgH][Tf.N] (an increase of the energy of the LUMO) when compared
with the unsubstituted [8HqH][Tf.N]. This would lead respectively to a red-
shifted (less energetic) and a blue-shifted (more energetic) emission.

The emission of solid [BHqH][Tf.N] (Aex = 400 nm) was represented as a
broad curve with a maximum at 460 nm, originating from n*-x transitions of
the [8HgH]* unit. The methylated relatives followed the expected trend. Solid
[5Me8HqH][Tf.N] was characterized by a redshifted emission with the emis-
sion peak at 488 nm (Aex = 420 nm), while the one of [2Me8HqH][Tf.N] was
slightly blueshifted with the peak at 393 nm (Aex = 400 nm). The color differ-
ence is more clearly displayed with a CIE 1931 diagram (Figure 21). The
obtained QYs and lifetimes of each compound were, respectively, 20% and
40 ns for [BHgH][Tf2N], 13% and 24 ns for [5SMe8HqH][Tf.N], and 49% and
47 ns for [2Me8HgH][Tf:N], with all the lifetimes fitting a monoexponential
decay. These photophysical properties are comparable with the ones reported
for other metal-hydroxyquinoline-based materials, which have found applica-
tion in OLEDs.[}43-148]

The investigation of the luminescence in solutions and supercooled states
revealed the role of the rigid network built between the ions in the crystalline
state. When the herein-presented salts were dissolved in water, the broad band
emissions resulted blue-shifted because of the solvatochromic effect of the
polar solvent. Additionally, the intensities were not strong enough to allow
QY or lifetime determination. Most likely, the cations (the only ions respon-
sible for the light emission) were not locked anymore in place via hydrogen
bonds and n-stacking, but rather surrounded by polar molecules. In these con-
ditions, the excited states could deactivate through the fast proton transfer
mechanism previously discussed, ! leading to fluorescence quenching and
therefore to the negligible luminescence of the solutions.

For the measurements in the supercooled state, the compounds were heated
above the melting point and then cooled down to lower temperatures, but still
higher than the crystallization point. Also in this case, the luminescence of the
compounds was quenched. The extremely weak fluorescence obtained after
photoexcitation was redshifted for all the compounds and it was not possible
to record QYs and lifetimes as well as for the aqueous solutions. The redshift
and the quenching were explained as the result of increased vibrational free-
dom of the cations in a liquid-similar state that is the supercooled state, which
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led to the formation of aggregates and motion-related non-radiative deactiva-
tion mechanism.

As for the Mn(ll)-based emitters, the electroluminescence of these SMs
was investigated. Also for these materials, the electroluminescence allowed
only for qualitative analysis (Figure 23), revealing their blue emission, which
intensity trend resembled the photoluminescence ones ([5Me8HgH][TT:N] <
[BHgH][T.N] < [2Me8HgH][Tf.N]).

As for the Mn-based emitters, analysis with cyclic voltammetry was per-
formed also on 8HgH-based materials. The obtained curves exhibited clear
quasi-reversible processes in both reduction and oxidation. The bandgaps fol-
lowed the trend identified with DFT calculations and were reproducible over
multiple cycles.
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Figure 21. Photoluminescence spectra and relative CIE 1931 coordinates of
[BHgH][TT.N], [5Me8HqH][Tf:N], and [2Me8HgH][Tf.N].
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Figure 23. Electroluminescence of [8HgH][Tf.N] (a), [5SMe8HqH][TT.N] (b),

and [2Me8HqH][Tf.N] (c).
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5. Paper IV: ILs with photoswitchable
properties

5.1 Azobenzene photoisomerization

ILs can be easily functionalized through substitution reaction, and recent
examples of azobenzene-ILs (azo-1Ls) have been demonstrated to be an opti-
mal scaffold for various applications. Appropriate functionalization of azo-
ILs has led to light-controlled ion transporters**’l and time enhancers for drug
delivery systems.[** Some ILs can exhibit LC mesophases and this is also the
case for azo-1Ls.[*5% Such compounds have been studied, showing the effect
of the ionic character on mesomorphic behavior,!**? developing ILs with pho-
tochromic functionalities*>® or photoresponsive conductivity.[*54

