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ABSTRACT

Il presente lavoro di Tesi di Dottorato di Rice(&cuola di Dottorato in
Scienza e Tecnica "Bernardino Telesio") dal tittNlmvel Organic Optoelectronic
Materials' & stato svolto all'interno dei laboratori di "@rigc Optoelectronic
Materials" e "New Syntheses via Organometallic yais' del Dipartimento di
Chimica dell'Universita della Calabria.

Nuovi semiconduttori organici potenzialmente imjieidj in dispositivi
optoelettronici quali OLEDs, celle solari, transgaed elettrocromici sono state
progettate, sintetizzate e caratterizzate.

La prima parte del lavoro ha riguardato la sineeta caratterizzazione di
derivati di triarilammine, molecole elettron-doneit(anodiche), da impiegare in
dispositivi elettrocromici ("smart windows") peatftenuazione della radiazione
solare nel vicino infrarosso (NIR). L'intensa edesa banda di assorbimento nel
NIR prodotta delle specie mono-ossidate ha suggdlitnpiego di queste
triarilammine in dispositivi "complementari" in cuengono utilizzate insieme a
molecole elettron-accetrici (catodiche) elettrocidma nel visibile, per un'ampia
modulazione dello spettro solare. Tali sistemi ssteti dispersi all'interno di
matrici polimeriche al fine di realizzare dei gédterocromici le cui prestazioni
sono state ampiamente studiate. La risposta etettroca del gel € stata inoltre
provata in un dispositivo plastico, dimostrandom@dtenziali applicazioni campo
dell'elettronica flessibile.

La seconda parte del lavoro invece, ha riguargasintesi e lo studio delle
proprieta di cristalli liquidi semiconduttori dipto "n" (elettron-accetori) da
impiegare in celle solari organiche "bulk hetergjuon”. Tali molecole,
appartenenti alla famiglia dei viologeni estesini@a mostrato interessantissime
proprieta mesomorfiche fortemente influenzate ddllaghezza delle catene
alchiliche ( a 9, 10 e 11 atomi di carbonio) e 'dalbne utilizzato, la
bis(trifimmide). Le proprieta elettrochimiche diugsti composti sono state
investigate sia in soluzione che nelle mesofasietfloace elettrocromismo

dovuta () al doppio strato elettrico creato all'elettrodzglil anioni presenti i



all'elevata sovrapposizione degli orbitali di frend dell'esteso sistema-
coniugato e stato osservato nelle fasi colonnatinettiche in cui le molecole si
sono auto-assemblate.

Infine, le proprieta elettrocromiche di questi casip sono state studiate

all'interno di film plastici utilizzabili in dispasvi quali i displays.
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INTRODUCTION

Organic optoelectronic materials have attractediquaar attention since
the discovery of conducting polymers in the 1970k {Conceptually, organic
materials allow chemical engineering of optoeleutrgproperties by molecular
design, taking advantage of low cost, flexibililgyv temperature processing and
roll-to-roll large area producing ability. Moreoyearganic optoelectronic devices
exhibit high sensitivity to electrical and opticatimulus and can realize the
integration of light detection, energy conversiam asignal magnification, and
hence have attracted the world’'s attention for desa[2]. The organic
semiconducting materials used in electronic andeapttronic devices are based
on n-conjugated systems and generally are split into gwoups: small molecules
and polymers [3]. Compared to polymer materialsalsrmolecules possess
defined molecular structure and molecular weightdonvenient synthesis and
purification, which greatly improves the synthetieproducibility as well as
exhibiting a greater tendency to form ordered dosyaaffording higher charge
carrier (holes and electrons) mobilities [4]. Cleargransport in organic
semiconductors typically, depends on the abilitythed charge carriers to move
from one molecule to another, which depends orettexgy gap between highest
occupied molecular orbital (HOMO) and lowest unqmed molecular orbital
(LUMO) levels. The physical properties (such asagbdt charge carrier mobility,
HOMO/LUMO energy levels, and structural orderingf these organic
semiconductors can be easily fine-tuned by varichemical functionalizations
[5].

This thesis focuses on the synthesis, charactenmzaand device
exploitation of novel organic materials for optatenics. In particular, one aim
of this thesis has been to explore the propertiescampound based on
triarylamine derivatives. These have attractedtgrdarest for their good electron
donating and hole-transporting capabilities thatehmade them widely applied in
various electro-optical devices such as organitt legnitting diodes (OLEDS) [6],



organic field-effect transistors [7] and more ratens dyes in organic solar cell
[8,9].

The electrochromic (EC) properties of triarylamirveish multiple redox
centres, mainly arising from the intervalence cbkattpnsfer (IV-CT) bands
produced by their radical cation species, have bsmlely investigated (see
Chapter 1). Usually, these IV-CT bands are vergnsé and are centered in the
near-infrared (NIR) region of the solar spectru®-1b6]. Thus, EC materials able
to absorb in the NIR could be exploitable for thakmontrol devices, for this
reason in the last years a great number of mols¢i17] and polymers [18-22]
based on triarylamine unit were designed and sgizéd.

With the purpose to extend the solar control towie NIR region, we
synthesized and characterized the new triarylammelecule N,N’-Bis(4-
heptanoylamidophenyl),N’-di(4-methoxyphenyl)-1,4-phenylendiamine
(TPPAHM). Its electrochemical and spectroelectrogical behavior has been
studied either experimentally or theoretically @htlependent—density functional
theory, TD-DFT, spectral simulation) and has beemgared with those of the
unsubstituted analogueN,N,N’,N-Tetraphenyl-1,4-phenylendiamine (TPPA)
(Chapter 2). These two anodic NIR electroactive anles were then used in
complementary EC devices (ECDs). Highly transpaighsolutions composed of
TPPA or TPPAHM coupled to an electron-acceptor ke such as the ethyl
viologen (EV) were prepared and fully characterigétapter 3). The most stable
and performing system was then mixed with a thetastig polymeric matrix in
order to prepare a gel-based ECD. Moreover, aldlexceC device was also
assembled and its electrochromic response has shemessfully achieved, thus
showing the potentialities of this EC gel for a @iichnge of applications.

The second aim of this thesis has been focusedhensynthesis and
characterization of semiconducting liquid crystalth electron-acceptor character
potentially useful for bulk heterojunction solatlseThis device architecture have
attracted significant attention because p-type mitgbe organic semiconductors
form nanosegregated structures [23], allowing ay eantrol of the morphology
of the photoactive layers [5]. However, mostiqtiid crystalline semiconductors

studied up to now are gktype R4]. Thus, with the aim to contribute significantly



to the advancement of efficient electron-transpgrtin-type) materials, we
designed and synthesized a new class of n-typeceaducting mesogens. Our
strategies was to functionalize with flexible alkjlains, the "rod-like" core of a
strong electron-acceptor molecule such as the d&teniologen.

The synthesis and the self-assembling nature (magdnsm) of these
compounds (thienoviologen mesogens) have beenytietussed in Chapter 4.
Instead, Chapter 5 has been devoted to the inegistigof the redox properties of
these mesogens. A fast and reversible electrockronm the liquid crystalline
state of these compounds was demonstrated. Thezatiffes in the response times
between the nanostructured phases in which theculeleself-organize can be
explained by the difference in the electronic caniun via n-conjugated system.

Finally, in the Chapter 6 we have shown the po#tajpplicability of these
molecules in plastic films that could be used fispthy technologies.



CHAPTER 1

Organic Materialsfor Optolectronics

1.1. Introduction

Recently, the search for new materials has beestlgrextended into the
field of organic (semiconducting) molecules andypwrs, which offer the
advantage of wide chemical functionalities by whictheir optical,
electrochemical, solubility, morphological, andattecal properties can be tuned
[5]. Compared to classical inorganic semiconductorsaricg materials offer
facile solution processability into flexible filne low temperatures, which makes
them attractive for novel electronic devices [2B]g( 1.1). New efficient and
potentially low-cost methods for fabricating usefudnd, in some cases,
complicated structures that are inaccessible byventional methods using
conventional semiconductors, can be employed usi@nic compounds as
active materials of electronic and optoelectroraeides [3].

Although the organic optoelectronic materials stddiin this thesis
(triarylamines and semiconducting liquid crystalappear chemically very
different, they are however unites by a particyeoperty: the electrochromism.
Thus, in this chapter we are going to discussihedmentals of this property and
then we will talk about other related propertiestsas the electronic conduction

in the ordered semiconducting materials.

Fig. 1.1. Flexible Electrochromic Display [167].



1.2. Electrochromism

Electrochromism is defined as a reversible changmior when a material
is oxidized or reduced as a result of changesarbdnd-gap of the material [26].
This phenomenon was suggested theoretically by. P&t [27] in 1961 and
discovered by Deb in 1969 [28}lany chemical species can be switched between
redox states that have distinct electronic absmmpsipectra [29]. Such spectra
arise from either a moderate energy internal edeatr excitation or an
intervalence optical charge transfer where the etenspecies has two centers of
differing valence or oxidation state [26, 29-38].

While materials are considered to be electrochroflBic) when marked
visible color changes are shown under illuminatio®cent interest in
electrochromic devices (ECDs) for multispectral rgge modulation by
reflectance and absorbance has extended the aefif89]. Chemical species are
now being studied for modulation of radiation i thear infrared (NIR) [34,35],
thermal infrared [36], and microwave regions, andldr’ can mean response of
detectors to these electromagnetic regions, notthes human eye [40]. Before
switching to a more detailed discussion of EC piganaterials some of the
important parameters in identifying and charactegzthe electrochromic

materials are outlined.

1.2.1. Electrochromic Contrast

Electrochromic contrast is probably the most imgott factor in
evaluating an electrochromic material. It is ofteeported as a percent
transmittance chang@A%T) at a specified wavelength where the electratico
material has the highest optical contrast.

For some applications, it is more useful to reparicontrast over a
specified range rather than a single wavelength. dain an overall
electrochromic contrast, measuring the relativeitiamce change provides more

realistic contrast values since it offers a perspecon the transmissivity of a



material as it relates to the human eye percemidransmittance over the entire
visible spectrum [41,42]. The light source usedasbrated taking into account

the sensitivity of the human eye to different wawgjths.

1.2.2. Coloration Efficiency

The coloration efficiency (also referred to as #lethromic efficiency) is
a practical tool to measure the power requiremeh#s electrochromic material.
In essence, it determines the amount of opticasithenhange AOD) induced as a
function of the injected/ejected electronic chaf@eg), i.e., the amount of charge

necessary to produce the optical change. It isigbyethe equation

AOD

=0 log [T}, /T;]/Qu
d

wheren (cn?/C) is the coloration efficiency at a givénand T, and T, are the
bleached and colored transmittance values, respéctiThe relationship between
n and the charge injected to the EC material candeel to evaluate the reaction
coordinate of the coloration process, or #healues can be reported at a specific

degree of coloration for practical purposes [43,44]

1.2.3. Switching Speed

Switching speed is often reported as the time reduifor the
coloring/bleaching process of an EC material. Itingoortant especially for
applications such as dynamic displays and switehabirrors. The switching
speed of electrochromic materials is dependentuaral factors such as the ionic
conductivity of the electrolyte, accessibility dfetions to the electroactive sites
(ion diffusion in thin films), magnitude of the dma potential, film thickness,
and morphology of the thin film. Today subsecondtdwng rates are easily
attained using polymers and composites containmngllsorganic electrochromes
[43,44].



1.2.4. Stability

Electrochromic stability is usually associated welkctrochemical stability since
the degradation of the active redox couple resulthe loss of electrochromic
contrast and hence the performance of the EC mht&€pbmmon degradation
paths include irreversible oxidation or reductidregtreme potentialsR loss of
the electrode or the electrolyte, side reactions ttuthe presence of water or
oxygen in the cell, and heat release due to thistires parts in the system.
Although current reports include switching stak@ktof up to 18 cycles without
significance performance loss, the lack of durabilespecially compared to
LCDs) is still an important drawback for commer@ation of ECDs. Defect-free
processing of thin films, careful charge balancehef electroactive components,
and air-free sealing of devices are important facfor long-term operation of
ECDs [19].

1.2.5. Optical Memory

One of the benefits of using an EC material in spldiy as opposed to a
light-emitting material is its optical memory (alsalled open-circuit memory),
which is defined as the time the material retatssaibsorption state after the
electric field is removed. In solution-based elechiromic systems such as
viologens, the colored state quickly bleaches ug@omination of current due to
the diffusion of soluble electrochromes away frdma electrodes (a phenomenon
called self-erasing). In solid-state ECDs, wheredlectrochromes are adhered to
electrodes, the electrochromic memory can be a3 &sndays or weeks with no
further current required. In reality, however, ECiday require small refreshing
charges to maintain the charge state becauseesdtans or short circuits change
the desired color [43,44].



1.3. Organic Electrochromic Materials

Electrochromic organic materials can be classiifrethree main types in
terms of their electronically accessible opticates. The first type includes
materials with at least one colored and one blehdhate. These materials are
especially useful for absorption/transmission-tygevice applications such as
smart windows and optical shutters. Typical exasmplethis area are viologens
and polymers such as poly(3,4-ethylenedioxythioph¢ REDOT). A second class
of materials consists of electrochromes with twatidctive colored states. These
EC materials lack a transmissive state but areul$&f display-type applications
where different colors are desired in differentaedstates. Polythiophene is a
good example of this type, where the thin filmgte$ polymer switch from red to
blue upon oxidation. A third class includes the vgrg interest in the
electrochromic field, where more than two colortestaare accessible depending
on the redox state of the material. This is thea ambere conjugated polymers
have found the most interest due to their vergafitir making blends, laminates,
and copolymers. Additionally, there are inheremtiylticolor EC polymers such
as PANI or poly(3,4-propylenedioxypyrrole) (PProD(43, 44].

In this work we studied the properties of some an@ehd cathodic EC
organic molecules. In particular, we focused outeriest on triarylamine
derivatives as anodic species, whereas viologemk extended viologens as
cathodic molecules.

1.3.1. Triarylaminederivatives

The general interest in triarylamines stems from tact that they are
widely used not only as hole transport materialmultilayer organic light-
emitting diodes (OLEDs) [45] and as organic thigelain a large variety of
optoelectronics [46-48]. A series of triphenylamim®lecules (Fig. 1.2) with
varied oxidation potentials were synthesized by #pt coworkers [16] as active

components for OLEDs and display, in order to eatduhe effects of electron-



donating groups (amino) and electron-withdrawingugs (nitro, cyano and

carboxylic acid) on the electron moietymphenylenediamine.
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CPD, X =CN
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Fig. 1.2. Chemical structures @gfphenylendiamines [16 ].
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Fig. 1.3. Absorption spectral change of 1.91 x*10  Fig. 1.4. Absorption spectral change of 3.01 x

M NPD in CHCI, containing 0.1 M TBAP. 10* M APD in CHCI, containing 0.1 M
Eappi=() 0.90 (b) 0.96 (c) 0.98 (d) 1.00 (e) 1.02 (f) TBAP. Ep = (a) 0.20 (b) 0.36 (c) 0.40 (d)
1.04 and (g) 1.10 V [16]. 0.44 and (e) 0.52 V [16].

In another work, Chiu et al. [17] designed the dturally isomeric
N,N,N',N‘tetraarylp-phenylenediamine derivatives (PDs) by introducsaitable
substituents at the outer-phenyl positions (Figh).1They investigated the
electrochemical and spectroscopic properties ofribkecules in order to observe
the substituent effects on the electronic structumé the molecular delocalization

and thus clarify intramolecular electron transtef) processes.
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Fig. 1.5. Chemical structures of PDs [17].
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Fig. 1.7. Absorption spectral change of 1 x4M

NPD2 in CHCI, containing 0.1 M TBAP. g
=(a) 0.76 (b) 0.85 (c) 0.91 (d) 0.94 (e) 0.97 (DA
(g) 1.10V [17].

Fig. 1.6. Cyclic voltammogram of
NPD2 in CHCI, containing 0.1 M
TBAP. Scan rate = 0.1 V/s [17]

The strong absorption band in the near-infraredRjNEgion of the solar
spectrum, due to the radical cation species forapesh electrochemical oxidation
was extensively studied [11-15]. Triarylamines am@ixed-valence (MV)
compounds and are extensively studied for the cehgmsion of the
intramolecular ET [11]. For example, Nelsen and adwrs [49] studied a
number of p-phenylenediamine cation radicals using both tineetdependent
theory and spectroscopic measurements. The prepeasti MV systems depend

10



strongly on the extent of electroninteraction between the redox centers
accordance with the Rol-Day classification [50],N,N,N',N-tetraphenylp-
phenylenediamine (TPPA) cation radical has beempgsed as a symmetric
delocalized class Il structure with a strong efeaic coupling (the electron
delocalized over the two redox centers) |

Because their significantly NIR attenuation, theafylamines seems to |
potential candidates for thermal control devi

Novel NIR electroactive materials, for technologi@pplication, wa:
obtained from polyamide films containing tetraph-p-phenyendiamine units
(Fig. 1.9 and their electronic sptra are reported in Fig. 1.9 [20].

