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Abstract

Abstract

The photosynthetic system is regarded as the most sophistieateliological machine in
nature. It deploys a large numbers of pigments in antenna complexes to harvest light and
funnel the resulting exciteskate energy to the reaction centers. The choicie light
absorbing components is one of the crucial steps in the design of synthetialgbsting
systems. In this respect, the preparation of new dyes with tunableleptmnic properties
remains a very challenging task for the developmertiglily efficient lightharvesting

materials.

Before addressing the detailed investigations of this thesis woRhapter I,a briefly
introduction on natural and synthetic antennas along avitbutlook on the possible types
of approaches towards the engineering of the HAMMO gap for the development of
new dyes with unique optelectronic properties is given to the reader. Moreover, a detailed

outline of the manuscript is described.

This dssertation focuses on the design, synthesis and characterization, as well as
investigations of the optical properties, of different series of new functional chromophores.
Specifically,Chapter lladdresses the design and synthesis of a series efi@fgkdoligo
(p-phenylenevinylened) e ar i ng st yr y l-extansiont nemely oledul@slf er e nt
and 2-2. A double Horner-WadsworthREmmonsgype reaction has been exploited for the
synthesiof them o s-extehded molecul2-1. Subsequentlypewly prepared chromophores

have been used as donor moieties for the preparation of-dooeptor system§SWCNT-

1 andf-SWCNT-2), in which single walled carbon nanotubes (SWCNTS) plays the role of
the acceptor unifThe choice

of the latter is motivatd by

the high conductivity, strong
mechanical, thermal and
environmental resistance that
characterize this carbon
material A covalent approach

via amidation reaction has

f-SWCNT-1 f-SWCNT-2 been exploited to anchor the
chromophoric unit to the SWCNT. Eventualtiie photopkisical properties of the hybrids

have been investigated in order to put in evidence the phdteced processes occurring

Xl



Abstract

between the individual entities and evaluate their applicability as photoactive material in
energy conversion systems.

On the other had, Chapter Ill describes the synthesis of novel light absorbing molecules

based on oxygen o0 n t a iextanded polycyclic aromatic hydrocarbons (PAH), in which

two polyaromatic hydrocarbon substructures are bridged through one or two O atoms. The
main bulding block used for this purpose is the perylene molecule. iglding ring

closure key steps were exploited for the formation of either furanyl or pyranyl frameworks,
depending on the reaction conditions, through intramolecu@r@nd formation. Basl

on the shape of the aromatic systems and th
and emission maxima of newly preparedd@ped " -extended PAH were finely tuned

throughout the entire visible region.

In the second section of this chapter tackled the development afsecond family oO-

d o p eedtended PAH bearing additional functionalization moighiegder to enhance the
solubility and tune energy and optical propertiEse last section of the chapter is dedicated

to the preparation ch di f f er e n t-conpgatee § aawyfamity fof biperylene
derivatives bearing different dihedral angles between the two perylene moieties, was thus

prepared and studied in terms of YA, fluorescence and XRD spectroscopy.

X



Riassunto

Riassunto

Il sistema fotosintetico & consideratagifitemarfinana- biologico piu sofisticato presente in
natura. Utilizza un gran numero gigmenti, disposti in sistemi antenna, ¢hecolgono la

luce e la trasferiscono a centri di reazione specializzati. La scelta delle componenti che
assorbono la luce e uno dei passaggi cruciali nella progettazione di sistemi antenna artificiali.
A tale proposito, la sintesi di nuovi cromofori cproprieta optoelettroniche modulabili
rimane unalelle sfide maggionpersvilupparemateiali che raccolgono la luce con elevata

efficienza.

Prima didiscutere netlettaglio la ricerca svolta in questo lavoro di tesi, nel capitcéd I,
lettore verra preentata undreve introduzione riguardantesistemi antenna naturali e
artificiali e i possibilitipi di approccio utilizzati per flesigndi nuovi cromofori dalle uiche
proprieta optoelettronichdn particolare la modifica delldifferenza di energidra gli
orbitali HOMO e LWMO, detta anchd bandgap Inoltre, questo capitolo riporta anche i

punti essenzial i del | 6i ntero manoscritto.

Questo lavoro di tesi si concentrera sulla progettazione, sintesi e caratterizzazione nonché

sullo studio fotefisico di diverse classi di nuovi cromarf funzionali. Piuprecisamentd]

capitolo Il descrive ibdesigne la sintesdi una serie di composti olie-fenilene vinilene)

ben definiti, presentanti componentiriiche di lunghezze diverse, cioe le molecéld e

2-2. A tale proposito, la

sintesi della molecol2-1 e

stata realizata utilizzando la

reazione di Horner
WadsworthEmmons.