Having this kind of background, we have found interest in synthesizing a
series of azo-1Ls bearing different substituents on the azobenzene moiety and
investigating their effect on cis-trans conversion efficiency and thermal be-
havior. For this purpose, the ILs studied for Paper IV and presented in this
chapter were sharing the chemical structure presented in Figure 24. The azo-
benzene group was connected to a dodecyl-imidazole group through an ether
link. In this way, the cationic moiety would act as a mesogenic group, while
more flexibility was assured by the connecting bridge. Different substituent
groups -R were located on the opposite end of the photoswitchable azoben-
zene unit, in the para position. To properly investigate the effect of this group,
a wide array of functions were taken into consideration, such as methyl- (Me,
(1)), tert-butyl- (t-Bu (2)), methoxy- (OMe (3)), N,N-dimethylamino (NMe;
(4)), and nitro (NO2 (5)) groups.
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Figure 24. The general structure of the studied compounds (R = Me (1), t-Bu
(2), OMe (3), NMe; (4), and NO- (5) (Adapted with permission from Paper
V).

5.2 The effects of substituents on thermal properties

Thermal analyses through DSC revealed the phase transitions that char-
acterize the obtained compounds. Only compounds 2 and 4 showed a melting
temperature below 100 °C (99.5 °C and 63.6 °C, respectively) fulfilling the
requirement for being defined as ILs. Nevertheless, all the compounds showed
thermal properties characteristic of ILs, such as supercooling (the recrystalli-
zation from the melt at a temperature significantly below the melting point),
crystallization during the heating process, or a mesophase (Figure 25). The
latter has been identified for 1-4, but not for 5, which reveals only a direct
phase transition from solid to isotropic liquid. All the others, instead, pre-
sented a SmA LC phase, which was identified by POM. Azo-compound 1, 2,
and 4 showed the transition while heating, the SmA LC phase was revealed
by an oily streak texture. Instead, 3 showed focal conic texture upon cooling
as the distinctive indication of a SmA phase (Figure 26).
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Figure 25. DSC thermograms of compounds 1-5. For each compound, the
upper line corresponds to the 2™ heating curve, while the lower line corre-
sponds to the 2" cooling (Adapted with permission from Paper 1V).

Figure 26. Representative textures as seen between crossed polarizers: (left)
oily streak texture of compound 2 at 103.1 °C, (right) focal conic texture upon
cooling of compound 3 at 107.3 °C (Adapted with permission from Paper V).

Even though crystals suitable for X-ray diffraction analysis were success-
fully grown only for 1-3, it was still possible to get an insight into the structural
effect of the -R group, which then affected the thermal properties. The meth-
oxy group of 3 most likely stabilized the crystal formation and hindered the
mesophase formation through a CH---O electrostatic hydrogen bond (2.89 A)
with a neighboring azobenzene ring. This could not occur with 1 or 2, since
their substituents were alkyl groups, without an electronegative heteroatom.
Additionally, compounds 1-3 showed that the azo-cation bent to form a “U”
shape, having the R group of a unit facing the neighboring one (e. g. 1 in
Figure 27). In this way, it was possible to explain why 4 presented the smallest
mesophase temperature window of 58.4 °C (in contrast to the wide 100 °C of
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2) and why 5 did not form an LC phase. Since both compounds have a polar
group (NMe; (4) and NO; (5)), close contacts between them would result in
repulsive forces, hampering the recrystallization. For 1-3, instead, van der
Waals forces between the —R groups would pull the different molecules to-
gether, forming crystalline and LC phases.
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Figure 27 Projections of the crystal structure of compound 1 on the bc plane
showing the “U” shape formed by the azo-cations (Adapted with permission
from Paper V).