O H H O
N@ @N—lR
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Meog QOMe

FsC™ "CF3

Fig. 1.8. Aromatic Polyamides [20].
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Fig. 1.9. Electrochromic behavior of polyamidb thin film (A=65 nm in thickness) on the I'-coated glass
substrate in 0.M TBAP/CH;CN at applied potentials of (a) 0, (b) 0.40, (c)X.&) 0.60, (e) 0.70, (f) 0.7

(9) 0.80, (h) 0.85, (i) 0.93, (j) 1.00, (k) 1.10 ¢¢ Ag/AgCl).1b", black solid arrowjb®", gray solid arrow
[20].
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New polymeric films with improved NIR electrochraenresponse was
proposed by Liou et al. [21]. They synthesizednsatic polyamides with
strarburst triarylamine groups in the backbone.(Ei§j0). Their spectra are shown
in Fig. 1.11.
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Fig. 1.10. Starburst Triarylamine-containing electroactivenaids [21].
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Figure 1.11. Electrochromic behavior at applied potentialsa)f@.00, (b) 0.55, (c) 0.80, (d) 1.10, (e) 1.45 (V
vs Ag/AgCI) of polyamide la thin flm~120 nm in thickness) on the ITO-coated glass satestn 0.1 M
TBAP/CH;CN [21].
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1.3.2 Viologensand Extended Viologens

Viologen species, formally named as salts of lisiHoktituent-4,4'-
bipyridinium [51], are classic organic building bks that have been utilized in a
variety of fields, such as photochemistry [52],calechemistry [53], solar energy
conversion [54], and as bridging ligands in metallaramolecular assemblies, or
molecular wires [55]. Viologens can undergo two cassive electron-transfer
reactions from the dication (the most stable fotonproduce a radical cation, and
then form a neutral species (figure 1.12).

HI HI ﬁl
fNQ [,N [,N
| ] 0]

= e &y

N - = -

o0y )
N N \

R R R

Fig. 1.12. The three common redox states of viologens, showifreg two successive electron transfer
reactions. R and R' can be the same aliphatic oraiosubstituents.

The bipyridinium dication has a relatively high alten affinity[56] so a
stable and colored radical cation species is forraier the reversible single
electron reduction [57]. Its stability is attribible to the delocalisation of the
radical electron throughout tieframework of the bipyridyl nucleus, the 1 and 1’
substituents commonly bearing some of the chardee TWadical cation in
particular is highly colored because of an inteoggcal charge transfer between
the (formally) +1 and zero valent nitrogens. A ahbié choice of nitrogen
substituents in viologens to attain the appropnmtdecular orbital energy levels
can, in principle, allow colour choice of the raaication. Short alkyl chains for
example, are blue/violet whereas aryl groups ssc-@yanophenyl in 1,1'-bis(4-
cyanophenyl)-4,4'-bipyridilium generally impart eegn hue to the radical cation
[35]. The neutral species show a weak color intgnsistead, since no optical
charge transfer or internal transition correspogdin visible wavelength is
accessible [34,57].
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So far, various viologen systems have been propasddnuch effort has
been made to develapdustrially applicable EC displays [36] and eleaic
papers [58-59] with high coloration efficiency amgbod cyclability of the
coloration—decoloration proced’ecently, muchattention has been paid to the
viologen incorporating bridging phosphoryl grou@]®r m-conjugated fragment
[61] that dramatically enhances the electron-aarefgatures of the molecule.
These new viologens, called "extended viologensVinga different skeletal
structures from traditional ones and that give Istadical cations are of current
interest for organic electronics. The extendedogehs known are dications that
have phenylene [62-64], thiophene [62, 65-66jan [62],and polyene [67-69]
units between the pyridylium rings (Fig. 1.13).

n=1,2 n=1,23

®= =@
R—M N-R
n=1 n=1,2,.. 11

Fig. 1.13. Known extended viologens [61]

Viologens containing the butadienylene- and higlpelyethenylene-
extended ones tend to be reduced to the unstatiarzations [70], sthat they
are not good EC materials. Takahashi et al. [62¢ ltemonstrated that viologens
in which the two pyridylium rings are connected by two orreneethylene
moieties undergo one-stage two-electron reductidrlewthose including one
thiophene or duran groupundergo reversible two-stage one-electron redugction
detected in cyclivoltammetry experiments (Fig. 1.14), indicating tbemation
of stable and intensely coloured radical cations (Fig. 1.BS) well as the
corresponding neutral species. In addition, violggecontaining a single
thiophene, furan or phenyl group, have showed @soence emission spectra

upon photoexcitation at room temperature [62].
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Fig. 1.14 Cyclic voltammograms of extended viologen contajna)thiophene and (bfuran unit, 0.1 mmol
dm? in MeCN with 0.1 mol dni Et,;NC10, at room temperature [scan rate: 50 M\teference electrode:

saturated calomel electrode (SCE)] [62].
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Fig. 1.15. Electronic spectra of radical cations of conjimaextended viologens containing th)ophene
and (b)furan unit, in MeCN [62].

Interestingly, viologens incorporating thiophernats of variable length,

"thienoviologens" are described as promising caatésl for molecular wires in

biosensor applications [71].
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1.4. Semiconducting Liquid Crystals

Amongst the various new materials for organic eteuts, conjugated
liquid crystals (LCs) are currently viewed as a neeneration of organic
semiconductors because they brorger anddynamics[72]. Order is likely the
most important parameter that governs the perfocesn of organic
semiconductors in devices. Conjugated LCs offer deeisive advantage of
controlling order in the bulk and at interfacesdaat all length scales from
molecular to macroscopic distances. The role of adyios in organic
semiconductors is also important but less explofé@. most striking example of
the effect of dynamics is the ability of conjugatiéguid crystals to self-heal
structural defects such as grain boundaries dulbeeio liquid-like character [73].
Upon simple thermal annealing, it is common to obsethe spontaneous
formation of large single domains that extend as@reral square mm, for films
up to severam thick [74,75].Molecules with liquid crystalline ordering [76,77],
the so called mesogens, are usually composed of parts: a rigid form
anisotropic inner part, of rod- or disc-like shgti®e core of the mesogen), and
flexible chains linked to this rigiccore [78]. In the case of semiconducting
materials, the coref the mesogen consists of a largeconjugated system and
allows charge carrier transport. In more highlyeoted lowtemperature phases,
the pronounced order between taematic cores is facilitated by stromgr
interactionswhile the disordered flexible side-chains preveritrae long-range
order" and distinguish these ordered liquigstalline phases from true crystals
[78]. The flexible parts of molecules play an importaote for the self-
assembling nature as well as for the solubility.t@mbasis of the requirement for
“wet processing” in thin film device fabricationthe alkyl tails in the
terminal/peripheral positions have made sueblectronic conjugation systems
much more attractive due to their better solubilitycommon organic solvents
[79].

The ease of alignment into single domains arisesnfthe fact that
conjugated LCs are composed of small organic mtdedhat form phases of low

inherent viscosity. The low molecular weight of payated LCs associated with
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discrete mass allows the synthesis of defect-fieemacal structure that are
amenable to a higher purity level than most corteay@olymers [80].

Columnar, smectic and, more recently, nematic diqeriystals are widely
recognized as very promising charge-transportirganic semiconductors due to
their ability to spontaneously self-assemble inighly ordered domains in
uniform thin films over large areas [81][ypical structures of mesogenic
molecules are of ‘rod-like’ and ‘disk-like’ typeshweh are known as calamitic and
discotic liquid crystals, respectively (Fig. 1.1634]. They differ in their
molecular shapetheir phase symmetry, the dimensionality of therarge

transport and exciton migration and in the extentheir orbital overlap(Fig.
1.17) [73].
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disc-like

Fig. 1.16. Typical shapes of molecules for F_ig. 1_.17._Schemat_ic drawing o€alamitic (left) an
discotic and calamitic liquid crystals [24]. discotic (right) semiconductors [73].

Ther-electronic systems being core parts of the mesogeaolecules play
an important role for electronic conduction [81}. an organic semiconductor,
holes and electrons are transportea the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbitadMO), respectively, of
closely-packed, highly conjugated aromatic moles(ifé].

Smectic planes demonstrate a two-dimensional chaagsport, whereas
columns of discotic mesogens exhibit one-dimengieharge transport that is

rather sensitive to the structural defects [7&3. a result of the assembly of
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discotic aromatic mesogens into columnar stackh typical intercore distances
of about 3.4, an overlap of the*—z* LUMOs should be possible, which would
lead to a conduction band for charge transportgatbe column axis (Fig. 1.18)
[82]. Within the columns adjacent disc-like moleculesezignce a much larger
orbital overlap than calamitics. The band widthchess values as high as 1.1 eV,
close to that of graphited. 1.0-1.4 eV) [83]. In the smectic mesophases idstea
the extent of frontier orbital overlap is ratherdecate. Typically, the band width
of calamitics is expected to be below the corredpanvalue for pentacene, a
well-studied low molecular weight organic crystadisemiconductorcé. 0.5-0.6

eV) [84].

S
.

LUMO

HOMO
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Fig. 1.18. Electronic band formation from a single
molecule (left) to the column (right) [82].

Liquid crystals are relatively disordered compate@cholecular crystals, so
a coherent band-like description of charge-carensport in liquid crystals is
inappropriate.Theoretical predictions indicated thermally activatedhopping
mechanism of the charge carriers wia interactions between single molecules
[85]. At the molecular level, transport is mostly gowesirby two key parameters:
(i) the transfer integral which is a function of tbeerlap of HOMO (LUMO)
orbitals of adjacent molecules for hole (electrtansport, andii) the internal
reorganization energy associated with the enerfjgrdnce between charged and
neutral species [86].

Disorder-based empirical models, e.g., that derivech the Monte-Carlo

simulations of charge transport by Bassler [87§cdbée mobility as a function of
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temperature and electric field taking into accogasitional and electronic
disorder [88-91]. The electronic density of statedroadened by disorder (Fig.
1.19), and is often represented by a Gaussiantiistn, whose width depends
on variations in the local conformation of the noolle, structural defects, dipolar
disorder due to random orientation of polar grougs, Higher temperatures
improve charge transpotty providing the energy required to overcome the
barriersfor hopping between neighbouring states create@r®rgeticdisorder.
Positional disorder is caused by variations in tledative positions and
orientations of molecules and results in a distrdyu of electronic couplings
within the material. Polaron theories require @rgfr electron-phonon coupling,
with the disorder being of secondary importancel, atate the activation energy

of the mobility to the polaron binding energy [92].

a) b)

e A

Density of States Spatial co-ordinate

Energy

v

Fig. 1.19. a) The density of LUMO states (solid line) and qmed LUMO states (dashed line) for a
disordered, liquid crystalline semiconductor. b)eThorizontal lines indicate energy levels of indial
molecules in a disordered ensemble of molecules.sEguence of arrows show an arbitrary pathwagror
electron through the molecular ensemble. Hopping higher energy state requires activation enenglysa

is less likely than hopping to a lower energy sfafg.

In the hopping model the mobility is correlated lwithe mesophase
structure using molecular dynamics, which simuthte structural organization of
a liquid crystal ensemble, in combination with kineMonte Carlo or master-
equation descriptions of charge dynamics, baseth@mMarcus polaronic model.
This considers that the charge carriers are |lasdlat high temperatures and that
transport occurs by a thermally-activated hoppiresinanism, i.e., an electron or

hole transfers from a charged molecule to an adjaoceutral molecule.
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The rate of charge transfekc{) between two molecules in a given
geometric arrangement can be expressed in the dinteak electronic coupling

via semiclassical Marcus theory as [93, 94]:

ke — " ————eXx -
= 5 JakT P | akT

A, 1 [_(M-AE}"}

wheret denotes the transfer integralk the free energy gained or lost by
the system upon charge transfer, arible total reorganization energy, which has
internal ¢;) and externalis) components. A high charge-transfer rate, andénanc
high mobility value, requires the transfer integréd be large and theE and
terms to compensate one another (because a cheagsfet between two
molecules of the same nature corresponds to aeseffange reactionAE is
generally small, which means that the reorganinatemergies need to be
minimized). AE is different from zero upon application of an etiectield [90]
and when disorder is present, that is, when thengéy or environment (i.e., the
relative positions of the neighboring neutral males) of the molecules are
different in the initial and final states. Thesetaontributions are expected to be
generally similar for hole and electron transp@8][ this might not hold true in
cases where the negative and positive charge ahave a very different spatial
extent (e.g., in conjugated block copolymers whee type of carrier is confined
into a co-monomeric unit while the other is fullgldcalized over the conjugated
backbone).

The external reorganizatiorig accounts for the changes in the relative
positions of the surrounding molecules upon chargasfer. In contrast to
electron-transfer processes in solution, this rarcpmlarization term is expected
to be rather small in the bulk of organic thin fdyup toca. 0.1 eV [91]; again, it
appears to be similar for holes and electrons.

The internal reorganization pau)(reflects the changes in the geometry of the
two molecules when going from the initial to thedi state. This term originates
from the fact that the geometry of a chargedonjugated molecule differs
significantly from that of the corresponding neutralecule, owing to a marked
redistribution of ther-electron bond densities. A smaller internal rearggation is

the suggested explanation for the very high holéihty of a calamitic thioalkyl
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substituted aromatic compound compared to the atpnt alkoxy-substituted
triphenylene (Fig. 1.20a), which exhibits a columdascotic phase of flat disk-
shaped aromatic molecules [86]. Simulations of gadransport have highlighted
the role that defects play in slowing down chamgagport in discotic columnar
liquid crystals. For example, self-organization ahérge transport was modelled
for an ensemble of semi-triangular shaped, graphk@eemolecules, with three
pairs of 4-alkylphenyl substituents (Fig. 1.20bY am self-assembled columnar

organization [95].
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Cr- Col,, = 67 °C; Col,— 1 = 86 °C

Fig. 1.20. Chemical structure of (a) compound 1 and theirsitam temperatures. Cr =Crystal; ¢ol
=Columnar hexagonal; | =Isotropic; (b) compound Z|[8

One promising approach to the preparation of fneti liquid crystals is
to form anisotropic electron-, ion- conducting nitis by using nano-segregation
[96]. In this context, nanostructures of LCs tbanbine an ion-conductive group
and az-conjugated moiety transporting electronic charigeghe construction of
redox-active anisotropic materials have been deeelo[97,98]. In the redox
activity of these systems, the mobile ions in theaostructure play a crucial role
[99, 100]. The enhancement of electronic functibpghe combination with ions
has been studied in conjugated polyelectrolytegrevthe disordered structures of
the polymers limits the charge carrier transpodj.[Their ionic conductivities are
also low because of the large viscosity. In comtride efficient ion and electron
(hole) transports are possible for example, inrthrosegregated smectic liquid
crystals where the structure of ion- and electrandporting layers is well-
defined on the scale of nanometer. The combinatiothne ionic and electronic

functions in the nanostructured LC phases shoul@ffextive inapplications to
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various electronic devices such as electrochrongecices and light-emitting
electrochemical cells [97, 98].

1.4.1. Electrochromic Liquid Crystals

For efficient electrochromism, fast formation of @ectrical double layer
at an electrode surface is essential moreover efastronic charge transfer from
the electrode is also required [93]. Usually, thiectochromism of the
electroactive liquid crystal materials has beereoled only in solutions or in thin
films dipped in electrolyte solutions or combinedthnsolid electrolytes [102-
104]. Recently Kato et al. [97] have reported tivst fexample of reversible
electrochromism in the bulk of the liquid-crysta#i state without an electrolytes.
They proposed a series of ionic liquid crystalsg(FL.21), consisting ofr-
conjugated mesogens and ionic units, designeddiccensmectic A (SmA) phases
where the ion and hole transport layers are altelpadormed through the

nanosegregation (Fig. 1.22).

CF3S0;

=\
O(CHo) N N~

S N CF3S0;

Fig. 1.21. Molecular structures of liquid crystals-3 [98].
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Fig. 1.22. Schematic illustration of a possible structurghia SmA phases for liquid
crystalsl-3. Green cylinders, red ellipsoids, and orange sgshexpresent-conjugated
moieties, triflate anions, and imidazolium catiomsspectively. The ionic and-
conjugated moieties are organized into segregatezid [98].
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As shown in Fig. 1.23, the ions would be accumdlaie the surface of
the electrode forming an electrical double layeewhn electric field is applied to
the liquid crystal. Subsequently, electronic charghould be injected from the
electrode into ther-conjugated systems of the liquid-crystalline molesuand
transported between them [98]. Monitoring the resgoof the trasmittance at
632.8 nm as a function of time of LAs3 in the bulk state, the most efficient

electrochromic response was observed for compayfey. 1.24.).