Successivamente, tali

cromoforisono statutilizzati

come specie donatore per la

£.SWCNT-1 £SWCNT-2 preparazione di  sistemi

T
donatoreaccettore (f-

SWCNT-1 e £SWCNT-2), nei quali i nanotubi di carbonio a parete singola (SWCNTSs)

svolgonoi | ruol o di accettore. La scelta di ques

forte resistenza meccanica, termica ed ambientale che caratterizzano mat=tale
carbonioso. Un approccio covalentbe sfrutta una reazione di ammidaziomstato usato
per ancorare l'unita cromoforica alle pareti dei nanotubi SWQ@Nihe, le proprieta fote

XV




Riassunto

fisiche dei sistemi cosi preparatino state studiatdlo scqo di evidenziare i processi di
trasferimento di energia per risonarteale singole componentivea | u t applicatlital 6

come materiale fotattivo in sistemi di conversione di energia

Il capitolo Il descrive la sintesi diromofori basati su idrocarburi policiclici aromatici
(IPA) dalla superficie aromatica estesa e contenenti atomi di ossigencyi due
sottostrutturelPA sono connesse tra loro tramite anelli contenenti uno o due atomi di
ossigenoL 6 uni t ° ptapenlasintesadi tali nwow @omofori € il perilene. Passaggi
chiave di ciclizzazione ad elevata resa, basati su condizioni di reazione diverse, sono stati
utilizzati al fine di preparare anelli furanici e piranici, tramite formazione di lega@i C
intramolecolari. In base alla forma del sistema aromatico e la coniugazione dei vari
frammenti contenenti atomi di ossigeno, i valori massimi di assorbimento e di emissione dei

nuovi cromofori sono stati finemente regolati attraverso tutto lo spettro dalevisi

o t-Bu

3.7Fur 32

Nella seconda sezione di questo capitddbiamo affrontato la preparaziotieuna seconda
famiglia di IPA contenenti ossigeno che presentano gruppi funzionali aggiuntivi con lo
scopo di aumentarne la solubilitd e poter modulare le proprietéetgitooniche L'ultima

sezione del capitoldnvece, e dedicatallas i nt e s i d categomadiPA.Pi@ini or e
specifico é statpreparataina nuovaclasseadi compostibiperilenicicaratterizzati dangoli
diedridiversi tra le due porzioni perileshie estudiata in termini di UWis, fluorescenza e
spettroscopiaaggi X.

XV






Chapter |

1. General introduction

Energy is the most important issue of the'2entury The wor |l dés curre
requirements are far from being satisfied, and the solar energy regrésgemost abundant
renewable energy resource available to us. There is a huge gap between the present use of
solar energy and its enormous poterifiallhis potential is demonstrated by the high
efficiency of natural photosynthesis, which provides the necessary chemical energy for
almost all life on Earth and thince more than two billion yed?s.
Photosynthesis |iterall vy isnleapncess fisedyby pldnts,s i s
algae and céamin bacteria to harness energy from sunlight citemical energ$#! The
photosynthetic process begins with the absorption of sunlight by specialized poteirt
complexegknown as light harvesting complexet)at function as antennae for incident
energy. This is followed by the funneling of the excitation energy withen antenna
assembly to special sites called the reaction centers (RCs), in which the captured energy is
converted into chemical energy by means of eledtramsfer reactions (Figure 1.1.).

Energy transfer Electron transfer
- A = W o i ™~
Light
— Pigment molecules Acceptor

&Y Reaction
g center

G
Antenna complex Donor

Figure 1.1 Schematic representation of antennas and reacéaters in photosynthetic systems. Antenna
pigments collect the light and energy transfer processes deliver the excited state to the reaction center where
electron transfer reactions store the ené&lgy.

Astonishing features of photosynthesis are its remarkable efficiency and adaptability. At low
light intensities, the fact that almost every captured photon reaches the RCs triggering the
charge separation process emphasizes the near 100% ersrgfertrefficiency. That

efficiency relies on a particular organization and ratio of selected chromophores (with




Chapter |

distinct optical and redox properties) that enables maximum light absorption and energy
conversior>*®!
The photoinduced energy transfer processes in piagbsynthetic antennase occurring
by Forster resonance energy transfer (FRET) mechanism.
D +hv4 D*
D*+AA D+ A*
A*A A+hv 6

FRET is a distancdependent interaction between the electronic eXcitates of two
pigment molecules in which the excitation is transferred from a donor (D) molecule to an
acceptor (A) moleculein a nonradiative fashion through loagnge dipoledipole
interactionsIn the process dFRET, initially a donor (D)fluorophore is excited by a photon
and then relaxes to the lowest excited statel I8 energy released when the electron returns
to the ground state §Emay simultaneously be transferred to a nearby chromophore, the
acceptor (A). After excitation, thexeited acceptor emits a photon and return to the ground
state, if another quenching state do not exist. (Figure 1.2) The theory supporting energy
transfer is based on the concept of treating an excited fluorophore as an oscillating dipole
that can underg@an energy exchange with a second dipole having a similar resonance
frequency.
Few criteria must be satisfied in order for FRET to oc@iirthe fluorescence emission
spectrum of the donor molecule must overlap the absorption or excitation spectrum of the
acceptor chromophoréj) the two chromophores (donor and acceptor) must be in the close
proximity one to the other (typically 1 to 10 nanometgii); the transition dipole orientation
of the donor and acceptor must be approximately parallel to daeh(at) the fluorescence
lifetime of the donor molecule must be of sufficient duration to permit the FRET tol8ccur.
The rate of FRE between two chromophores exhibiting dipdipole interactions is
expressed by the following equatiGh:
- P WT rimp mQ Op