5.3 The effects of substituents on photochromic
properties

The photochromic properties of each azo-IL were investigated through
UV-Vis absorbance measurements. Methanolic solutions of the compounds
revealed a common profile, with a peak between 340 nm and 410 nm and one
less intense at lower energies, between 430 nm and 440 nm (Figure 28). Time-
dependent density functional theory (TDFT) calculations and bibliographic
research made it possible to define the transitions responsible for the identified
absorption bands as m-n* (340-410 nm) and n-n* (430-440 nm) of the trans
isomer.[*55:1561 While the energy of the n-r* band barely variated between the
different compounds, the n-n* band was revealed to be shifted. All the shifts
of the -n* band seemed to be related to the electron-donating ability of each
—R group. In fact, the n-n* band progressively redshifted following the order:
Me (1) < t-Bu (2) < OMe (3) < NMe; (4). Contrarily to this trend, the com-
pound with NO- (5) revealed the highest red-shift, besides its low electron-
donating strength.
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Upon UV irradiation, the intensity of the n-n* band decreased and blue-
shifted, while the n-n* one increased in intensity as an effect of the photoisom-
erization to cis conformation. In the cis form, the w-conjugation of the azoben-
zene group diminished, increasing the HOMO-LUMO energy gap and thus
causing the blue shift. This does not occur for 4 nor for the other azo-1Ls be-
cause the n-n* and the n-n* overlap, indicating extremely close energy levels
for the two isomers and therefore a fast relaxation from cis to trans. Therefore,
it was possible to define the efficiency of photoconversion by relying on the
magnitude of the blue-shift. This revealed that 3 has the highest efficiency of
photoisomerization to cis of 92% (blue-shift of 42 nm) among the set of com-
pounds, immediately followed by 2 with 90% (blue-shift of 40 nm).

Ultimately, the substitution in the para position of the azobenzene group
leads to strong differences in the thermal and photochromic behavior of the
synthesized azo-ILs. This revealed how a watchful choice of electron-donat-
ing or electron-withdrawing substituents could allow the achievement of spe-
cific structural interaction for ad-hoc photoresponsive ILCs. Similar materials
could find applications as sensors and in related fields.
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Figure 28. Absorption spectra of methanolic solution of 1-5 before (solid
lines) and after (dotted lines) UV irradiation. (Adapted with permission from
Paper 1V)
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6. Paper V: Triazolium ILs for application
in DSSCs

6.1 Triazolium ILs with LC phases

While imidazolium-based ILs are one of the most diverse and studied clas-
ses of ILs and, as was discussed above, some of them have shown the ability
to organize in an LC phase,[*57%1 it has been proven that ILs having a tria-
zolium as a cationic moiety show more stable mesophases.™*>*-61 This can be
linked to the ability of the molecule to form hydrogen bonds. The presence of
an N atom in position 2 instead of the C-H fragment should lead to a wider
temperature stability range for the LC phase. Additionally, the most common
decomposition process for imidazolium ILs is through radical carbon for-
mation in position 2, which is therefore completely avoided in triazolium ILs.
In the study presented in Paper V, we compared asymmetric 1-alkyl-3-methyl-
triazolium ILs, symmetric 1,3-alkyl-1,2,3-triazolium, and already reported
asymmetric 1-alkyl-3-methylimidazolium iodides to prove their positive ef-
fect on the performances of the DSSCs (Figure 29).

m— —— = 1°
_NE N _NEN- NN
“NT CaHan+ Hom+1Crmi ™ SN CmHam+1 T T T CpHopa
n=12(1), 11 (2), 10 (3), 8 (4), 6 (5), 4 (6) m =10(7), 8 (8) p=12(9), 4 (10)

Figure 29. Representation of the studied ILs: asymmetric (left) and symmetric
(middle) 1,3-dialkyl-triazolium iodides. Related 1-alkyl-3-methylimidazo-
lium iodides (right) were studied for referencing as we use a different experi-
mental setup compared to the literature (Adapted with permission from Paper
V).