V=0
¢ addd 4
s'ili- 3- Channel
*QegeQe9*@ M forions
E ! E Channel
for holes
ebedheded el Channel ehe
c3e33e3g v 23232 :
Electrode Electrical double layer

Fig. 1.23. Schematic image of a nanostructured liquid crysalksisting of ionic and
moieties. Red cylinders are neuttatonjugated units. Dark green cylinders are the
oxidized ones. Dark blue spheres and light blugeplare triflate anions and
imidazolium moieties, respectively [97].
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Fig. 1.24. Responses of transmittance of the cell with comgdluin the SmA
phase at 160 °C on the application of double-paiksteps between 0 V (2.5 s)
and 2.5V (2.5 s). The sample thickness jisr [98]

lonic liquid crystals based on viologen-like comae very interesting
electroactive self-assembled materials. It was meskthat the viologens in the
liquid-crystalline state are electric semicondustand that they could be
transformed into a state with a much higher eleatanductivity by applying a
voltage above a certain threshold over two ITOtebgles in a sandwich cell filled
with the liquid crystal. An increase in electricnctuctivity by a factor of 1dwas
observed by applying a voltage of 30 V over theteteles. The liquid-crystalline
viologen kept this high electric conductivity, ewshen the voltage was no longer
applied [105].

1.4.2. Viologen Liquid Crystals

The synthesis of liquid-crystal "viologens" makepassible to expand the
field of application of viologens [106]. Kominamn@ coworkers [105] described
the first thermotropic liquid crystalline viologemompounds with electrochromic
properties. Viologens with long alkyl chains areuid-crystalline and the
mesophase behavior depends on the type of anidn1jdp-111]. 1,1'-Diheptyl-
4,4'-bipyridinium  dibromide and 1,1'-dioctyl-4,4plridinium dibromide

decompose without melting, whereas the correspgndirs(triflimide) salts
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exhibit a smectic A phase (Fig. 1.25a) [110, 118]another work [111] was
demonstrated that 1,1'-Dipentyl-4,4'-bipyridiniuns(kriflimide) is a ionic liquid
crystal at room temperature (smectic A phase), both 1,1'-dibutyl-4,4'-
bipyridinium bis(triflimide) and 1,1'-dihexyl-4,&kpyridinium bis(triflimide)
have melting points well above room temperature.nNgssophase was observed
for the tetrafluoroborate salts. By replacement tbé alkyl chain by an
oligoethyleneoxide chain, compounds with a largesopbase stability range
could be obtained [105-107]. 1,1'-Di(3,6,9-trioxaécyl)-4,4'-bipyridinium
diiodide (Fig 1.25b) is liquid-crystalline betwe88 and 216 °C [105].
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Figure 1.25. Molecular structures of viologen liquid-crystala) 1,1'-dioctyl-4,4'-bipyridinium bis(triflimide)
and (b) 1,1'-Di(3,6,9-trioxatridecyl)-4,4"-bipyridum diiodide [113 ]
Discotic molecules such as *viologens” usuallyrfo columnar mesophases, the
molecules are stacked on top of each other intonmoe$, which are arranged in
either hexagonal Colh or rectangular Colr order3[114]. Kato et al. [102]
reported the first example of columnar liquid caystincorporating a redox-active
viologen unit (Fig. 1.26). They exhibit rectangutarhexagonal columnar phases,
which are stable up to 160 °C.
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Fig. 1.26. Molecular structures of liquid-crystalline viologef-3 [102].
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The group of Saielli [115] showed that the symnealty substituted viologen

salts with sufficiently long alkyl chains exhibitsanectic mesophase of type B
(SmB) over a wide temperature range from 0 °C t0 4@. Because of a rigid

anisotropic molecular core no nematic mesophasendsvn for such systems
[109]. More specifically, by the induction of asyratry in molecular structure by
changes in the alkyl sidechains attached to théogem core, the solid—liquid

crystal transition temperatures can be lowered ntben in a symmetrical

structure [115].
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CHAPTER 2

Near-infrared electrochromic materials based on
Triarylamine moieties

2.1. Introduction

Triphenylamines with multiple redox centres haveaated many interest
as anodic electrochromic (EC) system and holep@mtieg materials for
optoelectronic devices [16,17]. The one-electron idaton product,
triphenylamine radical cation, shows a strong etedt coupling (the electron is
delocalized over the two or more redox centergjdiley an intervalence charge
transfer (IV-CT) absorption band in the near irdca(NIR) region [11-15]. This
property could be potentially used in devices foerinal contral Herein we
present the electrochemical and spectroelectrodanproperties of a new
synthesized triarylamine moleculd,N-Bis(4-heptanoylamidophenyN;N-di(4-
methoxyphenyl)-1,4-phenylenediamine  (TPPAHM) in@ogiing electron
donating substituents at tipara position of the phenyl groups in order to greatly
prevent the coupling reactions by affording stabktion radical [20]. For
comparison we have investigated the electrochenatdlspectroelectrochemical
properties of the triarylamine molecule without stiloents, N,N,N’,N-
Tetraphenyl-1,4-phenylendiamine (TPPA) (scheme Mgreover, in order to
contribute to the clarification of the electronriséer process occurring in this
systems, the experimental results were supportethégretical studiegtime-
dependent—density functiont@leory, TD-DFT, spectral simulation) [117].
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2.2. Experimental and theoretical details

2.2.1. Materials

N,N,N’,N*-Tetrapheny-1,4-phenylendiamin€TPPA) were purchased fro
SigmaAldrich and were not further purified before u<Dichlomethane wa
purchased from Carlo Ert N-methyl-2pyrrolidinone (NMP) was purchas
from Pancreac. The solvents were used after rergavater by molecular sieve
Tetran-butylammonium perchlorate, TBAP (Fluka Chemika) wesed as a

electrolyte withouturther purification.

2.2.2. Synthesis

The synthesis of the target molecTPPAHM is depicted in cheme 2.
N,N’-Bis(4-nitrophenyl-N,N’-di(4-methoxyphenyl)-1,4henylendiamin (2) that
was prepared by Ullma coupling between 1,diodobenzene an4-methoxy-
4’-nitrodiphenylamin (1) according to a previous published proced [20].
TPPAHM was prepared in two steps procedure as descrided/ b a 25( mL
three-neck roundbottomed flask equipped with a stirring bar undérogen
atmosphere, N,N’-Bis(4-nitrophenyl)N,N’-di(4-methoxypheny-1,4-phenylen-
diamine (1.01g, 1.79 mmol) was dissolved in 10 nilethanol and 60 mL ¢
tetrahydrofurane (THF). To the stirred solution wslewly added hydrazin
monohydrate (1g20.0 mmol) and the mixture was refluxed. Just igave to

reflux, a small amount of Raney Ni was added. Tdlat®n frothed and as tf
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reaction proceeded the color changed from yellowaltnost colorless. After
further 6 h of heating, the hot solution was fitgrunder nitrogen to remove
Raney Ni and the filtrate was washed with THF. THéF was removed by
distillation at 65-70 °C under nitrogen atmosphefdée remaining ethanol
solution was cooled to 0 °C under nitrogen in oriehave the precipitation of
crude N,N’-Bis(4-aminophenylN,N’-di(4-methoxyphenyl)-1,4-phenylendiamine
that was recovered by filtration, washed with cettlanol and dried in vacuum.
The N,N’-Bis(4-aminophenylIN,N’-di(4-methoxyphenyl)-1,4-phenylendiamine
(3) was instable and was immediately used in the m#ep without further
purification. To a stirred solution of crud¢,N’-Bis(4-aminophenylN,N’-di(4-
methoxyphenyl)-1,4-phenylendiamine, prepared asrttesi above, in 16 mL of
dry THF, was added under nitrogen 0.9 mL of N&b the resulting mixture was
dropped a solution of heptanoyl chloride (0.46 2198 mmol) in 11 mL of dry
THF and the mixture was stirred at room temperatifeer 20 h, a colorless
precipitate was formed. The precipitate was cadiédby filtration, washed with
cold ethanol and dried in vacuum to give 0.58 g%4Based on startinty,N’-
Bis(4-nitrophenyl)N,N’-di(4-methoxyphenyl)-1,4-phenylendiamine) of crude
N,N’-Bis(4-heptanoylamidophenyl;N’-di(4-methoxyphenyl)-1,4-phenylen-
diamine, TPPAHM 4), that was sufficiently pure by TLC (silica gel 6&4 1:1
Hexane-AcOEt) and NMR analysis and was used withather purification. Mp
218-221 °C; IR (KBr):v = 3303 (m), 2976 (m), 2938 (m), 2756 (m), 2758,(m)
2677 (m), 2491 (m), 1657 (s), 1505 (s), 1398 (M){11(m), 1036 (m), 805 (m)
cm % *H NMR (300 MHz, DMSO-g): 6 = 0.86 (dJ = 6.4, 6 H), 1.24 — 1.40 (m,
8 H), 1.48 — 1.62 (m, 4 H), 2.21 — 2.34 (m, 8 HY,33(s, 6 H), 6.80 (s, 4 H), 6.88
(d,J=9.1,4H),6.89 (d)=9.1,4H),6.98 (dJ=9.1,4H),7.46 (d)=9.1, 4
H), 9.77 (s br, 2 H); MS (ESI direct infusion):m/z = 749 [(M+Na}]; Anal.
Calcd for GeHs4N404(726.95): C 76.00, H 7.49, N 7.71; found C 76.19/H7,

N 7.73.
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2.2.3. Methods

Melting point analyses were performed on a Link&amS350 stage, TP94
System Controller) at scan rate of 10 °C/nttd.NMR spectra were recorded at
25 °C on a Bruker DPX Avance 300 Spectrometer inS@Md% solutions at 300
MHz with MesSi as internal standard. IR spectra were taken aviitASCO FT-IR
4200 spectrometer and microanalyses were carrigdwotln a Carlo Erba
Elemental Analyzed Mod. 1106. The electrosprayzation mass spectra were
acquired by direct infusion on an ABSciex API 200ass spectrometer equipped
with a turbo ion spray ionization source. The sfeah the positive ion mode
were obtained under the following conditions: iaagpvoltage (IS) 4500 V;
curtain gas 10 psi; temperature 25 °C; ion sous=e(fd) 20 psi; declustering and
focusing potentials 50 and 400 V, respectively.

Cyclic Voltammetry (CV) was done in NMP with 0.1 WBAP as the
supporting electrolyte and with 5 mM of moleculedan a nitrogen inert gas
atmosphere. CV was conducted with the use of atelectrode cell equipped
with a graphite working electrode a Pt auxiliargattode and an Ag/AgCl, KCI
(sat.) reference electrode. The measurements wafermed with an Amel
Instruments 7050 model potentiostat.

Spectroelectrochemical experiments were conducteal electrolytic cell
(BioLogic Science Instruments) which was composeal b mm cuvette, where a
platinum gauze thin layer and a platinum wire wesed as working electrode and
auxiliary electrode, respectively and a Ag wirepasudo-reference electrode that
was calibrated against the Ag/AgCI using the redouple Ferroce/Ferrocenium
as internal standard [k (Fc/F¢ vs Ag)~ 0.42 V, By (Fc/F¢ vs Ag/AgCl) =
0.57 V].

The spectroelectrochemical cell was filled with duion containing 1
mM of molecule and TBAP (0.1 MY.he UV-vis-NIR spectra were recorded with
a Thermo ScientifictGENESYS 10S UV-vis spectrophotometer. The potential
was suppliedy means of an Amel 2049 model potentiostat. Measantswvere

performed at 25 °C.
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2.2.4. Computational details

All calculations were performed with the TURBOMODNEG.0 software
package [120]. Due to the medium-high moleculae sof TPPAHM that
requires high computational costs, the computdiesbeen performed in a model
system in which the —(ChtCHsz moiety is substituted with the —GHdne. This
substitution does not affect the spectral propertiat are essentially due to the
aromatic core. Geometry optimizations, without isipg symmetry constraints,
as well as vibrational frequency analysis wereiedrout at the density functional
level of theory in conjunction with the non-empaid®BEO hybrid functional
[121, 122] that adds up a fixed amount of HartreekFexchange energy (25%) to
the gradient corrected PBE exchange-correlationtiomal.

The SV(P) doublé€-quality basis set containing polarization funesan
C, N and O atoms ([3s2p1d]/[2s]) of Ahlrichs et[aR3,124] was used for all the
computations. Vibrational frequency analysis conéd each optimized structure
as absolute energy minimum on the relative eneoggntial surfaces. The closed-
shell systems (neutral species) were treated Wwéhrastricted Kohn-Sham (RKS)
formalism while for the open-shell systems (catiand di-cation species)
unrestricted (UKS) calculations were performed. e open-shell compounds
the <& values of the ground-state Kohn-Sham determinamhpeted at
PBEO/SV(P) level of theory were found in the rafgés-0.77 (for the cation) and
2.02-2.05 (for the dication) indicating a smalleeff of spin-contamination. The
lowest twenty vertical excitation energies werecgklted from time-dependent
density functional linear response theory [125,1d&)-DFT) on the PBEO/SV(P)
optimized geometries. The reliability of excitati@mergies obtained from the
combination of SV(P) basis set and hybrid funaiqi®BEO) has been previously
tested for a series of molecular systems, givirgean absolute deviation from
experimental within 0.2-0.3 eV [127-131]. Solveriteets on geometries and
excitation energies, due to electrostatic intecscin polar solvent, were taken
into account with the conductor-like screening mod&2-133] assuming the
dielectric constant value of 32.2 for NMP and défgarameters for the cavity
generation. The simulation of the electronic sgebtind profile was obtained by

a sum of Gaussian shape functions centred at eaxtateon energy and with a
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constant full width at half maximum of 0.3 eV. Ometother hand, the used
protocol is very similar to that suggested by Renhal. [134] for the study of

mixed-valence radical cations.

2.3. Results and discussion

2.3.1. Electrochemistry

The electrochemical properties of the triphenylasiwere investigated at
room temperature by cyclic voltammetry (CV) anditheoltammograms are
shown in Fig. 2.1. Results are summarized in Tahle The voltammograms of
TPPA in NMP/0.1M TBAP (Fig. 2.1a) showed a rathemplex behavior. In the
first oxidation scan, one peak at 0.75 V was olerifhis can be attributed to the
formation of the stable monocationic radical TPRAJpon further increase of the
potential up to 1.4 V another peak at 1.13 V oaiiciue to the formation of the
dication species TPPA This oxidation process is irreversible and nd-helve
potential could be measured for it. This irreveisibis evidenced by the fact that
the t/i; ratio relative to the first redox process is serathan 1 as well as by the
appearance of an irreversible peak at 0.4 V ire¢dective scan and an additional
irreversible oxidation peak at 0.58 V in the sulsed oxidative scans. This
suggest that the species TPPAs very reactive and undergoes a follow-up
chemical reaction. The unknown follow-up productiistable after reduction and
undergoes a reversible transformation into theiecprsors, i.e., the TPPA
molecules. This is evidenced by the fact that tWerall cycle from O up to 1.4 V
is essentially reversible since both the TPPA axatapeaks did not exhibit
significant decrease within the first few redox legc A possible hypothesis that
takes into account the above behavior is that thatidn TPPA* undergoes a
reversible coupling reaction leading te-@imer. This hypothesis is suggested by
a similar behavior of thé&l,N’,N”-p-trimethylphenylamine d-TTA), even if, in
such a case, the reaction pathway leading to tersiblec-dimer species from
the p-TTA?*, become favored over other pathways only at lomperature (-
40°C) in CHCI, [135]. CV of the TPPA was also performed in morenomon
solvents for this technique such as£CH and its voltammograms are depicted in

Fig. 2.1b. It appears more simple with only twoensible oxidation peaks at 0.72

33



and at 1.20 V. These results suggest that theretdemical behavior of the
molecule is strongly affected by the solvent. Pbbppathe CHCI, which is much
less polar than NMP, inhibits the dimerization teat of the TPPA, and the
reasons are unknown at the moment, but are objdécture studies.

On the contrary, the electrochemical behavior ¢ tlPPAHM was
completely reversible and in agreement with liter@tdata orpara-substituted
triarylamines [16,17,20]. In the oxidative scan tMEPAHM exhibited two
sequential reversible peaks at 0.6 V, which leadfé stable TPPAHR, and at
0.96 V which leads to its stable dication (Fig.c2.1n the TPPAHM the oxidative
coupling was avoided because the electron donasingstituentsi) stabilize the
radical cations [17,161-163] anil)(block the reactivepara sites to the nitrogen

centers with the highest spin electron density [164,165].
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Table 2.1 reports the values of the redox couplearsgion AE (the
difference of the first and the second oxidatioteptals) for the triarylamines.
The AE values calculated for TPPAHM and for TPPA (orty CH.Cl,/0.1M
TBAP solution) are about one order of magnitudgdarthan the statisticalE
value for non-interacting centers [136]. This sigigehat the triarylamine centers
of these molecules are strongly coupled and thtit BBPAHM™ and TPPA can
be classified as a symmetrical delocalized cldsstilicture, according to Robin
and Day [50]. The energy of the HOMO and LUMO levef the investigated
molecules (Table 2.1) were determined from the-Walfe potentials and the
onset absorption wavelength, assuming that the HORI®@rgy for the

Ferrocene/Ferrocenium standard is 4.80 eV belowzeh@ vacuum level [137].