Z PG pUE Y
Wherek is the orientation factor associated with the digbfle interaction between the D

and A, n is the refractive index of the mediumli s Avogadr edssthenumber ,
fluorescencguantum yield andl} is the excited state lifetime of the donor. R describes the
centerto-center separation of donor and acceptat the FRET is typically observed in the

range of 110 nm. The Forster spectral overlaig referred to the spectral ovgrlaetween

the donor emission spectrum and acceptor absorption spectrum.
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Donor
"Iﬂu!
——— Acceptor
L —

E —_—
E Enargy transfar E
4 —_— g
3
]

1
—— ———

Figure 1.2 Jablonski diagram of FRET,

1.1 From natural to artificial light -harvesting complexes
There is a wide variety of lightarvesting complexes in nature. They differ in the
arrangements of chromophores, chromophore tygpgshlorophyll, bilins and carotenoids)
and optical properties. Some major examples of photosynthetic antennas are the green sulfur
bacterial chlorosom& cyanobacterial phycobilisomé8! dinoflagellate peridinin
chlorophyll protein,*Yl the Pcb protein (Prochlorococcus chlorophyilb,*? light-
harvesting complex Il (LHCII) in green plaf and the purple bacterial lightarvesting
complexes 1 (LH1) and 2 (LH&
Figure 1.3 displays structures of some of the main classes of photosynthetic antenna
complexesAll theseantennas are membrane proteins containing a network of interacting
chromophoresEventhoughthey show structural diversitgll antenna complexes are able

to convert the photogenerated excitations to charge sepandtiovery high efficiency*®

Peridinin-Chl LHCII and LHCI LH1 core LH?2
complex

Figure 1.2 Some examples of photosynthetic lidifatrvesting antenna complexésom left: dinoflagellate
peridininchlorophyll proteir}* light-harvesting complex 1l in green plaktsand the purple bacterial light
harvesting complexes 1 (LH1) and 2 (LHZ.

The chromophores used for photosynthetic light harvesting include chlorophylls, linear
tetrapyrroles, and cargteo i d s scaratehe aadsteinbin plants, or &cteriochlorophylls

3



Chapter |

in bacteriaThe unique biological and chemical functions of those molecules are determined

by their molecular structures, containing highly delocalized conjugated molecular orbitals.

The absorption properties of these chromopharesighly tunable andrary owing to the

extent of the conjugation and the number and nature of the substitutions, creating a
Arai nbowo of colors that covers the visible
(Figure 1.4)26]

500 600 700

Wavelength (nm)

Figure 1.3.Top: General structure of the main pigments used in natural light harvesting chlorophylls (Chl)
and bacteriochlordpylls (BChl), which are differently substituted tetrapyrroles. Bottéimsorption spectra
of photosynthetic pigments in various solvelhfs

Key parameters that characterize antennas are the absorptiorsentiss of the solar

energy, as well as its conversion efficiency and rate. Chromophrssstrongly absorb
visible or near i nf rl@00e0dMcni Y Pyand the(excitedistates t er i st
generated by this absorption must be sufficiently long livee. efficiency is determined by

the fraction of the absorbed energy that reaches the reaction center and can be described by

the quantum yieldCommonly, naturahntennas present very high quantum yields, not lower

than 95%%8 Moreover, they are relatively stable supramolecules and are arranged i

controlled and precise way that provides paths for excitons to migrate to the reaction centers.

The fast energy transfer between single chromophores (characteristic times vary from 100

to 1000 fsY°! should be combined with the relatively slow (tens of picoseconds) electron

transfer from the antenna to the reaction center to avoid thdaading of the latterThey
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present also ways of deactivagipotentially destructive side products such as triplet states
and singlet &

The controlled organization of functional chromophores into highly orderedssdimbled

arrays mimicking the characteristics of natural photosynthetic systems have p@ayizatl
interest in material science for various applicatié®$? In this respect, supramolecular
assemblies of spatially wetirganized dyes can facilitate excitation energy transfer and are
fundamental to the realization of efficient artificial antennas.

First of all, he most important requirement for a ligidarvesting system is its capacity to
absorb light, the absorption spectrum of its components should cover a substantial part of
the visible spectral region. In this respect, the most important step in the desigarificial
antenna system is the selection of the chromophores.

The chromophore is the simplest unit of the kghtvesting complex, but no single
chromophore is capable of efficiently powering artificial photosynthesis. For instance, Zn
(1) tetraprenyl porpyrin (ZnTPP) has a very high extinction coefficient a®* M cnm

1,23 put it covers only a narrow region of the solar spectrum (maximum absorbance peak
at 424 nm). This problem can be overcome by working with dye aggséhienich owing

to excitonic couplings can have much broader absorption ranges. On the other hands,
perylene bisimides (PBIs) have much wider spectral coverage, but present lower molar
extinction coefficient than ZnTPP (95L0° M cnitfor unsubstituted pgtene bisimide}?°!

Hence, the incorporation of different chromophores into an organized spatial arrangement
that enables efficient energy transfer between tisdgire second key step for the creation of
artificial antenna. For the assbin of the chromophores, covalent and fomvalent
strategies have been envisaged allowing to obtain an unlimited number of artificial antennas
structurally organized as dendrim&¥2°®! macrocycle$3?3l supramolecular polymef¥]
nanostructuré® 3 or assembled using biomaterials such as prdtéiisor nucleic

acidst®**% having unique photophysical and optical properties.