Despite our design intent, not all the synthesized triazolium salts have shown
a transition to a mesophase before melting. POM analyses of 1-dodecyl-3-
methyltriazolium iodide (1) and 1-undecyl-3-methyltriazolium iodide (2) al-
lowed the observation of their mesophases which presented an oily streak tex-
ture under POM and were therefore recognized as SmA. Instead, the symmet-
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ric 1,3-didecyltriazolium iodide (7) and 1,3-dioctyltriazolium iodide (8) ex-
hibited SmC phases, recognizable from their marble Schlieren texture (Figure
30). Noteworthy, all the other compounds revealed a melting temperature be-
low 100°C, therefore being classified as ILs.

As it has previously mentioned, DSSCs require a redox couple to work
properly. Therefore, 25 mol% of I, was added to each IL to generate the /15
couple. As a consequence, the thermal behavior of each IL changed, revealing
a decrease in the melting point. This was also followed by the widening of the
LC mesophase window of the ILs that were presenting it. This addition af-
fected also the conductivity of the materials, but this matter will be discussed
in the following subchapter.

Figure 30. Representative textures observed between crossed polarizers under
an optical microscope. a) SmA phase of 1 at 97.4 °C and b) SmC phase of 8
at 58.2 °C (Adapted with permission from Paper V).

6.2 Conductivity and DSSCs performances

To apply the triazolium ILs in an electrochemical device such as the
DSSCs, it was important to assess their conductivity. This was done while
tuning and monitoring the temperature and, as expected, the conductivity in-
creased with the temperature because of the increased mobility of the ions.
The same temperature-dependent conductivity measurements were performed
after the addition of 25 mol% of I,, revealing more interesting results. The
conductivity at operating temperature (40 °C) escalated dramatically, gener-
ally going from less than 1 uScm to more than 800 pScm™ (Figure 31). Ad-
ditionally, cyclic voltammetry analyses demonstrated wide electrochemical
stability, characteristic for ILs, without showing signs of electrode passivation
by the I, which is normally encountered with imidazolium iodide ILs. This
gave high hopes for their performances in devices.
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DSSCs were therefore prepared with these 1,3-dialkyltriazolium triiodide
ILs and their performances were tested. When compared with DSSCs having
imidazolium ILs, our cells demonstrated not only higher efficiency but also
higher stability over time (Figure 31). While the triazolium-DSSCs did not
show a significant efficiency loss over two months, the imidazolium ones had
a 5-10% efficiency loss. This can be related to the stability of the triazolium
ILs and their non-hygroscopicity, while DSSCs with imidazolium ILs were
more likely affected by the capture of moisture.
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Figure 31. Efficiencies of the investigated DSSCs at to and to + 2 months to-
gether with the conductivity of 1,3-dialkyltriazolium iodide ILs with 25% mol
I, at the working temperature of 40°C.

In conclusion, the synthesized triazolium iodide and triiodide ILs demon-
strated greater potential than their imidazolium counterparts in terms of sta-
bility and performance, also showing wide and stable LC mesophases. When
utilized inside DSSCs, the triazolium ILs showed better results than the ones
made with imidazolium, showing less decay over time. These compounds
demonstrate how the triazolium ILs and salts have design-related properties
that provide these materials with a high potential for application as electrolytes
in efficient and stable DSSCs.
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7. Concluding Remarks

ILs are an extremely versatile class of materials that allows diving into the
fourth state of matter, the mesophases. Exploration of their properties through
thermal (DSC), optical (POM), and diffraction techniques (SCXRD, PXRD)
permits the understanding of the interactions underlying their behavior. Thus,
the obtained information provides tools for the design of ionic materials with
specific physicochemical features.

Materials combining ionic conductivity and low melting point with an al-
most absent vapor pressure could revolutionize (and are revolutionizing) the
field of electrochemical devices. This thesis work presents a wide collection
of ionic compounds that were prepared and characterized foreseeing their ap-
plication in such systems, mainly focusing on light-emitting or light-absorbing
devices. Four classes of widely studied P-based (phosphonium) and N-based
(imidazolium, triazolium, 8-hydroxyquinolinium) cations have been utilized
for the synthesis of the final materials, while halides, [Tf.N], and [MnBr,]*
were adopted as anions.