Table 2.1. Optical and Electrochemical data for TPPA and ARW.

Oxidation (V)

Compound Solvent  Amax  Aonset 1N Eyp 2%Ey,  AFP HOMO®  LUMO® E’
(nm) _ (hm) V) V) v) (eV) (eV) (eV)
TPPAHM NMP 360 398 0.54 0.90 0.36 -4.77 -1.65 123.
TPPA NMP 348 374 0.70 - - -5.36 -2.01 3.35
CHCl, 344 374 0.63 1.11 0.48 -4.86 -1.51 3.35

Scan rate = 0.05V/8AE = 29 E,, — %' Ey 5, ° The HOMO energy levels were calculated from cyetitammograms
and were referenced to ferrocene (- 4.8 E¥}yMO = HOMO + E/ dEg = 1240 onset

2.3.2 Spectroelectrochemistry and Theoreticalistud

The solutions of the triphenylamines in polar ajgraolvents such as
NMP are completely transparent in the visible ragamd exhibited strong UV
absorption bands at 348 (TPPA) and 360 nm (TPPAHMY. 2.2), assignable to
the n-* transition resulting from the conjugation betweale aromatic rings and
nitrogen atoms. From this band we extrapolatecetfergy band gap (Fthat as
reported in Table 2.1, for TPPAHM is smaller thdmattfor TPPA and this
difference can be attributed to the effect of tleeteon-donating groups.

The electrochromic behavior of the TPPA dissolvaedai electrolyte
solution of NMP/0.1M TBAP, is depicted in Fig. 2.2&hen the first oxidation
potential is reached (+ 0.95V vs Ag/Cl) the IV-CEnldl due to the TPPA
appears in the spectrum at 820 nm. This band cavarge part of the visible

where is possible to observe also another band08t @m. The resulting

35



coloration of the solution is green. Applying atagie of + 1.10 V the band at 400
nm slightly increases, while the maximum wavelengththe IV-CT band shifts
to 750 nm. Increasing the potential to + 1.35 VIWW&T band disappears and the
entire visible range is covered by an intense anddband having two maximum
at 410 nm and 650 nm. According to the theoretstaldies, the electronic
transitions of the bi-oxidized species (TPPAreported in Table 2.2, are
concentrated in the wavelengths range between 3@ 5%8 nm. So it is clear that
all these transitions contribute to the large bahthe TPPA" that appears in the
experimental spectrum. The coloration of the sohutcontaining the TPPA
dication is deep-blue.

The electronic spectrum of the TPPAHM, shows thaer an applied
potential of + 0.75 V vs Ag/AgCl, a strong absooptiband at about 1000 nm
appears (Fig. 2.2b). This is the typical IV-CT bashge to the radical cation
species TPPAHM formed when the first oxidation potential is reagh The
solution containing the radical cation triarylamimecame green and in addition to
NIR band, two new bands at 424 nm and at 594 nneapm the spectrum.
Increasing the voltage up to +1.15 V vs Ag/AgCle thecond oxidation of the
triarylamine occurs and the color of the solutiarnitshes to blue. In the electronic
spectrum, the NIR band and the band at 424 nm asers intensity, while a
broad band with a maximum at 580 nm and anothexbatit 800 nm appear.
These results are in very good agreement with thdigted spectra by theoretical

calculation as reported in Fig. 2.3 and Table 2.2.
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Fig. 2.2. Electronic spectra of 5 mM of TPPAH
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Table 2.2.Computed vertical excitation energies, main camfigion, and oscillator strengHtfor
TPPA and TPPAHM iMN-methyl-2-pyrrolidinoned = 32.2).

TPPA TPPAHM Exptl.
state AE (eV, Main f AE (eV, Main f
nm) configuration (%) nm) configuration (%)
1 3.65, H—-L 0.0102 3.40, 365 H> L (95.6) 0.0046 318
338 (1.9257)
2 3.70, H—L+1(97.6) 0.6169 3.48, 356 HL+1(93.7) 0.7344
335
3 3.97, H—L+2(93.7) 0.1988 3.71, 335 HL+2(84.0) 0.0192
312
4 3.99, H— L+ 3(56.5) 0.0385 3.78, 328 HL+2(94.0) 0.3432
311
5 4.04, H—L+4(50.9) 0.1608 3.88, 319 HL+3(90.4) 0.3094
307
cation
1 1.47, H-1—- LA (96.8) 0.4247 1.21, 1025 H-2 L3 (97.9) 0.4812 848
842 (0.1983)
2 242, H-6 — L3 (69.6) 0.0038 2.09, 593 H-3 L 8 (97.5) 0.0520
513
3 2.46, H-3— LA (97.6)  0.0000 2.14, 580 H-4 L 8 (97.8) 0.1668
504
4 2.66, H-9— LA (97.7) 0.0176 2.63,471 H-12 L 5 (63.2) 0.0004
466
5 3.37, HoL+1la 0.3800 3.14, 395 H> L+ 1a(43.7) 0.2058
368 (74.3)
dication
1 1.69, H-3— LA (83.6) 0.0272 1.53, 810 H-2 L 8 (95.0) 0.1916
733
2 1.72, H-4— L+1p 0.0000 1.58, 786 H-3> L £ (93.9) 0.2547
721 (81.8)
3 1.77, H-2— LB (66.7) 0.0262 2.03, 611 H2L+1p8 0.0927
699 (92.9)
4 1.88, H-10— LA 0.1911 2.07, 599 H-3>L+1p 0.0823
658 (59.3) (94.3)
5 2.02, H-8 > LB (58.8) 0.1022 2.11, 588 H-6 L 3 (87.1) 0.2745
615
6 2.05, H-5— LB (64.8) 0.1276 2.23, 556 H-12 L 4 (71.3) 0.0003
605
7 2.29, H-14— Lg 0.2404 2.24,553 H-12> L 4(67.3) 0.0333
541 (86.1)

Looking at the orbital energy diagram reported ig. 2.4, in both molecules, the
appearance of the NIR transition can be correlaiéitthe lowering of the orbital

energies in going from the neutral to the catiodia@ species. The oxidation
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mechanism of triarylamine derivatives has beendihigect of many previous
publications [45,138-140]. In the major part ofdbevorks, it is supposed that the
first oxidation is due to the removal of an elentflom the nitrogen atom with the
larger electron density, while the second one éerivom the removal of a second
electron from the other nitrogen atom. Recently, ¥ual. [141], in order to
explain the spectrochemical behavior of a seriedludfrine-based conjugated
polymers containing propeller-shape di-triarylamirteave proposed a other
mechanism for which the first electron must be reatbby the HOMO orbital
instead from the nitrogen lone pair and the sedoom the SOMO orbital. This
proposal is based on coupling the spectrochemiatd 8y the net charges of
neutral and oxidized states calculated at the B3BYFAG* level of theory.
Following this strategy, we have computed, by using computational protocol,
the natural bond charges and the spin density (ER). for the neutral, cation
radical, and di-cation of the TPPA and TPPAHM stddsystems. From our data,
it is evident that in both systems, although thethim loss 0.11|e| (TPPA) and
0.10|e| (TPPAHM) in going from the neutral to tladi@n radical, these quantities
are not sufficient to assert that the oxidatiormiginly generated by this atom.
Looking at the other net charges of the atoms sadimg the nitrogen, we note
other loss of charge especially in the carbon Extan the phenyl moiety that
links the two nitrogen centers. Furthermore, frdma orbital composition of the
LUMO orbital in the neutral species (Fig. 2.6), wete, in both molecules, a
strong involvement of the nitrogen in the formatiohthe phenylnr system.
Similar results are obtained from the analysishef $pin density distribution as
shown in Fig. 2.5. On the basis of these data, are eonclude that the first
oxidation involves the entire HOM®@ systems and not only the nitrogen atom.
Concerning the second oxidation, the analysis 6ld'a.2, as well as that of Figs.
2.4and 2.5, suggests that the electron must be remieadthe SOMO orbital

created in the first oxidation process.
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2.4. Conclusions

A new triarylaminemolecule, TPPAHM was synthesized and its electnomite
and spectroelectrochemical properties were invasty We cmpared these
properties with thabf its unsubstituted analogous, TPPA, that revealeckry
complex electracemical behavior in NMP svent. The irreversibility of the
second oxidation peak in theyclic voltammograms of TPPAndicates clearl
that the reactiv@ PPA dications undergo dimerization reactidut this oxidative
coupling seems to | inhibited in dichloromethane. The electrcdonating
substitutents incorporating in the TPPAHM preveme toupling reaction ar
shift the IV-CT absorption band to higher wavelength with respet¢he TPPA
In addition, DFT first principles computations weresed revealing ver
interesting results:

» Both radical cations have a delocalizintervalence (IV)state in which th

unpaired electron is fully delocalized over the Vehmolecules
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* The two oxidation processes occur with the ineatent of the delocalized
HOMO orbital that releases an electron in the fosization, while in the second,
the electron is given by the SOMO orbital,

» Although the used hybrid exchange—correlationcfimmal can give an
overestimation of the charge delocalization, thee@agient between the calculated
and experimental UV—-vis—NIR spectral behavior is/\gatisfactory.
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CHAPTER 3

Visible and Near-Infrared Electrochromic Devices
containing Triphenylamine derivatives

3.1 Introduction

Triphenylamine derivatives presented in Chaptere2ns to be very
promising candidate as anodic molecules in elektmoic devices (ECDs)
devoted to thermal control applications, becausar tetrong NIR absorption
bands [11-15]. In addition, the high transparemcte visible region of the TPPA
and TPPAHM is a great advantage for their potengigployment in smart
windows application. Herein, we present two new pl@mentary solution-phase
ECDs able to absorb wither in the visible or in Mi&® region thus allowing the
control over a wide range of the solar spectrunr. $i#ategies was to create two
transparent EC systems containing anodic NIR @active molecules based on
tetraphenylphenylendiamine (TPPD) unit mixed toykttiologen dication (E")
as cathodic molecule. This viologen completely $prent in the dicationic state,
became deep blue colored in its mono-reduced feonwe can expect to obtain
high optical contrast A%T) devices. The electrochemical and
spectroelectrochromic properties of the deviceswavestigated, moreover their
stability was evaluated by EC switching studies.

The most performing EC system was then dissolvea anthermoplastic
polymeric matrix in order to prepare a gel-basedDEM this gel that for
technological applications is much more interesthran EC solution, the mobility
of the redox species is reduced but not suppreasddiepends strongly by the
cross-linking degree of the preformed polymer apdhe molecular dimensions.
This new EC system was fully characterized andpdgential application for

flexible electronics was also demonstrated.
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3.2. Experimental

3.2.1. Materials

Ethyl viologen diperclorate (EV(CL)) and N,N,N’,N-Tetraphenyl-
benzene-1,4-diamine (TPPA) were purchased from &igidrich and were not
further purified before use.N,N’-Bis(4-heptanoylamidophenyl;N’-di(4-
methoxyphenyl)-1,4-phenylendiamine (TPPAHM) wastbggized following the
procedure previously described (Chapter Rymethyl-2-pyrrolidinone, NMP
(Pancreac) was used as the solvent after removatgrwy molecular sieves.
Tetran-butylammonium perchlorate, TBAP (Fluka Chemika)swased as an

electrolyte withouturther purification.

3.2.2. Methods

The home-made two electrodes cells were assemialedwsching two
glass supports coated by indium tin oxide (ITO)died by Visiontek Systems
Ltd. with a sheet resistance of 27 ohm/sg and ekrieiss of 1 mm) creating an
active area of 2 x 2 cimwith a thickness set at 60 pm by means of glpksrss.
The cells were filled by a syringe with the two HQuid solutions containing 5
mM of EV(CIOy),) and 5 mM of triphenylamine (TPPA or TPPAHM) in NV
0.1 M TBAP.

The EC gel was prepared dissolving EV(QKP (1 wt %), TPPAHM (1.8
wt %), TBAP (2.2 wt %) and PVF (25 wt %) in NMP (4@ %) at 150 °C.

A two-electrodes cell was assembled by drop castihghe hot EC
mixture sandwiched between two parallel ITO-coajleds supports (supplied by
Visiontek Systems Ltd. with a sheet resistanc&dfohm/sq and a thickness of 1
mm) creating an active area of 2 x 2%cihe thickness was set at 60 pm by a
plastic spacer of epoxy tape. Finally, the devies wealed with an epoxy resin.

Cyclic Voltammetry (CV) was done on the EC solusamsing a three—
electrode cell equipped with a graphite workingetede, a Pt auxiliary electrode
and an Ag/AgCl, KCI (sat.) reference electrode. Timeasurements were
performed with an Amel Instruments 7050 model ptitstat.

UV-Vis-NIR spectra were recorded with a Thermo 8tfee GENESYS
10S UV-Vis spectrophotometer. Electrochromic Swiigh Studies were
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performed with a Jasco V-550 UV-Vis spectrophot@netThe potential
difference was supplied by means of an Amel 204@ehpotentiostat and an
Amel 568 model programmable function generator. ddeaments were

performed at 25 °C.

3.3. Resultsand discussion

3.3.1. Solution-phase electrochromic devices

The electrochemical behavior of the complementa §/stems was
performed in a three-electrodes cell. In the voiteagrams reported in Fig. 3.1.,
both the reductive and the oxidative characteref E\V?* and triphenylamines,
respectively, can be observed. Indeed, in additcdhe peaks of the triarylamines
already observed in Chapter 2, two reversible redmples at -0.47 and -0.89 V
appeared, ascribable to the sequential one eleg@monof the EV bipyridilium
units [26,29,57].
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Fig. 3.1. Cyclic voltammograms of E¥/TPPA (a) and E¥/TPPAHM (b) in NMP/0.1 M TBAP. Scan rate
=50 mV/s

The electrochromic response of the complementargtesys was
investigated by UV-Vis-NIR spectroscopy under imsieg applied voltages in a
home-made two-electrode ITO sandwich-type cells.

When the device is switched on, the species wilivenby electrical
migration to their respective electrodes to gemegat intense composite green-

blue colour. After the dual electrochromic colowatprocess is initiated, the
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products will diffuse away from their respectivee@lodes and meet in the
intervening solution where a mutual reaction regativeg the original uncoloured

species takes place (Scheme 3.1).
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Scheme 3.1. Working principle of the all-solution ECD

As depicted in Fig. 3.2, in the switch off statetthdhe ECDs are
transparent in the vis-NIR region. Upon the appiccaof 1.1 V two broad bands,
in the visible and in the NIR regions, appearedutiameously in each EDCs (Fig.
3.2.a and 3.2.b). The first band centered at 606sramcribed to the radical cation
EV™ [142,143], which caused a deep blue colorationhef solution. The NIR
band can be attributed to the formation of the cadications of the
triphenylamines, and arises from an intervalencargdtransfer (IV-CT)
excitation [20]. As far as the electrochromic res® of the TPPAHM is
highlighted, it can be seen that, at increasingtagal, the intensity of the
absorption bands, either in the visible or in tH& Nncreased until a plateau was
reached, at about 1.3 V. Upon further increasehef applied potential, the
intensities of the above banddarted to decrease, while another new band at 834
nm appearedThis behavior can be explained by the fact that ¢keonde
oxidation of the TPPAHM gradually occures, as dest@ied by the

spectroelectrochemical studies (Chapter 2).
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Fig. 3.2. Electrochromic behavior at difference voltages l## solution-phase (NMP/0.1 M TBAP) ECDs
EVZ'TPPA (a) and E¥/TPPAHM (b).

To probe the electrochromic stability of the compdmtary ECDs, we
investigated the switching characteristics of tHayer (60 pum) two-ITO
electrodes cells by monitoring the transmittancé nm, 840 nm and 1040 nm
during repeated redox stepping experiments betweehighly transmissive state
(0 V) and the darkening state achieved at 1.3 V5farfollowed by 55 s delays
between each redox switch.