An example of covalently linked lightarvesting assembly is presented in Figure 1.4. Itis a
dendrimer macromolecule in which theripheral chromophores are the primary light
absorbers as in the natural antenna. Dendrimemellelefined,treelike macromolecules

with a high degree of order and the possibility to contain selected chromophoric units in
predetermined sites of their structure &iade attracted great attention as novel nanoscopic
light-harvesting moleculd$!! Miillen and coeworkers reported an example of
naphhaleneimideperyleneimideterrylenediimidebased dendrimer (Figure 1.4). This

5
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multichromophoric rigid polyphenylenic dendrimer bearing a terrylenediimide (TD) as a
core, perylenemonoimide (PMI) chromophores in the scaffold and naphtalenemonoimides
(NMI) atthe rim absorbs light over the whole visible range of the spectrum and emits mainly
in the red region due to unidirectional FRET from NMI and PMI donors td*fiDn fact,

the spatial positioning dhese chromophores within the triad and their respective spectral
properties make this multichromophoric system an efficient light colldttisrpossible to
design and synthesize dendrimers containing a large variety of chromophoric groups
organized inthe dimensions of time, energy and space in order to obtain efficient light

harvesting deviceé!
NMI  PMI TDI triad
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Figure 1.4. Example of a polyphenylene dendrimer with multiple peripheral peryleneimide,
naphtalenemonoimides (NMI) at the rim and a central terrylenediimide chromdffhore.

On the other hands, based on {wowalent chromophore assemifygbukeand ceworkers
described the first example of a cyclic hexamer of phorphyrins prepared by connecting
slippedcofacial dimer units via coordinatidrom the imidazolyl arm to the central Zn ion
(Figure 1.5)3% Phorphyrins are ideal chromophores for artificial light harvesting because
they are structaly similar to photosynthetic pigments and have advantageous
photophysical properties, such as phstability, visiblelight absorptiort*¥! long-lived
excited stategapid excitation energy exchang#8,and high molar extinction coefficients,
which can be easily tuned by metal coordinatiénin the porphyrin cyclic hexamer
macroring, the porphyrirporphyrin arrangement is very similar to those of the light
harvesting complexes in photosiatic bacteria in term of relative orientation and overall

structure.
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Figure 1.5.A structural model of the target porphyrin hexameric macroring.

In summary, the choice of the chromophores and the way to assembly them remain the two
important steps for the creation of artificial antennas. Even though natural pigments offer us
a large panel of photophysical and optical properties, the preparatioemotiyes with
tunable colors remains a very challenging task for the development of highly efficient light

harvesting materials.

1.2 Tuning the colors of molecules by tuning the HOMGLUMO gap (HLG)
The design of functional material through band gap and grewgl tuning is crucial in
developing new dyes with unique photophysical and optical properties. In this respect,
various structural variables have to be mastered in order to control the HQWIO gap
o f -cohjugated systems. In this section we will flyientroduce the key parameters that
have to be taken in consideration to design functional organic chromophores with tunable

opto-electronic properties.

The band gap of a materialfE der i ved f{conjogatedasysiem cae lzerdefired
by the sunof five contributions as described by the following equation, demonstrating that
the structural feature of-conjugates is crucial on the control of the HONMOMO

g ap[46,47]
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One of the main features that influence the magnitude of the energy gap is explained by the
Peierlsinstability, which depends on the degreeBoind length alternationBLA) in the
conjugated pathSpecifically, EsLa is related to the difference betweengie and double

bond lengthsSynthetic modifications leading to structural changes resulting in a reduced
BLA can be expected to decrease the HOMIMO gap (HLG)M® For instance, in
aromatic systems like poly{phenylene), poly(pyrrole) or polythiophene (Figure 1.6), that
have a nofdegenerated ground state, the two limiting mesomeric forms (arowstic
quinoid) obtained by the flip of the double bonds are not energetically equiVialenbst

cases the quinoid form is characterized by a smalléf'E
[N\ 7Y SuSwe=
X X X = =Lx I
X = -CH=CH-, NH, S

Figure 1.6.Schematic representation of the two limiting mesomeric forms obtained by the flip of double bonds
for poly(p-phenylene), poly(pyrrole) or polythiopherf&l.

Another important contribution to take into account is the resonance energy of the
monomeric unit. The aromaticity ed t s i n competition between
electron within the rings and delocalization along the chain. In fact, the energy needed to
switch from the aromatic form to the quinoid one directly depends on the aromatic
stabilization resonance energyx¢E of the aromatic moiety. This effect thus contributes to

the HOMO-LUMO gap (&) by a quantity ofEres and may be affected for instance by
insertion of heteroatoms or by the bridging group between the two aromatic cycles.
Particularly in the case of p@romatic systems, another aspect that has to be considered is

the rotational disorder around carboerbon bond of two cycles. In this respect, the planarity

I n -@njugated molecule is defined byyE wher e d i s the di hedr :
consecutive units and can affect the overlap between the orbitals and thus iBgt®ase

quantity ofEq. Among all,the most direct way to tune the HOMO and LUMO energy levels

of -@lectron system involves thatioduction of electromvithdrawing or electron

donating substituents that will respectively increase the HOMO or decrease the LUMO level.
The influence ofputlthe s=d fealt!| eodh -Gohugatbe ner gy
structure can be expressed asB%*7 All f our structural factors contribute to the tuning of

the HOMGLUMO gap and are essential for the design of synthetic approaches for the
engineering of the HLG of an isolated conjugated system. However, in some cases, when
assembling individual molecules intb material, a fifth contribution, /&, related to the
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intermolecular interactions can affect the magnitude of the band gap. The described
structural factors t ha tconugateedsystemsaee summarizead a n d
in Figure 1.7.