The four phosphonium-based materials bearing the [MnBr4]? emitting cen-
ters have demonstrated peculiar thermal properties together with green photo-
and electroluminescence. While [Paass]2[MnBr4] and [Pssss].[MnBr4], the ma-
terials with the respectively shortest and longest organic groups, were ILs, the
“intermediate” materials [Pesss]2[MNBrs] and [PhsPBn]:[MnBr.] revealed
melting point above 200 °C. The [Pssss]2[MnBr.] showed phase transitions
whose entropies hint at a plastic crystal nature, making this material the first
with these rather large ions. Unfortunately, a precise definition of the structure
was not possible, leaving a shade of uncertainty. The highly emissive
[PhsPBn]2[MnBr.] was successfully adopted in white LECs, exhibiting a dou-
ble green-red emission achieved via drifting of the ions towards the electrodes,
which most likely caused the formation of different coordination of the Mn(Il)
metal center.

Three salts based on 8-hydroxyquinolinium and [Tf:N]" pushed the arbi-
trary boundaries of ILs, exhibiting supercooling but melting slightly above the
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100 °C threshold. Intricate crystal structures relying on mt-stacking and hydro-
gen bonds reveal to be the reason for the efficient blue luminescence rising
from the cations and most likely the “high” melting point.

The imidazolium ILs were functionalized with azo-benzene photoswitcha-
ble units having different functional groups in para. These functions affected
strongly the ability of the ILs to form mesophases due to the interactions be-
tween the ionic moieties while retaining the ability to switch between cis and
trans isomers. The reversibility of the process was still bonded to the nature
of the group in position para and it has been determined via evaluation of the
n-* UV-Vis absorption band.

Finally, the mesophase formation of triazolium ILs has been analyzed in
relationship with the length of the alkyl chains bonded in positions 1 and 3.
We found that only the ILs with chains exceeding a threshold of eight carbons
were able to form mesophases. Expected to have more stability than the imid-
azolium relatives due to the absence of the carbon atom in position 2, these
ILs have been applied in DSSCs as intermediate electrolytes, proving their
higher performances. Additionally, cyclic voltammetry investigations did not
reveal the passivation of the electrodes by the /15" couple, a common draw-
back of this redox mediator.
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8. Outlook

The collection of ionic materials explored in this work has demonstrated
properties that are of utmost importance for the advancement of photoelectro-
chemical devices. The “ionic liquid approach” that has been taken for the de-
sign of such compounds aims to give the basis for innovative solutions for the
advancement of the field. Additionally, the pairing of structural and thermal
properties gives great insight into the ability of these materials to form
mesophases or exhibit supercooling, therefore helping future research for the
tailoring of ad hoc ionic materials.

The series of Mn(ll)-based materials spaces across the whole range of
states of non-gaseous materials, going from the RTIL [Pgsss]o[MnBr4], to the
IL [Pa444]2[MnBrs] exhibiting a SmA mesophase, to the (most likely) plastic
crystal [Pssss]2[MnBra], to the crystalline [PhsPBn].[MnBrs4]. The application
of the latter in host-guest LECs has opened a door toward single-emitter
broadband white LECs. More research aimed at the improvement of the per-
formances of this kind of device will allow the fabrication of more efficient
and low-cost apparati. Moreover, the [P4sss]2[MnBr4] could find application in
devices where the layer formation is not bounded to the need for a solvent,
while the mesophases of [Pesss]2[MnBr4] could well be further explored for
application in solvent-free devices.

The 8HgH-based SMs are the first example of extremely small and easily
synthesizable blue-light emitters. Their supercooling and low melting temper-
ature could be adopted for solvent-free processing for application in light-
emitting devices, even if more research will be needed to overcome their high
crystallinity and obtain the adequate amorphous substrate (e.g. embedding in
a host material, control of spin-coating parameters).

The investigations on the azo-imidazolium ILs and triazolium ILs and the
effect of substituent groups on the mesophase formation could lead to their
application in photoresponsive devices and innovative more stable DSSCs,
respectively. Moreover, the obtained results could be used as a starting point
for even more stable ionic materials that could even see their utilization by the
wide public.
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