From the insets of Fig. 3.3, where a few cyclessti@wn, it can be seen
that the transmittance decreased during the dcepa|splication since the
population of the radical cations EVand TPPAHM® (TPPA™) gradually
increased. Once the pulse had been removed theedesturned rapidly to the
bleached state because the recombination processesen the EV and radical
cations TPPD took place (Scheme 3.1). The bleaching kineticnigailepends
on the cell gap-dependant diffusion of the abovecigs from the electrodes
surface to the bulk solution, provided if a su#ici concentration of supporting
electrolyte is added, as is indeed the case hdd.[1

The electrochromic stability of both the deviceswonitored by running
8000 cycles (Fig. 3.3.). In general, a systematis |of the optical contrast
occurred in both the devices as the number of damgéleaching cycles
increased. However, independently on the waveleagéu for the measurement,
this phenomenon was faster in the HVPPA device than in the other one
containing the substituted triarylamine. In pargey within the first 2000

switching cycles a loss as large as 50% of thelrgbntrast was observed in the
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EVZ/TPPA device either at 606 nm (Fig. 3.3a) or at 840 (Fig. 3.3b). In the
EVZ/TPPAHM case, after the same number of cycles, citretrast loss was
restricted to less than 17% at both the wavelengibisitored (Fig. 3.3a and b).
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Fig. 3.3. Variation of the optical contrasA¢T) of both ECDs during 8000 switching cycles a6 60n (a)
and in the NIR at 840 nm (TPPA) and 1040 nm (TPPAHKJ. Insets: first switching cycles at 606 nm (a)
and 1040 nm (b).

It is clear that the instability of the EYTPPA device is not due the
viologen radical cation known to be very stable,22630, 34-37] but, rather, it
should be attributed to the instability of the aisocbmponent. It is likely that at
the potential used in the switching experimentaation of the TPPA is oxidized
to its dication species. As already discussed iapBr 2, TPPA' is unstable and
transforms into an adduct that is stable in itdlyigxidized state. Therefore, the
marked decrease of the transmittance during théclsmg cycles should be
caused by a decrease of the concentration of tleli@ncomponents with
increasing cycles. It is worth to recall that tidic and the cathodic components
within the complementary device work in a couplegywWScheme 3.1) so that the
reversibility and, consequently, the cyclability thie device is strongly affected
by the stability of each component. In the BVPPAHM device an improved
electrochromic stability was observed. This shaeltects the higher stability of
the TPPAHM anodic system in which the electron-dimgapara substitutions
decrease the reactivity of the oxidized radical cegse preventing potential
coupling reaction involving the phenyl groups [20].

The higher performance of EYTPPAHM system and the better
solubility of the TPPAHM due to its polar substimi® suggested us to
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incorporate the viologe and TPPAHM in a thermoplastic polymeric mat
using the NMP as plasticizer.ne EC gel prepare@Scheme3.2) were fully

studies as reported in the following paragr..

ELECTROACTIVE ADDITIONAL
MATERIALS MATERIALS
1. Cathodic EC Molecule: ! 3. Polymeric matrix:
EV(CIO,), PVF
2.Anodic EC Molecule: 4. Solvent: NMP
TPPAHM

Scheme 3.2.

3.3.2. Electrochromic ge

Cyclic voltammetr (CV) on the EC gel were performed in a tl-
electrode cell. A silver wire (Ag wire) was usedpggud-reference electrode al
was located in between ITO glass electrodes. Thevikg was coated by a th
film to prevent the electrical contact with thTO electrodes. The CV of tt
EVITPPAHM/PVF gel system is shown in Fig3.4 Both the reductiv:
(triarylamine) and the oxidative (viologen) chaeaciof the system, can |
observed. The two reversible reduction peak-0.95 and .34 V vs Fc/F' can
be acribed to the sequential one electron reducti@psstof the viologe
[26,29,30,34-3) The two reversible peaks occurring at +1.17nd a1.56 V vs
Fc/F¢ have been assigned to the one electron step axidafi the TPPAHM

molecule.
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Fig. 3.4. Cyclic voltammogram of EV/ITPPAHM system in PVF ma{scan rate: 50 mV/s).

The electro-optical properties of the EC gel wexpl@ted into a two-
electrodes cell. Fig. 3.5a shows the three-dim@asiabsorbance-wavelength-
applied potential correlation plot of this sampieni 400 nm up to 1100 nm. In
the switch off state (0 V), the ECD is completeignisparent in this wavelength
range. Upon increasing applied voltages two absnritands centered at 606 nm
and at 1000 nm appear in the spectrum, indicatiagthe one electron reduction
of the EV? and the first oxidation of TPPAHM occur simultansly. The ECD
switches to a blue coloration because the radiaabre EV (absorbing at 606
nm) formed at the cathode, diffuses throughoutfithe The NIR band is due to
the IV-CT transition of the radical cation TPPAHNMSs previously described. The
intensity of this band gradually increases up @ \.and starts to decrease at
higher potentials when the second oxidation oftttegylamine takes place. The
dication formed TPPAHM does not exhibit the IV-CT transition, while it
absorbs at about 800 nm [25]. At the same timebé#ra at 606 nm of the mono-
reduced species EVgrows in intensity because evidently the secomitigton
has not yet occurred.

The switching kinetics of the ECD were calculatedy b
chronoabsorptometry either at 606 nm (the wavelenfmaximum absorption in
the visible region), or at 880 nm in the NIR reg(éig. 3.5b).

Although the band of the maximum absorption in KR is centered at

1000 nm, we could not perform the switching measers at this wavelength
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because the acquisition time of the GENESYS 10SMib/spectrophotometer
was too long with respect to the response timehef device. Therefore, the
chronoabsorptometry measurements in the NIR werferpged with the JASCO
V-550 UV-visible spectrophotometer, at 880 nm, as@¥angth value close to the
edge of its spectral window. In order to have tighést optical contrast at the two
wavelengths chosen, the ECD was switched betweettahsparent (0 V) and the
colored states obtained, respectively, at 1.2 Vtfa NIR and 1.6 V for the
visible. The coloration timerf) was calculated as the time needed to achieve 90%
of the maximum transmittance chang®4T) in a single switching cycle. As
reported in Table 3.1., and evidenced in Fig. 3.fast coloration timestf) were
observed either in the visible or in the NIR. Irrtprular, thet to obtain the blue
coloration is comparable to other viologen-based ¢&C with similar optical
contrast [145]. The measured bleaching timg9 (vere around 18 s. They were
faster than those of analogous ECDs were an optoamnory effect were
observed with memory time higher than 5 min [146]1MNotably, the ECD
exhibits high optical contrasts at both the wavgtkes monitored.

——606 nm
60 ——880nm

Absorbance (au)
% T

Time (s)

Fig. 3.5. 3D spectroelectrochemical behavior of the gel-8d5€D from 0.0 V to 1.6 V and kinetic curvet
the ECD obtained at 606 nm and 808 nm (b).

At the same wavelengths we calculated, the cotmatificiency, CE #) by the
equation described in Chapter 1:

AOD
n= 0, = log [Ty /T¢]/Q;
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Table 3.1 reports the CE values for the ECD withasga of 2 x 2 cfa The CE
value exhibited by this device at 606 nm is on¢hefhighest ever reported in the
literature for similar viologen-based EC gel devidd5]. Also, the CE value
measured at 880 nm was rather good despite théhkatcit was not determined at

the wavelength of maximum absorption in the NIRarg

Table 3.1. Response times for the coloration and bleaching stad CE of the EC film measured at 606 and
880 nm.

Wavelength ( nm) Operating Voltage (V) A%T 1. (S) 1, (S) CE (cr/C)
606 1.6 69.4 4.8 18.4 118.65
880 1.2 46.5 5.3 18.7 47.08

Finally, the applicability of the EC gel was alssted in a flexible device made of
two conductive PET electrodes. As shown in Fig..,3tBhe device become
uniformly colored upon the application of 1.6 V ahé color was identical to that
of the glass-electrode EC cell, indicating that B gel works well even in the

flexible device.

Fig. 3.6. Electrochromic behavior of the flexible EC devitd & V.

3.4. Conclusions

We presented two new solution-phase complement&@psEbased on NIR
electroactive triphenylamines (TPPA and TPPAHM) aBW?* as cathodic
molecule that was used to improve the optical esttin the visible. The
application of voltages as low as 1.3 V allowedwotch the devices between the

highly transmissive state (0 V) and the darkenitegeswith high transmittance
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change in the NIR region too. The electrochemicakestigation and the EC
switching study revealed that, in contrast to isubstituted analogue (TPPA) the
TPPAHM is rather stable, due to thara substitution of the phenyl moieties that
prevent the coupling reaction of the radical catidn addition because the high
polarity of the substituents the TPPAHM showed #&dbesolubility than the
TPPA in polar aprotic solvent such as NMP thatlsaralso used as plasticizer in
EC gel. The potentialities of E¥YTPPAHM system were tested in a gel-based EC
device. A new transparent EC gel with dual eled¢tromic behavior in the visible
and in the NIR was prepared and studied by cyalitammetry, UV-vis-NIR
spectroscopy and EC switching studies. The cycbitammetry experiment
revealed a good electrochemical behavior of theocht and anodic materials
dispersed into a polymeric matrix. The switchingdsts indicated that low
operating voltages are enough to obtain high olpticatrasts in the visible and in
the NIR regions with fast response times. The EChgs shown very good
coloration efficiency values and also a uniformocation when it was tested in a
flexible device. It is expected that the presentDERas high potentialities as

candidate for smart windows applications.
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CHAPTER 4

Structural characterization of new thienoviologen
mesogens

4.1. Introduction

Extended viologens have been presented in Chagtsralvery interesting
class of electron-acceptor compounds for organiectenics. Viologens
incorportating oligothiophene conducting spacemien the pyridinium rings
(thienoviologens) provide very interesting elecilmaenic properties [71, 147]. In
addition, high photoluminescence (fluorescence) azserved in these materials
[61-69]. The field of application of these composaman be expanded through the
synthesis of viologens with liquid-crystalline pespes [106]. In this way, the
resultant materials might exhibit functional ordlerthe bulk that is expected to
enhance the performances of electronic devices. [Blb¢ few examples ot-
conjugated ionic liquid-crystals reported in therdature demonstrate that such
materials can combine relevant anisotropic electmod ion transport properties
[97, 98]. Liquid-crystal extended viologens seembé very promising candidate
to obtain new ordered functional materials exhilgitredox-active supramolecular
assemblies useful for various electronic and optisbnic devices. Therefore, the
strategy aimed at the design and synthesis of t@® class of n-type
semiconducting materials is worth to be pursued.tflis aim, an appropriate
choice of the substituent on the nitrogen atomthefpyridinium rings as well as
the introduction of mobile substituents in the gy unit, can be used to confer
mesomorphic properties to these compouHdsvever, to date, no such materials
have been yet reported in the literature. Herein pnesent the study of the
mesomorphic properties of a newly synthesised otdss-extended viologens
dications, 4,4'-(2,2'-bithiophene-5,5"-diyl)bis(tkydpyridinium)** (mVv%'s), that
bears a bithiophene bridging unit and alkyl-chahglifferent length iy = 9-11)
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on the nitrogen atoms. Differential scanning catater (DSC) analysis,
polarizing optical microscopy observations (POMY atray diffraction pattern
(XRD) revealed that the choice of the anion is iaufor disclosing the liquid

crystalline properties of the viologen dications.

-
Pd(PPh N
N NN N 5 ,
32N S
s —~ . I L
N Br N~z 1
| RI
[\ - (",?,fR LiNTf, = %,R
N S N o <= I\ S I o
l &\ NTT, Y !
R/g-l) = R/N =
o MV(NTF,)ls ® 3 MVl,s
NTf, I
9V(NTf2)2: R= (CHz)chg 9VI,: R = (CH2)8CH3
1OV(NTf2)2 R= (CH2)90H3 1OV|2 R = (CHz)QCH3
llV(Nsz)z R = (CH3)10CH3 11VI,: R = (CH3)10CH3

Scheme 4.1 Synthetic route to thienoviologen mesogens

4.2. Experimental

4.2.1. Materials

The thienoviologen mesogens were synthesized astegpin the Scheme
4.1. 5,5-Bis(4-pyridyl)-2,2’-bithiophene 1f was prepared by Stille coupling
between 4-bromopyridine and 5,5-bis(trbutylstannyl)-2,2’-bithiophene
according to a reported literature procedure [148he thienoviologens
bis(triflimide) mV(NTf,), was prepared in two steps procedure as described
below. All other materials were commercially avhia and were used without
further purification.

In a Schlenk flask, 5,5’-Bis(4-pyridyl)-2,2’-bithptnenel (1g, 3.12 mmol)
was suspended under nitrogen atmosphere in 70 mhtofdrous chloroform. To
the stirred suspension was added the appropriadeaicane (31.2 mmol)
[ilodononane: 7.9 g; iododecane: 8.4 g; iodoundecBugeg] and the mixture was
heated at 80 °C for 24 h. After cooling, the sotweas removed under vacuum

and to the resulting mixture was added diethylre¢6@ mL). The suspension was
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filtered, and the solid residue waashed several times with diethyl ether (6x10 mL)
to give pure thienoviologens bis(iodida)/ I ,s.
4,4'-(2,2'-bithiophene-5,5'-diyl)bis(1-nonylpyridim) iodide(9V1,). Yield: 1.4 g,
starting from 1 g ofl (54%). Orange solid, mp 230-232°C. IR (KB®):=
2921(m), 1633(s), 1529 (m), 1433 (m), 1226 (m),5L{rh), 803 (m), 617 (M) cm
114 NMR (300 MHz, CDCJ): 6 = 9.07 (dJ = 7.0, 4 H, H-2 + H-2' + H-6 + H-
6’on pyridine rings), 8.26 (d] = 7.0, 4 H, H-3 + H-3'+ H-5 + H-5" on pyridine
rings), 8.05 (dJ = 4.0, 2 H, H-3 + H-3'on thiophene rings), 7.28 (& 4.0, 2 H,
H-4 + H-4’0on thiophene rings), 4.73 {,= 7.3, 4 H, 2’NCH,CH,(CH,)sCH>),
2.07-1.96 (m, 4 H, 2'NCH,CHy(CH,)sCHs), 1.45-1.20 (m, 24 H, 2
"NCH,CH,(CH,)sCHs), 0.87 (t,J = 6.9, 6 H, ZNCH,CH,(CH,)sCH>); anal. calcd
for CgeHsol2N2S, (828.73): C 52.17, H 6.08, | 30.63, N 3.38, S 7./otind C
52.21, H 6.06, 1 30.58, N 3.39, S 7.76.
4,4'-(2,2'-bithiophene-5,5'-diyl)bis(1-decylpyridim) iodide (10VI,). Yield: 1.3
g, starting from 1 g of (49%). Orange solid, mp 213-216°C. IR (KBr) 2923
(m), 1633 (m), 1525 (m), 1434 (m), 1224 (m), 1161, (796 (m), 616 (m) cht; ;
'H NMR (300 MHz, DMSO-¢): 6 = 9.02 (dJ = 6.4, 4 H, H-2 + H-2' + H-6 + H-
6’on pyridine rings), 8.40 (d] = 6.4, 4 H, H-3 + H-3'+ H-5 + H-5" on pyridine
rings), 7.87 (dJ = 4.1, 2 H, H-3 + H-3'on thiophene rings), 7.70Jd 4.1, 2 H,
H-4 + H-4’0on thiophene rings), 4.53 {,= 6.8, 4 H, 2’NCH,CH,(CH,);CH>),
1.98-1.83 (m, 4 H, 2'NCH,CH,(CH,);CHs), 1.40-1.10 (m, 28 H, 2
"NCH,CH,(CH,)7CHs), 0.85 (t,J = 6.9, 6 H, ZNCH,CH,(CH,);CHs); anal. calcd
for CagHs4l2NLS, (856.79): C 53.27, H 6.35, | 29.62, N 3.27, S 7.#8nd C
53.21, H 6.37,129.66, N 3.26, S 7.50.
4,4'-(2,2'-bithiophene-5,5'-diyl)bis(1-undecylpynaim) iodide (11VI1,). Yield:
1.3 g, starting from 1 g df (47%). Orange solid, mp 226-229 °C. IR (KBw)=
2921(m), 1633(s), 1529 (m), 1433 (m), 1226 (m),5L@h), 803 (m), 617 (M) cm
114 NMR (300 MHz, CDCJ): 6 = 9.03 (dJ = 6.7, 4 H, H-2 + H-2' + H-6 + H-
6’on pyridine rings), 8.25 (d] = 6.7, 4 H, H-3 + H-3'+ H-5 + H-5" on pyridine
rings), 8.01 (dJ = 4.1, 2 H, H-3 + H-3'on thiophene rings), 7.25Jd& 4.1, 2 H,
H-4 + H-4’on thiophene rings), 4.72 @,= 7.1, 4 H, 2’NCH,CH,(CH>)gCHs),
2.10-1.96 (m, 4 H, 2*NCH,CHy(CH)sCHs), 1.47-1.19 (m, 32 H, 2
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"NCH,CH,(CH,)sCHs), 0.87 (t,J = 7.0, 6 H, ZNCH,CH,(CH,)sCHs); anal. calcd
for CsoHsgl2NLS, (884.84): C 54.30, H 6.61, | 28.68, N 3.17, S 7.&and C
54.33, H 6.60, 1 28.65, N 3.16, S 7.26.