Substitution: Eg

Bond length Alternation: E, /

Aromaticity: Eges

Planarity: E,

Figure 1.7.Represent ation of the structural factor-s that
conjugated systent]

In the present work we will discuss in dethié use of different synthetic tools related to one

or several structural contributions discussed above to finely tune the HQNWUD gap of
“-conjugates. In particular, an approach to control the energy band gap that involves the
elongation of the aromatisurface along with planarization and rigidification of the

conjugated system will be employed.

1.3 Outline of the dissertation
In this doctoral work, our research activities were directed toward the different aspects of
the preparation of singlehromophoric constituents presenting unique -@bdatronic
properties. In this respect, we wanted to provide an insight view on the relationship between
structure and pr op er {dnjegatedstiuctudes. fAEcerdingiy, the c | a s
work here pesented is divided into two main chapters and schematically represented in

Figure 1.8.
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Chapter I Chapter Ill .
Redinres o
® o

e

Figure 1.8. Schematic representation of the outline of this doctoral dissertation

Chapter Ildescribes the design and the synthesis of a ndigel (@-phenyleneviglenes)
chromophore for the functionalization of single walled carbon nano{@®ENTSs).Since
photoinduced processes attracted much interest because of their relevance to solar energy
conversion systems, we will preséimé preparation and the photoplogdicharacterizations

of new systems made of electrancepting single chirality enriched SWCNTs and eleetron
donating dimethylamino distyrylbenzene derivativ&scovalent approachkia amidation

reaction has been exploited to anchor the chromophori¢autiie SWCNT.

On the other hand, concerning the choickghit-absorbing components for the preparation

of synthetic lightharvesting system€&hapter Il addresses the design and synthesis of
oxygenrcontaining -extended conjugated systems as thvomophoric entities. The main
conjugated skeleton considered is the perylene. In particular, starting from perylene we
developed different classes of compounds bearing different structural features (such as
aromatic elongation, torsion angle and dopiatjo). An intramolecular acidatalyzed
cyclization and a Cu(inediated €H activation/CO cyclization were exploited to prepare

the furanyl and pyranyl frameworks, respectively. Photophysical measurements showed that
the molecules feature tunable absmmpt properties and high emission yields.
Simultaneously, we tackled the developmentaddecond family ofO-d o p eektended
conjugated systems bearing additional functionalization sites for anchdiffegent
functional groups or moietiesThis strategywill allow the incorporation of the newly
prepared chromophores into more complex systems and their exploitation-asitigtgting
materials. The preliminary results toward their synthesis are presented. The last section of
the chapter provides an ovesw on the relationshipdtween the interplanar angle and the
optical p reatgnded PAHs, saimiogf to the preparation of new material with

tunable opteelectronic properties.
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2. Oligo(p-phenylene vinylene)chromophores: from the synthesis to the

functionalization of SWCNTSs for photovoltaic applications

This chapter describegke preparation and physical characterizatiowlmjo(p-phenylene
vinylene}derived singlewalled carbon nanotubes (SWCNTS$he first part addresses the
synthesis and characterization afgo(p-phenylene vinylenes) (OPV) modules and the
covalent functionalization of SWCNTs enriched 1y 6) chirality. The second part sets out
the photophysical properties of OPV functionalized carbon nanotubes amntbiémstand of

photoinduced interactions heeen SWCNTs and selected molecular system.

The chapter is divided in three main sectiapsection 2.lincludes a general introduction

on carbon nanotubgsving an overview on their chemistry and properties, along with a brief
overview about organic photovoltaiag, section 2.2deals with the design of ORMased
donoracceptor systems for photovoltaic devices and describes the synthesis of the targeted
OPV-functionalized carbon nanotubés; section 2.3lescribesheabsorption and emission
properties 0oOPV decorated SWCNTWwhileiv) section 2.4escribeshe characterization of
OPV-SWNT as doping agents for sp#dMeTAD in a flat CHNHsPbk-based solacell.

The research work isection 2.3as been carried out jointly witleonora Pavonirom the
group of Prof. Nicola Armaroliat thelstituto per la Sintesi Organica e la Fotoreattivita
(CNR- ISOF), Bologna ltaly. The research described sections 3.4vas performed by
Vanira Trifiletti, Aurora RizzoDr. Andrea ListortiandDr. Silvia Colellafrom the group of
Dr. Gianluca Accorsit thelstituto di Nanotecnologie (CNRanotec)and Universita del

Salentolecce, Italy.