To a stirred solution of thienviologen bis(iodide{ 1 mmol) [9V1,:0.83 g10VI,:
0.85 g;11VI,: 0.88 g] in 300 mL of methanol, was added lithitriflimide (1.15
g; 4 mmol). The mixture was stirred at room temperafor 15 h. The solvent
was removed under vacuum and to the resulting maxwas added water (50
mL). The suspension was filtered, and the solidlteswas washed several times
with water (4x10 mL) to give pure thienoviologens(tiflimide) mV(NTf,), .
4,4'-(2,2'-bithiophene-5,5'-diyl)bis(1-nonylpyridim) triflimide [9V(NTf,)2].
Yield: 0.54 g, starting from 0.83 g 8V, (48%). Yellow solid, mp 132-135°C.
IR (KBr): v =2925 (m), 1634 (m), 1530 (m), 1434 (m), 1358 1883 (m), 1193
(s), 1138 (m), 1055 (m), 810 (m), 611 (m)¢mH NMR (500 MHz, DMSO-g):
6=9.02 (dJ=6.5, 4 H, H-2 + H-2' + H-6 + H-6’0n pyridine ms), 8.41 (d,) =
6.4, 4 H, H-3 + H-3'+ H-5 + H-5" on pyridine rings3.34 (d,J=4.0, 2 H, H-3 +
H-3’on thiophene rings), 7.87 (d,= 4.0, 2 H, H-4 + H-4’on thiophene rings),
453 (t,J = 7.2, 4 H, 2*NCHyCHy(CH,)CHs), 1.98-1.86 (m, 4 H, 2
"NCH,CH(CH,)6CHz), 1.36-1.20 (m, 12 H, 2NCH,CH,(CH,)sCHs), 0.86 (t,J =
6.2, 6 H, 2"'NCH,CH,(CH,);CHs); **F NMR (471MHz, DMSO-¢): § = —=74.0 (s,
3 F, CR); MS (ESI, direct infusion):m/z = 1158 [(M+Na]J]; anal. calcd for
CaoHs0F12N40sSs (1135.22): C 42.32.17, H 4.44, F 20.08, N 4.94695; found
C 42.36, H 4.45, F 20.10, N 4.93, S 16.99.
4,4'-(2,2'-bithiophene-5,5'-diyl)bis(1-decylpyridim) triflimide [10V(NTfy)].
Yield: 0.66 g, starting from 0.85 g @0VI, (57%). Yellow solid, mp 138-141°C.
IR (KBr): = 2925 (m), 1634 (m), 1527 (m), 1435 (mB59 (s), 1334 (m), 1193
(s), 1135 (m), 1052 (m), 804 (m), 614 (m)¢mH NMR (500 MHz, DMSO-g):
0=9.02 (dJ=6.4, 4 H, H-2 + H-2' + H-6 + H-6’0n pyridine ms), 8.40 (d,) =
6.4, 4 H, H-3 + H-3'+ H-5 + H-5" on pyridine rings3.35 (d,J =4.0, 2 H, H-3 +
H-3’on thiophene rings), 7.87 (d,= 4.0, 2 H, H-4 + H-4’on thiophene rings),
453 (t,J = 7.1, 4 H, 2*NCH,CHy(CH,);CHs), 1.97-1.86 (m, 4 H, 2
*NCH,CH2(CH,)7CHs), 1.36-1.19 (m, 14 H, INCH,CH,(CH,);,CHs), 0.86 (t,J =
6.5, 6 H, 2"NCH,CH3(CH,);CHs); **F NMR (471MHz, DMSO-g): & = —73.9 (s,
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3 F, CR); MS (ESI, direct infusion):m/z = 1186 [(M+Na]; anal. calcd for
Ca2Hs4F19N4OsSs (1163.27): C 43.36, H 4.68, F 19.60, N 4.82, $46found C
43.42, H 4.68, F 19.63, N 4.83, S 16.50.
4,4'-(2,2'-bithiophene-5,5'-diyl)bis(1-undecylpynaim) triflimide [11V(NTf,),].
Yield: 0.56 g, starting from 0.88 g @VI, (47%). Yellow solid, mp 155-157°C.
IR (KBr): v = 2922 (m), 1634 (m), 1529 (m), 1435 (m), 1348, (11)34 (s), 1137
(m), 1057 (m), 809 (m), 650 (m) ei*H NMR (300 MHz, CDC}): = 8.24 (dJ

= 2.0, 1 H, H-4), 7.46-7.38 (m, 3 H, aromatic),7#831 (m, 2 H, aromatic), 7.26-
7.20 (m, 3 H, aromatic), 7.17 (distorted dd; 8.5, 2.0, 1 H, H-6), 7.11 (distorted
d,J =8.9, 1 H, H-7), 5.17 (s, 2 H,HGPh), 3.77 (s, 3 H, CMe); *F NMR
(471MHz, DMSO-@): 6 = -73.9 (s, 3 F, GI£ MS (ESI, direct infusion):m/z=
1214 [(M+Nay)]; anal. calcd for GuHsgF1oN4OSs (1191.32): C 44.36, H 4.91, F
19.14, N 4.70, S 16.15; found C 44.40, H 4.92, A19N 4.71, S 16.11.

4.2.2. Methods

Melting point analyses were performed on a Link&amS350 stage, TP94
System Controller) at scan rate of 10 °C/nitd.NMR spectra were recorded at
25 °C in CDC} or DMSO-@ on a Avance 300 Bruker NMR spectrometer at 300
MHz or on a Avance 500 Bruker NMR spectrometer@ MHz with MgSi as
internal standard"®F NMR spectra were recorded at 25 °C in DMSQOed a
Avance 500 Bruker NMR spectrometer at 471 MHz wiRk,Br, as internal
standard. Chemical shift§)(and coupling constantd)(are given in ppm and in
Hz, respectively. IR spectra were taken with a JASET-IR 4200 spectrometer.
Microanalyses were carried out with a Carlo Erbantgntal Analyzed Mod.
1106. Mass spectra were obtained using a ABScidx28B0 mass spectrometer
equipped with a turbo ion spray ionization sourc¢hie positive mode [ion spray
voltage (IS) 4500 V; curtain gas 10 psi; tempea °C; ion source gas (1) 20
psi; declustering and focusing potentials 50 ardl MOrespectively].

The transition temperatures and enthalpy changesoofpounds were
determined by differential scanning calorimetry (D3Susing a DSC-NETZSCH
200 calorimeter. The heating and cooling rate wag fin* and the sample mass

was around 4.0 mgA Leitz, Laborlux 12 POL polarizing optical micraxuy
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equipped withLinkam LTS350 heating stageas used for visuadbservation of
optical texturesThe powder X-Ray diffraction patterns were obtaibgdising a
Bruker AXS General Area Detector Diffraction SystgD8 Discover with
GADDS) with Cu-Ka radiation; the area detector \péeced at a distance of 20
cm from the sample and at an anglg 8f 14°. Measurements were performed by
charging samples in Lindemann capillary tubes witter diameters of 0.5 mm. A
CalCTec (Italy) heating stage was used to heasaneples at a rate of 5°C riin

to the appropriate temperature.

4.3. Reaultsand discussion

The mesophases of these compounds were studiedOM;, BSC and
XRD. Notably, it was found that, while the composaraf the homologous series
mV (NTf,), exhibit a rich and complex mesomorphism (Table adne of those
of the mVI,s series is liquid crystalline. This profound di#erce reflects the
strong influence of the anion in disclosing theuid crystalline nature of the

thienoviologens dicatiomV?".
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Table 4.1. Transition temperature (T /°C) and transition aigy values (kJ mdl in
brackets) fomV (NTf,),s?

o -1
Compound phasel] Higlreme g phase
9V(NTH,), 13;:0“;.'“:?9 «offSbd. « oudEEL | ofdYd
. Coloro g A4 —bdhfhé
JOV(NTE), 1st hefalting K O ]szﬁ[%lﬁ] - Col, O ﬁSﬂ[ﬁ] ~ L
1st heating K O H7ﬁ[ﬁﬁ] - Colq U ﬁlﬁ[ﬁ]_,
r
11IV(NTf2), cooling .

freezedSmA [}, H[@”D SmA %QZ[Q]B]D

®Determined by DSC at a scan rate of 5 °C/min; abhtiens: K = crystalline solid, Cgland Cal, = respectively,
ordered and disordered columnar rectangular ph&se4,= smectic A phase, IL = isotropic liquid stat

The DSC traces relative of compounds mV(NZin the first heating and
cooling scans are shown in Fig. 4.1. For the comg® (NTf,), a first transition
at low temperature with a large enthalpy change wlaserved followed by a
transition at about 115 °C exhibiting a very léM (Table 4.1). Upon further
heating, the isotropic liquid state was reachedekiVbooled from the melt, the
growth of dendritic aggregates was observed (FRp)}4 These transformed into a
mosaic structure (Fig. 4.2b) typical of columnarsoghases [149] below 120 °C.
Upon further cooling across the second transitimmné by DSC (Fig. 4.1a), a
striated mosaic texture appeared (Fig. 4.2c). ™p#cal texture was almost
entirely kept on further cooling down to room temgtare (Fig. 4.2d) indicating
that no additional transitions took place, in agreet with the DSC analysis that

did not detect any enthalpy change below 110 °C.
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Fig. 4.1. DSC traces omV(NTf,),s with m = 9 (a), m = 10 (b), m = 11 (c) for the hs&tating and coolin
scan at a rate of 5 °C/min.

Fig. 4.2. Representative optical textures for the mesophasavimur of compoun@V(NTf,), upon cooling
from the IL state(a) Dendritic aggregates growth of tColy phase (T = 133 °C) separating from

isotropic melt that transform into (b) a mosaictte& on further cooling (T=118 °CStriated mosaic textul
of the Col, phase at 100 °C (c). Paramorphic behaviour of thy, phases at 30 °C (d) with verubtle

differences compared to plate
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The mesophase behaviour of the other two compouoinithe series wit
= 10-11 was different. Before reaching the isotrojmjuid state, they shared a
main transition at about 115-120 °C with lafyel values (Fig. 4.1 b-c; Table
4.1), that led to a liquid crystalline phase. POMservation of dendritic
aggregates on thin films of these materials, sugdethat this should be a
columnar mesophase (Fig. 4.3.a). The range ofendstof these phases was very
narrow for 10V(NTf,), and relatively wide [(B0°C) for 11V(NTf),. Upon
cooling from the IL state of bothOV(NTf,), and 11V(NTf,),, the growth of
batonnetes was observed that, on cooling, trangfnmto the typical fan-shaped
texture of a smectic phases (Fig. 4.3b). Upon &urttooling below 115 °C,
striated fan-shaped textures with striations actbssfans were observed (Fig.
4.3c). These textures were maintained during thelirgp down to room
temperature (Fig. 4.3d) indicating that no furthémansition occurred.
Interestingly, the thermal analysis showed that thelting point (m.p.) of
mMV(NTf2).s monotonically increases with the alkyl-chain kngm) in the
temperature range 130-175 °C. In contrast, we didind any similar trend in the
iodide homologous series for which, comparativelghkr m.p. values were

measured.
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Fig. 4.3. Representative optical textures for mesophase behaviour of compoudd®/(NTf,), during (a) the
1st heating scan (123 °C) and on cooling from thetHte at (b) 140 °C, (c) 100 °C and (d) 30 °C. Ria}t
illustrates the typical dendri aggregates of the columnar phase. On cooling fl@rigotropic melt (b) th
typical fanshaped texture of a SmA phase appeared that travesfanto (c) a striated f-shaped texture on
further cooling. (d) This structure was maintaimkeding the coolig down to room temperatu

To confirm the phase identification, the mesophade compound:
mV(NTf,),s was investigated by XR

In the case of compour9V(NTf,), the X+ay pattern recorded at 120
on cooling shows two reflections in the small angdgion which, together wit
the other peaks in the middle angle range, canndexed on the basis of
rectangular columnar structure, with the first nge peaks asned as (20) and
(11) reflections. This diffraction pattern (Fig.4) corresponded to rectangu
lattice constantsa=55.8 A ancb = 22.6 A.
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Fig. 4.4. Powder pattern of 9V(NZ¥, recorded at 120 °C on cooling

The extinction rules for the rectangular latticdiaates a Colphase with
P2:/a symmetry. Other weak diffraction lines were obsenn the wide angle
region, underneath the broad halo typical of thuidl-like disorder of the
aliphatic chains centred at about 4.6 A. In palticithe line corresponding th=
4.5 A can be considered the diffraction due todblimnar stacking of the core
parts of the molecules. This value is significartigher than the expected value
of 3.4/3.5 A forn-n stacking with face-to-face interactions of aromatioieties,
suggesting the association of cations into dimarsuigh bridging interacting
anions. Most probably, we can hypothesize that dyein bonds between the
pyridinium moieties and the anions occur. IndebdZtvalue can be calculated as
about 4, assuming a densjtyequal to unity, which corresponds to 2 molecules
included in each disk. The association of molecole8V (NTf,), into dimers as
shown in Fig. 4.5 a gives rise to a disk-like stoue, with an elliptic columnar
cross section typical of rectangular columnar omzgtions, consisting of central
cores, (interacting through electrostatic forces laydrogen bonds) and peripheral
alkyl chains. Decreasing the temperature, the colunphase is kept until room
temperature, with a slight variation of the lattp@rametersa(= 54.2 A ando=
22.0 A) and the appearance of more intense reflestin the wide angle region
(centred at 4.2 and 3.5 A in the PXRD pattern réedrat 90 °C) indicative of a

higher degree of order within the columns.
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Fig. 4.5. Proposed model of dimerization of -like 9V(NTf,), molecules in the formation of di-like
aggregation (a) and schematic illustration of th¢, P2,/a mesophase.

The elongation of the alkyl chains fro9V(NTf,), to 10V(NTf,), and
11V(NTf,), induces an increase of mobility, enhancing the-shape side area,
and therefore a different thermal behaviour. Indeedpouncl0V(NTf,), shows
a highly disordered columnar rectangular mesopladhe first heating cycl
(lattice parametersa = 60.2 A andb = 22.6 A) (Fig. 46a). The overall
organization transforms into a lamellar liquid ¢afsne phase already in the fil
cycle at 125 °C on cooling from the isotropic stafbe powder pattern sho
diffractions due to the (001) and (002) planethe small angle region, with
measured intetpanar distance of 30.4 A (Fi4.6b).
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Fig. 4.6. Powder pattern c10V(NTf,), recorded at 118 °C on heating in the first heatipgec(a) and &
125 °C on heating in the second heating ¢
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Therefore, the shape of the molecules switches filak-like to rod-like
with temperature and the transition between the masophse organization
(columnar over calamitic and the opposite) is rdpoible in all heating an
cooling cycles. On the other hand, in the case whpound11V(NTf,),, a
disordered columnar rectangular mesophase is adxsa@mlyin the first heating
cycle (latice parametera = 51.4 A andb = 41.3 A) (Fig. 47za), while, when
transformed into the lamellar liquid crystallinegsie fran the isotropic state (Fi
4.7), is definitively lost in all heating and coolicgcles.

In both cases, comparing td values of about 30 and 33 A with the len
of the dications iflOV(NTf;), and11V(NTf,),, respectively, calculated in the
maximum elongation with atrans chains conformation of about 40 and 43
combined with the POM observation, it is possildegropose an orthogon

lamellar mesophase of the SmA type, with high dligitation between alky

chains.
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Fig. 4.7. Powder pattern c11V(NTf,), recorded at 130 °C on heating in the first heatipgjec(a) and &
130 °C on heating in the second heating ¢

Fig. 48 summarizes the mesophase behaviour omV(NTf,), and highlights
its strong dependence on the length of the alkglrchinthe positionsN,N’of the
pyridinium moiety. All of these compounds give rige columnar rectangul
mesophases in the first heating scan. However sthlaility of this mesophas

seems to decrease h the elongation of the chains (Fig. 4.84)reproducble
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mesomorphism was obtained only from tH8 Beating scan and the columnar

phase was definitely lost at this stageXby (NTf,), compound (Fig. 4.8b).
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Fig. 4.8. Mesophase behaviour of compounds mV(NTf2)2 with &£l in (a) the second heating scan and
(b) the second cooling scan.

4.4. Conclusions

We have designed and synthesized new thienovioldgematives which
are able to self-assemble and form ordered meseph@gspite the rod-like shape
of the dicationsnVV*'s we observed that the compound containing bistritle)
anion [mV(NTf,),s] self-assembled into columnar rectangular or smect
mesophases and that this behaviour was modulatédeebglkyl-chain length. The
role of the anion was crucial to obtain liquid-datBne compounds, indeed, all
the iodide precursors did not shown mesomorphism.

Thermal (DSC and POM analyses) and structural (XR&asurements)
characterizations revealed that all compounds assdémbled in columnar
rectangular phases in the first heating scan. Quirgp (I* scan) instead, only
9V(NTf,), retained the columnar organization, while the hpreferred a
lamellar (smectic A) self-organization. Repetitivecans showed a well
reproducible mesomorphism for all compounds. Ngtallom the 2¢ heating

scan the columnar phase was definitely lostLidf(NTf2), compound.
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CHAPTER 5

Redox and spectroscopic properties of the thienoviologen
mesogens

5.1. Introduction

The liquid-crystalline thienoviologens have beesigieed to be efficient
electron-acceptomftype) functional materials for optoelectronic dms such as
solar cells, electrochromic devices and light-emgttelectrochemical cells. Self-
assembling nanostructured molecular materials stingi of ionic and=n-
conjugated units form anisotropic ion-conductiveahpays showing enhanced
transport properties of the electronic charge ees1j96, 150] too. Recently, Kato
et al. [97, 98] have presented a new class of relective nanostructured liquid
crystals combining ionic and electronic moietiegmenstrating a reversible
electrochromism in the smectic phase. We think that compounds are very
goodn-type semiconducting liquid-crystals because tbgtendedt-conjugation
and their electron-acceptor character of viologeiecules. For this reasons we
studied the redox properties in solution and in tigaid-crystalline phase.
Because the redox properties in the solution pheseaffected exclusively by the
electroactive n-conjugated core of the molecules, herein we ptedée
electrochemical and spectroelectrochemical proggefor only one molecule 4,4'-
(2,2'-bithiophene-5,5'-diyl)bis(1-decylpyridiniuntjifimide 10V(NTf,),, coupled
by theoretical characterization performed at dgrisibctional theory (DFT) and
time-dependent DFT levels of theory [151]. In andhi the electroactivity in the
bulk states of the mesogens was studied eithehanstmectic phase or in the
columnar phase. Because their semiconducting atderaterials nature,
electronic conduction was also observed in therparghic solid phases of these
materials that showed reversible and fast electomolt responses. To our

knowledge it is the first time that electrochromisgsnobserved in the columnar
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phases and in the paramorphic solid phases obtasmeatooling from the
corresponding mesophases.

5.2. Experimental and theoretical details

5.2.1. Materials

The thienoviologen compounds were synthesized ssrithed in Chapter
4. Propylene carbonate (PC) was purchased from &®jolrich and was used
after removing water by molecular sieves. Tetadtylammonium perchlorate,

TBAP (Fluka Chemika) was used as electrolyte wittiotther purification.

5.2.2. Methods

Redox and spectroel ectrochemical propertiesin solution phase.

The electrochemical behavior of the thienoviolog&nmM) was studied
by cyclic voltammetry (CV) experiments in a degalsskectrolyte solution PC/0.1
M TBAP. The measurements were done at a platinlorking electrode in a
three-electrode cell, using a platinum auxiliargotlode, an Ag/AgCl reference
electrode and a potentiostat configuration from AMEr.l. (Mod. 7050). All the
potentials were calibrated against the Ft/Fedox couple. Scan speed was 30
mV/s.

Spectroelectrochemistry was conducted as desribe@hapter 2. The
reference electrode was calibrated against the cFcfEdox couple. The
spectroelectrochemical cell was filled with a swiot containing the
thienoviologen (1 mM) in PC/0.1 M TBAP.

Electrochemical and spectroscopic measur ements in the bulk phases.

To measure the transmittance through the liquidtaiycell we used the

home-made optical line depicted in Scheme 5.1.
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Scheme 5.1. Scheme of the optical line used for transmittaneasarement

The beam of bright light emerging from a He-Ne ta@éelles Griot 05
LHR 106, wavelength 632.8 nm) passes through a pdropvhose rotation
frequency controls the reference signal of theock he light leaves the chopper
through a slit which avoids any reflection. Thegence of a beam-expander,
increasing the size of the beam, and a slit, redyuitie size of the beam, produces
a perfectly collimated beam of light, which reachtes liquid crystal cell located
within a hot stage (Linkam LTS350 stage, TP94 Systontroller). The light
leaving the sample impinges on a photodiode (dete¢hat collects light and
converts it into an electrical signal. The signalthen directed to a lock-in
amplifier, sent to a reader, digital oscilloscoptewlett Packard 546001), and
recorded on a PC. The software for recording andgssing the optical data has
been home made.

The measurements were carried out under atmospbenditions. The
liquid crystal cells comprised two glass platestedavith indium tin oxide (ITO)
(the area of the electrode was 4 mm x 4 mm). Tio&riess of the cell was set at
5 um by means of glass-spheres. The liquid crystale wapillary-filled into the
cells in the isotropic states. The air dissolvedhe liquid crystals was purged
with argon in the isotropic state using a vacuurmpibefore the measurements.
The transmittance curves were detected under @pipiic of potential steps
modulated by the function generator (Amel 568 maqalelgrammable function

generator). The transmittance was determined asatiee of the intensity of the
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transmitted light through the liquid crystal cellirthg the measurement to the
intensity before the potential application.

The absorption spectra of the liquid-crystals filmere recorded by an
Horiba VS-140 spectrometer using a Linos LQX 10@don fiber light source
working in the 400-800 nm range. In order to kebke material phase under
control, spectra were acquired with the liquid tailsve cell placed inside the
Linkam hot stage. The incident light was propagatetd the sample by means of
semirigid light guides placed above the Linkamwirgg window and the
transmitted light was detected by an optical fidetector placed at the opposite

side of the viewing window.

5.2.3. Computational details

All the calculations have been carried out usingUSSIAN 03 code at
density functional theory level [152]. The non-engal PBEO hybrid functional
[121,122] has been adopted to perform geometryrogdtions, in gas phase and
in solvent, without symmetry constraints in combio with 6-31G basis set for
all atoms. The computational effort has been rediueplacing the —(ChHyCHs
groups with less demanding ethyl groups. This switetin does not affect the
spectral properties that are essentially due t@tbeatic core [117,129]. In order
to confirm proper convergence to equilibrium, vilaal frequency analysis has
been done on the basis of analytical second deresabf the Hamiltonian at the
same level of theory. The di-cation species has li@end to be more stable in a
singlet spin state and has been treated with te#igeed Kohn—-Sham (RKS)
formalism, while for the open-shell systems (catspecies), unrestricted Kohn—
Sham (UKS) calculations have been performed. No spntamination has been
found for the open shell system being the hS2ievalgual to 0.77. The lowest 20
vertical excitation energies have been calculatgdtitme-dependent density
functional linear response theory (TDDFT) [125,133,] on the PBEOQ/6-31G
optimized geometries. Solvent effects on geometpsnizations and excitation
energies, due to electrostatic interaction in pstdvent, have been introduced in
the framework of the conductor-like approach (C-BqM3,154]. This approach
provides results very close to those obtained leyatfiginal dielectric model for
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high dielectric-constant solvents, but it is leseng to numerical errors arising
from the small part of the solute electron cloushdyoutside the cavity (escaped
charge effects). Solvent shifts of excitation bamdse evaluated by a recent
nonequilibrium implementation [155] of the polatida continuum model by

using gas-phase structures.

5.3. Results and discussion

5.3.1. Redox and spectroelectrochemical propertiesin solution state

When a potential is applied to 10V(NJ4 it can undergo reversible two-
stage one electron reduction, with the formatiorthef stable radical cation and
the neutral species or one stage two-electron tdcwith the consequent
formation of only the corresponding neutral speclasgeneral, it is not trial to
decide a priori what kind of reduction reaction a@atur, since some viologens
undergo the first process while others the secomd[61,62]. These two possible
electrochemical behaviors depend on the value efréduction potential as well
as on the experimental conditions. It was previpusited that both the processes
can occur without conformational changes duringrdox process [61]. Cyclic
voltammetry (Fig. 5.1) reveals one anodic peak$E4.07 V vs Fc/FQ and one
cathodic peak (Ec = -1.23 V vs FclfcDifferently from what is generally
observed for the cyclic voltammograms of compoundstaining pyridinium
moieties directly connected, that exhibit two amrgakaks and two cathodic peaks
[61,62], here we are in presence of a single stepdlectron reduction (or two
very closely spaced one electron reductions). T¢wimence of a two electron
step has already been observed for other extendeldgens, where two
pyridinium moieties were linked by a phenylenenfeavork [61,62]. The same
references report two closely spaced single stefuct®ns in the case of
pyridinium moieties separated by one thiophene.rilmg our thienoviologen
compound the pyridinium groups are separated by ttwaphene rings, so it
seems quite reasonable that inserting another hbmmp ring, that is to say,
increasing the separation between the pyridiniuougs, the electrochemical

behavior becomes that observed in Fig. 5.1. Aneeed spatial separation (and
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then a decreased interaction) between the pyriginmoieties seems to make
unstable the thienoviologe monocation (IQMhat can undergo a dismutation
reaction and evolve to the more stable 40dication and the 10%nheutral forms.
Another fact to be remarked is that the behavionas completely reversible,
suggesting that the oxidized species, 0\ more stable than the di-reduced
one, 10V.
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Fig. 5.1. Cyclic voltammogram of 10V(N%J, (1 mM) in PC containing 0.1 M TBAP. Scan rate = 3@0/sm

Spectroelectrochemical experiments were used tdu&tea the optical
properties of 10¥. As shown in Fig. 5.2, without applied potenti@l0Q V) only
a strong absorption band centered at 432 nm iepresfter application of a
potential (-1.20 V), resulting in the reduction1d**, a new broadband centered
at 662 nm appears whereas, the previous peak andiBpersists. During the
electrochemical reduction the solution color chandgem yellow to green.
Increasing the applied voltage up to -1.60 V, tledbat 662 nm grows in

intensity and no significant absorption changehmisible spectrum is observed.
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Fig. 5.2. Absorption specti of 10V(NTf,), (1 mM) in PC/ 0.1 M TBAP solutiorfrom 0 V to-1.6 V vs
Fc/F¢ and visualelectrochromicesponse.

Going to high wavelength (from 900 to 1200 nm) & ldbsorption banc
are registeredrhis spectral behavior is very similar even if wegge the solvel
(NMP, &= 32.2). So, contrary to viologen and its derivatgh a furan ol
monothiophenenter ring, we do not find NIR absorption peaks. drder to
explain the observed experimental behavior we hawdertaken a theoretic
characterization of this system by using DFT andFD previously employe
for characterize similar systen117]. Asa first step of our work, we have ful
optimized at DFT level the geometries of the thpessible species in order
verify if significant conformational changes areuced by the redoprocesses.
Starting from the optimize geometries, we have compdtine excitation energie
for the neutral and charged species. The results aaeteel in Tablel. From
TDDFT computations the following spectral featuaes suggeste (i) the neutral
species coming from a tw-electron reductiorshould have a strong ¢orption
maximum at 659 nm a with oscillator strength of 2.02 that is mainly due fc
HOMO— LUMO transition (71.8%). Two other peaks at 268 (f = 0.20) and at
208 nm { = 0.15) are generated by transition from fror orbitals to high energ
unoccupie energy levels; (ii) the monocat radical show an HOM—LUMO«
transition (96.3%) i 1132 nm with anf value of 0.54 while the transitic
HOMO—LUMO@p (93.3%) generates an absorption band centeredanrs (f =
1.32); (iii) the dication shows a more complex hebtiain the UV region but i
mainly characterized by the presence HOMO—LUMO (70.6%) transition &
462 nm and with a largf value (1.73). Fig. 5.8hows the energetic behavior
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the four Gouterman frontier orbitals and the HOM@ &UMO composition. It is
worth to note that the HOMO-LUMO energy gap estadafrom the onset
position of the absorption spectrum of F0\2.53 eV) is in very good agreement
with the time-dependent spectral simulation (2.88. &he agreement between
the theoretical and experimental transition isegibod. In fact, the difference in
the absorption maximum of the dication specieQisnd (462 vs 432 nm), while
for the neutral one is only 3 nm (659 vs 662 nmh Be basis of these
considerations, the spectral behavior obtainetiempresence of applied potentials
can be assigned considering the presence of bethethitral and dication species.
The absence in all the experimental spectra ofbBFT predicted intervalence
charge transfer (IV-CT) absorption band in the MéRion of 10V is probably
due to the fast two-electron reduction as also ceteéd from the cyclic

voltammogram.

Table 5.1. Computed vertical excitation energies, main confitjon and oscillator strengtligor molecule
10V(NTf,), in Propylene Carbonate € 69.9).

AE Main Configuration = EXP
(eV, nm) (%)
+2 2.68, 462 H-> L (70.6) 1.73 432
4.65, 267 H-1-> L+1 (68.8) 0.12
4.96, 250 H-5- L (62.2) 0.11
5.06, 245 H-2-1+1(64.6) 0.13
5.81, 213 H-4- L+1(43.0) 0.12
+1 1.09, 1132 H-la (96.3) 0.54
2.07,599 H- L B (93.3) 1.32
4.62, 268 H-1- L+1 (77.3) 0.10
0 1.88, 659 H- L (71.8) 2.02 662
4.63, 268 H-1- L+3 (55.3) 0.20
5.95, 208 H- L+12 (63.1) 0.15
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Fig. 5.3. Partial energetic diagram (eV) for the highest pioed and lowest virtual unoccupied molect
orbitals of moleculelOV(NTTf,), (neutral and cationic forms). The orbital compasi§ are reported for tt
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5.3.2. Redox and spectroscopic propertiesin the bulk state

The redox behavior of the thienoviologen liquidstays in the bulk state
have been studd. Thecell were filled by capillary actiowith the compounds in
the isotropic stateWhen the samples were cooled in the columnamuectic A
phases, the LC moleculspontaneously align pallel to the electrode surfe. In
thosealignments, both the columns i the smectic layers were perpendict to
the electrode surfac. The electric field was theapplied in the direction ¢

electronic and ion transport layq97,98] (Fig.5.4).

electrode
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Fig. 5.4. Schematic illustration of nanostructured smectic (a) and columanar (b) LCefasthe coupling
of the ionic and electronic functiol
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As described in Chapter 1, the frontier orbitalsertapping that
characterizes the ordered semiconducting mateshtaild lead to electronic
bands having reasonable low Energy band gap [(556]. Indeed, the thin-film
absorption spectrum of 9V(NJ)$ in the columnar mesophase (Fig. 5.5) is broad

and red-shifted with respect to the absorption tspetin solution (Fig. 5.2).

Absorbance (a.u.)

T T T T T T v 1
400 500 600 700 800
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Fig 5.5. Absorption spectra of 9V(N3)in the Co, phase at 120 °C. The sample tickness;im5

When a DC voltage of about 2 V is applied to th#, ¢ke color of the
liquid crystal layers changed from red to dark anslide band covering the entire
visible region of the spectrum appeared (Fig. 5I6g electron-acceptor nature of
the thienoviologens suggests that the color changst be attributed to the
formation of mono-reduced and bi-reduced species.

The response behavior was measured by monitorgrémsmitted light
intensity of a He-Ne laser. (= 632.8 nm) through theamples as previously
described (see Methods).

Semiconducting liquid crystals show an efficiergattochromic response
in presence of both a good overlapping LUMOSs olbitd the larget-conjugated
system, that allow a fast electronic (or holes) giwog via n—n interactions
between sites [81,118], and an electrolyte solufi®?]. The formation of an
electrical double layer at the electrode surface tuthe ions of the electrolyte

prevent the electrode polarization that otherwiseit$ the electronic charge
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injection. Electrolyte solution can be avoidedh¢ tsemiconducting liquid crystals
incorporate ionic groups [97,98], because an etadtdouble layer is rapidly
generated by the fast moving counterions, undelegtric field.

In our case the reduction process occurs becagseldctrons, injected
from the cathode, flow through the highly delocaled n-system of the
molecules. This process is favored by the selfrabfieg of the molecules in
columnar or smectic layers, perpendicular to thectebde surfaces (planar
orientation). At the same time the triflimide ansamigrate toward the anode.

Fig. 5.6 shows the responses of the transmittancethienoviologen
compounds in the columnar and smectic phase asdidn of the application
time of double-potential steps between 0 and 1.5hé electrochromic responses
of the compounds in both mesophases are completrgrsible even if
appreciable difference can be observed comparmgittetic curves of 9V(NTj.
(Fig. 5.6a) with those of 11V(N3) (Fig. 5.6 b).
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Fig. 5.6. Response of the transmittance of 9V(NJih the Col, phase at 120 °C (a) and of 11V (M)kin
the SmA phase at 145 °C (b) under the applicaticheflouble potential step sequenasseen 0 V (30 s)
and 1.5 V (10 s)The sample thickness igi.

As reported in Table 5.2, similar coloration tim(ealculated as the time
needed to achieve 90% of the maximum transmittaeage) of about 8-9 s
were observed for both the phases. The bleachmggstinstead, are very different
and reveal the different way in which the electcotmansport occurs in the two

phases. Indeed, as largely reported in literataréhe smectic phaséd extent of
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frontier orbital overlap is lower [73] with respected to that ocmgrin the

columnar phase where orientational ordered paramate larger [76].

Table5.2. Transmittance changa%T) and switching times for the liquid crystallippases.