The X-ray analysis pesented in this chapter wpsrformed byNicola Demitri (Elettra i

Sincrotrone Trieste Furthermore,Dr. Riccardo Marega fromUniversity of Namur,

Belgium Dr. Caroline A. AhaeHa d a d , Agnieszka Gajefwmka and
University of Trieste, Italyare kindly acknowledged for their collaboration.
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2.1 General introduction on Oligo(p-phenylene vinylene) based DonorAcceptor
Systems for Photovoltaic Devices

The unique, nanosized, thrdemensional structure of naturghotosynthetic systems and

the functions of solaenergy conversion have incited the scientific community to mimic
such processes in artificially organized systems. Since, the reaction centers of photosynthetic
organisms can be assumed as photovoltaicds\at the molecular level, donor and acceptor
molecules have been organized onto electrode surfaces to obtain details on the relationship
between the surface structure and the pletgotrochemical propertié8.In this respect,

recent studies have used carbon nanotubes (CNTs) as nanoplatforms to attach molecules,
providing hybrid systems that can be designed for specific applications, including light
harvesting devicedl CNTs present outstanding properties such as high conductivity, strong
mechanical, thermal and environmental stabffitpespite these unique properties of CNTSs,

one of the major drawbacks is that they are often produced with metal catalyst and
amorphous carbon impurities. Since these impurities can obscure the properties of CNTSs,
they need to & removed, nitric acid treatment and Air/HCI treatment being the most
commonly used purification proceduf&g. These treatments have been shown to create
oxygencontaining functional groups on the CNT surfaces that can be used as reaction sites
for a further chemical derivatizatidh!! The covalent attachment of molecules to CNTs
broadens the range of potential applications of CNT systems and allows the tailoring of the
properties of modified CNT$n the recent years lot of attention has been addressethe
preparation of multicomponent systems and nanohybrids exploiting the covalent attachment
of electron donors such as ferrocéhephthalocyaninéd or porphyrin§%! onto
nanocarbon materials. For example, adducts ofesiwglled carbon nanotubes (SWCNTS)

with pyrene or porphyrin exhibit fast electron transfer, leading toliwed charge separated

stated!?

In this chapter we reported the design and preparati@WENTs basedlonoracceptor

system for the construction of moleculangpovoltaic devices. The acceptor moiety is
represented by SWCNTs enriched i nconfugated chi r
oligo(p-phenylene vinylene) has been chosen. The choice of the latter is motivated by the
stability, high luminescergfficiency, and ease of synthesis of those compotiatié The

first sections of this chapter are dedicated to a general introduction on organic photovoltaics,
followed by an overview on carbon nanotubes structure, properties and chemistry as well as

their application in aganic photovoltaics.
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2.1.1 General Introduction on Organic Photovoltaic Cells
The everincreasing quest for sustainable and renewable sources of energy promoted
enormous interest in the solar cell technolo®plar energy is the most abundant,
inexhaustble and clean source of energy till date. The power from the sun intercepted by the
earth is many times larger than the present rate of the world energy consutfigticthis
respectsolarphotovoltaic technology represents one of the finest ways to harnessdhe
power.Photovoltaic devices deal with the conversion of suniigfo electrical energy. They
belong to three main classesganic €.g, heterojunction cells), photoelectrochemical cells
(e.g, dye sensitized solar cells) and inorgareay(silicon), the latter being used in the
majority of the solar cells in thearket today. Sucholar cells have been highly optimized
and show efficiencies greater thaf %1® Nevertheless, their high manufacturing costs,
difficulties in tailoring the cells to various applications and the inherent physical rigidity of
silicon hamper their widespread use as sbémed powerOn the other hand, solar cells,
such as dysensitized solar cells (DSSE$} and bulk heterojunction cells (BHJE)?!!
are promising for inexpensive and laigeale solar energy conversion.
The study of such devices started by the discovery gbhbeovoltaic effecby the French
ScientistE. Bequereln 1839?? who observed an eleitrpotential between two electrodes
attached to a solid or liquid system upon light irradiation. This breakthrough has been the
base for a variety of concept to convert solar radiation into electricity, paving the way for
new alternative energy generation.
The main processes of converting light into electric current in all organic photovoltaic cells
are(i) absorptionof a photons leading to the formation of an excited state, the elduiten
pair (exciton generationjji) Exciton diffusionto a regionwhere(iii) charge separation
occurs. Finally(iv) the charge transporto the anode (holes) and cathode (electrons) to
supply a direct current for the consumer |§8dThe organic photovoltaic cells can be
constructed in a variety of ways, including single layer, bilayer heterojunctionwkd b
heterojunction cell§” (Figure 2.1). In spite of the different device architectures, the
principles of their operation are substantially the s&the.
Generally, in a single layer cell, the photovoltaic material is sandwichedede two
conductive contacts (electrodes) with different work functions (homojunction devices); one
layer consists of an electr@onor, while another of an electracceptor material
(heterojunction devices, Figure 2.1 a) or a bmikture of both (bulkheterojunction

devices, Figure 2.1 c). The donor and the acceptor in an organic photovoltaic cell are
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completely different materials. Each material has a characteristic HOMO and LUMO
energy, with the HOMO and LUMO of the donor being higher in energy tiearréspective
counterparts in the acceptor. The gap between the HOMO and the LUMO is referred as the
optical bandgap and determines the minimum wavelength of light required for excitation in
each material.

The schematic energyand diagram of a doricacceptor heterojunction is reported in Figure

2.1 b. In order to allow the interaction of light with the photovoltaic material, the device is
constructed onto a transparent substrate (glass, plastic film) and one of the conducting
contacts is also transpate so the material can absorb the incident sunlight photons and
generate excitons. An exciton is an excited state corresponding to a bound state of an
electron, & and an imaginary particle called an electron hote,Upon irradiation, an
electron excdtion from the HOMO to the LUMO of the donor generates an exciton, leaving
behind a hole of opposite charge (process 1 in Figure 2.1 b). Since the promoted electron
and the hole have opposite electric charges, both remain bounded by a Coulomb force,
making this state slightly more stable than a dissociated free electron and a hole. It is
noteworthy to indicate that only photons higher in energy than the bantizyafe) lead

to the photogeneration and that the energy transferred to the exciton increasgdivath

higher is the energy content of the photon, higher is the energy of the exciton generated).
The exciton is then dissociated into charges of different @gocess 2 in Figure 2.1 b)
generating an electron lying in the LUMO of the acceptor material and a hole in the HOMO
of the donor material?® The overall electric field between the two electrodes drives
separated charge carriers towards the respective conthetgé transpoit This light
triggered transfer of one electron from a molecule to another is regarded as photoinduced
electron transfer. At the end, the charges migrate through the material and are collected at
the electrodes (process 3 in Figure 2.1 b) to generate an electritt.cHeace, the flow of
absorbed photons is converted into a usable flow of direct current (DC) power by the

illuminated cell.
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Figure 2.1(a) Typical heterojunction organic solar cell architecture; (b) schematic ebangydiagram of a
donoii acceptor heterojunction. (c) schematic béterojunction solar cell. Donor and acceptor materials are
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While in homojunction devices exciton dissociation usually takes place at the junction with
the electrodes, in heterojunction and bl#terojunction devices it takes place much more
efficiently at the dondracceptor interface, leading to a free electron in thegioc material

and a free hole in the donor. Since donor materials are more likely to conduct holes and
acceptor materials electrons, the bh#terojunction architecture ensures the transport of
charge carriers to the electrodes with only a small chameedmbine with their counterpart

(e.g bumping into each other, process 5 in Figure 2.1 b) as they do not have to diffuse
through the same material (in contrary to homojunction devices), and connect with the
correct electrode. To increase the close aditatween the donor and the acceptor materials
and to provide complete transport of excitons to the danoeptor interface and thus

exciton dissociation, the bulketerojunction architecture was developéd.

The first significant reports regarding organic photovoltaic cells date bdwgioning of

the 2" century. In 1959Kallaman and Popé! reported on photovoltaic measurements on

thin (10 um) anthracene single crystals cell. The anthracene crystal was positioned between
two NaCl solutions, which acted as transparent electgoatacts and were further
connected to silver electrodes. They reported an efficiency of only 2 %ulQater, the

same authors also observed a photovoltaic effect in a tetracene water'&ygteemtually,

in 1978Fishmanand ceworkers reported on organic solar cells based on merocyanine dyes
that exhibited sunlight efficiencies in excess of 2%However, these single layer cells

have been mostly abandoned and replaced by heterojunction solar cells for the reasons
described above. Whilen a bilayer device, the junction between donod atceptor
materials isplanar, in a bulk heterojunction device, attempts have been made to
maximize/optimize the interface between phases. Generally, bulk heterojunctions may be
achieved by caleposition of donor and acceptor d§&s8Y or solution casting of either
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polymer/polymef?:33 polymer/dy&* 36l or dye/dy&”*tdonoracceptor blendne of the

most promising examples concerns the fairan of cells composed of thieno[3)%

thienyl and benzodithienytbased polymers (PTBs) as donor specie and fullerene phenyl
Cr1-butyric acid methyl ester (R@BM) as acceptor, yielding above 7.4 % power conversion
efficiency under ambient conditiof$!

The design and the choice of the donor and acceptor molecules represented one of the most
important steps in the construction of photovoltaic devices. The selected molecules must be
characterized by optical bargps that are small enough to be excitediefitly by the solar
radiation. Moreover, the donor molecule has to stabilize the hole transport, while the
acceptor must favor the electron transport. The combination of the two must also be chosen
to allow for the proper offset between their HOMO andM@k. Finally, the molecules must

be properly functionalized in order to be solubilized for processing.

Based on all that, the development in the-d88@0 of solar cells based mainly on photoactive
organic materials, has offered the prospect to make golaeraffordable for far broader

uses. Doneacceptor based organic solar cells are currently showing power conversion of
more thar® %[*?! Nevertheless, efficiencies of these organic devices have not yet reached
those of their inorganic counterparts {49 %)% Despite this, organic photovoltaic
technology presents some great ad@gesi) the use of low quantities of materials; and

the possibility of tuning the optoelectronic properties of the organic molecules involved by
chemical modificationiii) the composition based on handy materials and the fact that the
fabrication pocess does not need high temperatures, allowing the generation of very flexible
thin films with plastic substrates.

In order to reach higher efficiencies, innovative materials such as carbon nanotubes (CNTSs)
have been integrated in organic photovoltaiells¢*! CNTs are onelimensimal
nanostructures characterized by a ballisitic charge transport along their axis. In addition,
their bandgap can be tuned by employing different radii and chiralities, allowing a precise
band engineering. In addition, thanks to their high surface abeat 1600 rhg') and their
electronaccepting properties, CNTs can be considered as a wide conductive network
offering a tremendous opportunity for exciton dissociation. For these reasons, CNTs have
been widely studied in electrand photeactive nanocomposites in association with semi
conducting material§?43!