Compound T (°C) Phase Operating  A%T 1. (S) T (S)
voltage (V)
IV(NTT,), 120 Cob 4 15 15 8 3
80 Colo ; 25 10 8 20
11V(NTS,), 145 SmA 15 18 9 14
80 Freezed 25 8 9 25
SmA

T, = coloration timer, = bleaching time, CgJ= Columnar rectangular order phase; SmA = Smécpbase

We have also demonstrated that the thienoviologexkBibited an
electrochromic response in more viscous orderedsghfarmed on cooling
(paramorphosis). lamorphous solid state of organic semiconductorrorga on
cooling from highly ordered smectic phase Vlachosle [157] measured the
same high carrier mobilities of those in liquid stalline phase. Similarly, we
observed the electrochromism and thus electronmwction, down to room
temperature in the columnar ordered and freezeattssm& phases. The kinetic
curves of the thienoviologen compounds at 80 °Gh& columnar and freezed
smectic A phases are reported in Fig. 5.7 a armgdpectively. It is possible to
observe clearly that also in this conditions, theabhing process and thus the

electronic conduction in the smectic phase is stahan that in the columnar.
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Fig. 5.7. Response of the transmittance of 9V(NJfa) and 11V(NT{), (b) at 80 °Cin the paramorphic
phase under the application of the double potesteh sequencedsstween 0 V (30 s) and 2.5 V (10 Jhe

sample thickness is/n.
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5.4. Conclusions

The study of the redox properties in solution oé thew synthesized
thienoviologen mesogens showed that these moleauhelergo a one-step two-
electron reduction. It is possible that the gersgFahono-cation radical species
has a very short lifetime, and gets converted ® riore stable dication and
neutral forms.

Moreover, an efficient electrochromic response alaserved in the liquid-
crystalline phase of these compounds. The elearoatal reduction caused the
switch of the colour of the thin film materials mored to dark. The shorter
response times for the bleaching process observdlei columnar phase with
respect to the smectic one, should reflect a laoyerlap between the frontier

molecular orbitals in the columnar phase.
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CHAPTER 6

Novel electrochromic plastic film containing a
thienoviologen derivative

6.1. Introduction

Viologens are a class of electrochromic (EC) mdiesdargely used as
coloring cathodic materials in device such as eteit papers [58,59], smart
windows and displays [26,29,30, 34-37,51,57]. laptkr 5, the redox properties
in the solution state of the thienoviologen wened&d, revealing an interesting
electrochromic response in the visible region. B solution switched from
yellow to green when a moderate potential (~ 1.2isvapplied. These results
indicate that this molecule is a potent candidateapplication in EC displays. It
was demonstrated that a desirable electrochromigcele(ECD) should be
complementary [159], which means that a device asag@ of one anodic and one
cathodic coloring material undergoes a simultaneoakring or bleaching
process. A complementary device offers the beméfihcreasing the coloration
efficiency to enhance the colored/bleached contiast also to promote cycling
stability by preventing undesirable side reactitetween the electrolyte and
counter electrode [160]. For this reasons we hagpared a new complementary
EC system composed of the thienoviologen as cathwditerial and ferrocene
(Fc) as anodic molecule both dissolved in a thetastig polymeric matrix
(Scheme 6.1). The performance of the ECD were tigasd by cyclic

voltammetry, UV-vis-NIR spectroscopy and EC switchstudies.
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ELECTROACTIVE ADDITIONAL
MATERIALS MATERIALS

1. Cathodic EC Molecules:
Thienoviologer

3. Polymeric matrix:
PVF

2. Anodic EC Molecules: 4, Solvent: PC

Scheme 6.1.

6.2. Experimental

6.2.1. Materials

The thienoviologen compourlOV(NTf,), was synthesizeas previously
described in Chapter. Ferrocene was purchased from Sightdrich and usel
without further purification.Propylene carbonate (PC) was purchased
SigmaAldrich and was used after removing water by mdkcaieve. Tetran-
butylammonium perchlorate, TBAP (Fluka Chemika) wasd as an electroly
without further purification. Poly (vinyl formal), PVF givefrom Sigma-Aldrich

was used as a thermolpla polymer for the EC films.

6.2.2. Methods

The EC mixturescomposed of PVF (35 wt %nf thienoviologe (2 wt
%), of Ferrocend€0.8 wt %) TBAP (2.5 wt %) and P(59.7 wt % was warmed
to a temperature of 1 °C for about 1 hour.

The EC cell was assembled by drop casting of the hot EQture
sandwiched betweetwo parallel ITO-coated glass supp@tipplied by Visiontel
Systems Ltd. with a sheet resistance27 ohm/sq and a thickness of 1 n
creating an active area of 2 x 22. The thickness was set at 60 um kplastic

spacerFinally, the device was sea with an epoxy resin.
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Cyclic voltammetry was performed on the EC cell hwian Amel
Instruments 7050 model potentiostal/-Vis-NIR spectra were recorded with a
Thermo Scientific GENESYS 10S UV-Vis spectrophottene Electrochromic
Switching Studies were performed with a Jasco V-530V-Vis
spectrophotometer. In our experimental setup tHks egere powered by two
electrodes fixed to the opposite extremes of thle Tee potential difference were
supplied by means of an Amel 2049 model potenticatd an Amel 568 model

programmable function generator. Measurements penfermed at 25 °C.

6.3. Resultsand discussion

6.3.1. Cyclic voltammetry

The electrochemical behavior of the EC plastic fililas studied by cyclic
voltammetry (CV) performed between -2.0 and +0.8 Vhe cyclic
voltammograms depicted in Fig. 6.1, shows clednly ¢oxidative and reductive
character of the complementary system. The typieaérsible anodic peak of
Ferrocene appears at the half-wave potentiak)(Bf 0.02 V while, the two
reduction peaks at -1.21 (reversible) and at -V.4@reversible) can be ascribable
at the thienoviologen compound. The irreversibibfythe second reduction peak
could be due to the rapid evolution of the neusgdcies to the radical cationic.
Despite the redox behavior observed in the solupbase (described in the
Chapter 5) where a single step two electron redndr two very closely spaced
one electron reductions) occurred, here, we arprésence of a two-stage one
electron reduction of the thienoviologen. In aduditi while in the solution
experimental condition the more stable species wWeraeutral and di-cationic, in
this semi-solid medium (plastic film) the stabilibf the mono-reduced species
appears evident.

Although in the literature there are not similardsés that could help us in
the comprehension of this phenomenon, we think timathigh viscosity of the
medium, and the presence of the anodic speciesaffact the electrochemical
behavior of this viologen compound. In order to faom the stability of the
radical cationic thienoviologen in this system, weave performed

spectroelectrochromic and kinetic studies.
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Fig. 6.1. Cyclic voltammogram of the EC plastic film in a tetectrodes cell. Scan rate 50 mV/s

6.3.2. Spectroelectrochromic behavior

The electronic spectra of the film sandwicted inva-electrode cell under
increasing applied voltages and its coloration geawere reported in Fig. 6.2.
From O V up to 1.0 V the film is yellow and onlysaong absorption ban@se:=
530 nm) due tor-n* transition of the thienoviologen dication appeansthe
spectrum. As a potential of 1.10 V is applied ip@ssible to observe a weak band
centered at 725 nm due to the radical cation thietmgen. Increasing the
voltages up to 1.25 V this band grow in intensityda new band at 644 nm
appears. According to the cyclic voltammogram 5N2s the onset of the second
reduction peak, so the band at 644 nm is due toralegpecies. At higher voltages
only one broad band with its maximum at 664 nmresent. Probably beacause
the great stability of the mono-reduct product, emithis wide band there are the

band either of the neutral or the radical cati@pecies.
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Fig. 6.2. Electronic spectra of the film (top) and ilectrochromic response in a tvetectrode cell (bottom
The thickness of the film was @0n.

6.3.3. Electrochromic switching studies

The switching kinetics of the ECD were -calculatedy
chronoabsorptometry at the two wavelengths of marinabsorption: 644 n
and 725 nm Increasing potentials were appliedthe device up to reach tl
maximum optical contrasi\@oT) and the kinetic curves were reported in 16.3.
Although at the two monitored wavelengtlthe device was transparent in t
bleaching state (I> 90 %), theA%T values (see Tablel§.was not asigh as for
others viologerbased ECDs142,143,145].

Table 61 reported alsche coloration timest{) that werecalculated as the
time needed to achieve 90% of the maximum trananud changeA@soT) in a
single switching cycl. The response times for the coloratiorbath wavelength
were around 8 syhile for the decolorationt,) were approximately 2- 28 s.
Despite to other devices in which cathodic and anotlecules are dispersed
polimeric matrix L45158] no optical memory was observed.
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Fig. 6.3. Kinetic curves obtained by switching the ECD atetint voltages and monitoring the %T at 644

nm and 725 nm.

The coloration efficiency CE values calculatedda? x 2 cmh ECD at the
two wavelengths monitored were reported in TableAlthough there are not
thienoviologen-based ECD in the literature, thivice exhibited a modest CE
compared to those reported in the literature falogen-containing EC device
[145].

Table 6.1. Response times for the coloratiag) @nd bleachingtf) and CE of the EC film measured at 644
and 725 nm.

Wavelength ( nm) Operating Voltage (V) A%T 1.(S) 1,(s) CE (cr/C)

644 2.0 44.4 7.8 24.5 34.94
725 2.5 40.3 7.8 28.1 31.43

Another important parameter for the complete chtaramation of an ECD
is its stability. The transmittance was monitoré®44 nm during repeated redox
stepping experiments. In Fig. 6.4 has reported dttenuation of the optical
contrast A%T) of the device switched between 1.8 V ( appfmdl0 s) and 0 V
with a delay time between two neighboring switcae40 s for many consecutive
operational cycles. It is possible to observe asmmrable loss (~34%) of the
contrast after 2000 switching cycles. During thet00 operational cycles, the
EC system lost the 56.4% of the initial contrast thecreased to 18.3%. TheéoT

attenuation was monitored up to 108Gycle, where its value was 16 %.
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6.4. Conclusions

We presented a new electrochromic plastic film Basea thienoviologen
derivative as cathodic coloring material. The fifshowed a color switch from
yellow to green. Despite the electrochemical stidmesolution phase, here we
observed by cyclic voltammetry and UV-vis spectopsc the presence of the
radical cationic species. This device has shownr&sponse times but moderate
optical contrasts and coloration efficiency valuiescomparison with similar
devices. The low redox stability is a considerallait for its potential

technological applications.
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SUMMARY AND OUTLOOK

Two important classes of organic semiconductor red$e for
optoelectronics were prepared and fully charaateriOur attention was pointed
to small molecular semiconductors because, compaitbdconjugated polymers,
they offer several intrinsic advantages. Their ntbsieerse nature allows to
improve a wide range of properties such as moleciulactionality, rigidity,
stacking, strong intermolecularn—t) interactions, and most importantly well-
defined structure and high purity [5].

First of all, we focused on materials able to absorthe near-infrared
(NIR) of the solar spectrum. Attenuation in the N#Rdesirable since about one
half of the total solar energy spectrum falls istregion. NIR Electrochromic
devices could be useful for environmental controlbuildings [20]. Materials
based on triarylamine moieties seem to be very fgiom for NIR applications
[16-22], because the intervalence charge transférC{T) absorption band
produced by their radical cations [15]. Therefaejew triarylamine derivative:
N,N’-Bis(4-heptanoylamidophenyl;N’-di(4-methoxyphenyl)-1,4-
phenylendiamine (TPPAHM) was designed and synthdsiAs reported in
Chapter 2, compared to its analogous unsubstithit®dN’,N-Tetraphenyl-1,4-
phenylendiamine (TPPA), the TPPAHM exhibited madyamtages. Indeed, the
incorporation of specific electron donating sulstitts at thepara position of
phenyl groups improved its electrochemical stabi(ppreventing any coupling
reaction), lowered the oxidation potentials, ardtskifted the NIR absorption, as
demonstrated by cyclic voltammetry and spectrosdebemistry.

To better understand the oxidation mechanism afyiamine derivatives,
the experimental investigation was supported whikotetical studied. DFT first
principles computations revealed that the triaryf@mradical cations have a
delocalized intervalence (IV) state in which thepained electron is fully

delocalized over the whole molecules. Consequetité/fwo oxidation processes
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occur with the involvement of the delocalized HOM(Dital that releases an
electron in the first ionization, while in the sedp the electron is given by the
SOMO orbital created in the first oxidation proceBsfore these results, in many
previous publications [45,138-140] it was suppotted a two-steps one-electron
oxidation occurred with the removal of the elec&dnom the two nitrogens.
Thus, these results can open a new theory on tiiaton of the triarylamines
with multiple redox centers.

Complementary electrochromic solution based on TH®Aor TPPA as
anodic molecules and ethyl viologen &) as cathodic molecule, were
characterized. The blue-coloration of the mono-ceduviologen with the strong
absorption of the triarylamine radical cationspa#d to modulate a wide range
of the solar radiation (Chapter 3). The electronticoswitching studies revealed
that the redox stability of the EYTPPAHM system is better that those based on
TPPA. Owing to its good solubility and high electhemical stability, the
EVZ'/TPPAHM system was mixed with a thermoplastic payty warming. The
electrochromic gel prepared showed a fast colaratime to reach very good
optical contrast and appreciable coloration efficiecompared with other similar
viologen-based gel. No optical memory was obsemeithis device in which its
colored state bleach rapidly upon removing the resle bias because the
electrochromes can freely diffuse and exchange trelex (self-erasing
mechanism) [36, 44]. The gel was also sandwichegsvdsn two conductive
plastic substrates and its electrochromic respoms#icate its potential
applications in flexible electronics.

The other class of organic molecular semiconduicteestigated was the
extended viologen liquid crystals. Most of thguid crystalline semiconductors
studied up to now are qgb-type R4], but new liquid crystals with electron-
acceptor character have to be synthesized for l@utoenic device such as bulk
heterojunction solar cells. With the aim to conité significantly to this research
field we designed and synthesized a new family e$ogens with a-conjugated
core composed of bi-thiophene group incorporatetivéen two pyridium
moieties. This molecules known as thienoviologesgeshown a very interesting

and unexpected mesomorphic behavior that was jadigtussed in Chapter 4.
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Despite their rod-like shape, these molecules asdeémbled in columnar
mesophases other than the expected lamellar (sm&ctne. Interestingly, this
behavior was modulated by the alkyl-chain length 19, 11, carbon atoms).
Moreover, the role of the anion was crucial to ldise the liquid crystalline nature
of the thienoviologens dications. Indeed, all tbdide precursors did not shown
mesomorphism.

The electron-acceptor character of these compourndsnsively studied
in solution phase, combined to their liquid cryat@l properties, led to excellent
n-type semiconducting properties in the bulk phgsdsapter 5). The solution-
phase cyclic voltammetry revealed for these comgsunsingle step two-electron
reduction, due to a large spatial separation (hed & weak interaction) between
the two redox centres (nitrogens of pyridium units)

The spectroelectrochemistry showed the electrasturdehavior of these
compounds. The agreement of the experimental el@ctrspectra with those
simulated confirmed the instability of the monowedd species that probably
evolved to the more stable dication and the nedtmahs upon a dismutation
reaction.

The redox behavior in the liquid crystalline bulkate was also
investigated. An efficient electrochromic respongas observed either in the
columnar or in the smectic phases. The electroatemeduction caused a colour
switch of the thin film from red to dark. The bléawg process in the columnar
phase was faster than in the smectic, becausdetieomic transport is favored in
the columnar phase.

As reported in Chapter 6, the electrochromic bedravof the
thienoviologen was also tested in a thermoplasilgrper matrix in which it was
dispersed with a counter electrode (ferrocene)kdnmtrast to the solution-phase
electrochemical studies, here we were able to téhecpresence of the radical
cationic species by cyclic voltammetry and UV-viestroscopy. This device has
shown fast response times but moderate opticatasistand coloration efficiency
values in comparison with similar devices.

Finally, thienoviologens are well-known for theingh fluorescence

quantum vyield in solution [62,65]. Thus, the conabion of fluorescence and
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supramolecular organization within high ordered opbsises is of fundamental
interest for application such as OLEDs [166]. Pnatiary studies (here not
reported), revealed fluorescence quantum yield®iation (dichloromethane) for

our compounds of ~ 60%, completely in agreement wite literature data

obtained for similar thienoviologens [62,65]. Phgitgsical measurements were
done also on the thin liquid-crystalline films. Higjuantum yields were also
observed in the bulk phases of this materials. g the fluorescence intensity
was shown to be modulated either in intensity ofréguency by the application

of a dc voltage. This phenomenon that to our kndgdeis new, was called

"Electric Field Enhanced Fluorescence". Intere$yinge have observed that the
kinetic behavior of the fluorescence and electroofic response are very similar,
indicating that both phenomena depends by the salewrochemical reduced

species.

Finally, the fast response times for the emissiod e quenching of the

fluorescence observed upon double potential stepsesice, indicate a very easily
fluorescence modulation in these multifunctionaltenals that can be used as

active components in optical modulators.
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