Accordingly, initial reports revealed appreciable success in integrating CNTs as an electron

accepting material together with electrdonating conjugated polymer, such as poly(3
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octylthiophene) (FOT)*3 or poly(-phenylenevinylenes) (PPV! into ITO based
photovoltaic devices. However, CNTs present different drawbacks that limit their
effectiveness in multifunctional CNJsased nanoconjutggs and/or nanbybrid
photovoltaic systems. Key issues are addressed to the lack of a reliable and reproducible
control of the surface chemistry and their organization within the active layer due to their
particular intermolecular cohesive forces (0.5 mivil). In fact, CNTs tend to strongly
aggregate both in the solid state and in solution, forming bundled structures that impair the
reproducibility of the conducting properties and display a reduced threshold of a few percent.
An efficient strategy tobypass this and create edsyprocess CNibased materials
employs their chemical derivatizatiéf, either in a covaleHf'“°! or noncovalenf® 5!
fashion. Specifically, the incorporation of photoactive antenna chromophores (displaying
high extinction coefficient in the visible region of the solar spee) such as porphyriis
emerged as one of the most suitable routes to engineer d&@eation and photovoltaic

conversion.

2.1.2 General Account on Carbon Nanotubes
Carbon structures can exhibit mple allotropic forms, with very diverse properties from
the soft and conductive graphite to the hard and insulating diamond. Fullerenes, are
molecules composed entirely of carbon arranged in hexagonal and pentagonal rings
assuming the form of a hollow spte. Carbon nanotubes (CNTSs) are another allotropic form
of carbon and, when synthesized, are often capped by a half fullerene at e Emel.
discoveries of & in 1985 byKroto et al’® and carbon nanotubes in 1991Ifiya and ce
worker$®! have inspired a new interdisciplinary era in material science and technology.
Both fullerene and carbon nanotubes (CNfTisjlisplay unique structures that bring with
them remarkable mechanical, thermal, and optical properties thatteemely promising

for applications in electronics, advanced materials and medicinal cheffstty.

2.1.2.1 CNTs structure and electronic/optical properties
At the structuralevel, a carbon nanotube can be imagined as a rolled up sheet of graphene
(see Figure 2.2), with a plarhexagonal arrangement i carbon atoms distributed in a

honeycomb lattic&!
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Figure 2.2Representation of single walled carbon nanotube (SWCNTS). It can be pictured as a rolled graphene
sheet and according to the rolling direction can be classified as zigzag, armchair d°thiral.

There are two main types of carbon nanotubes presenting high structural perfection: Single
Walled Carbon Nanotubes (SWCs) that consists of a single graphite sheet seamlessly
wrapped into a cylindrical tube (Figure 2.2) and Multalled Carbon nanotubes
(MWCNTSs) that comprise an array of single walled nanotubes concentrically nested
reaching diameters of up to 100 .

Most SWCNTs present a diameter about 0.4 to 4 nm, with a tube length that can be many
millions of times longer, and due to the high ratio betweentwoedimensions they are
virtually considered mondimensional (1D) objects. Despite structural similarity to a single
sheet of graphite, which is a semiconductor with zero band gap, SWCNTs may be either
metallic or semiconducting, depending on the roltiirgction of the graphene sheet (Figure
2.3)1%0 Thus, nanotubes have different structures, which can be described by the chiral
vector @, m), where the integers and m represent the number of unit vectors along two
directions in the honeycomb crystal lattice of graphene and are described by the equation:
0 €W @ . The chiral vector is determined by the diagram in FigureThad(n,m)

indices fullydefine the SVENT radius and chirality and determine its electronic structure.

If m = 0, the nanotubes are called 066zigzag

Ot herwise, they are called é66échiral 66.
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Figure 2.3 A 2D graphene sheet showing chiral ve@ga n d ¢ h i rS&(left) that gjvie rse td armchair,
zigi zag and chrial nanotube structures with metallic or seaonducting electronic character (righf.

All armchair SWCNTSs are metallion¢n| = 3j), while those withri-m| i 3q, whereq is a
nonzero integer, are semiconductors with a tiny band gap. All the others are semiconductors
with a band gap that inversely dependstbe nanotube diamet&f! Usually, without
chirality control, we obtain one third metallic and two thirds semiconducting SWCNTs
Eventually, we can underline that the chiral vectoynf), determines both the diater of

a SWCNT and its optelectronic properties. In fact, the three SWCNTs depicted in Figure
2.3 have approximately the same tube diameter, but they dramatically differ for their opto
electronic properties. The electronic density of states (DOS) AVE@NSI (Figure 2.4)
consists of distinctive levels known as van Hove singularities (vHS) defined by
circumferential wave vectors. As already mentioned, all armchair SWCNTSs are metallic with
a continuous DOS near the Fermi level (EF) (which is highlightatidogashed blue line in
Figure 2.4), while the DOS of the semiconducting SWCNTSs show a significant band gap on
the order of 500 meV that varies inversely with diameter. Metallic SWCNTs are

characterized by higher di elieccamnrduc tcionngs toame :

10)%%1 On the other hand, larger diameter SWCNTSs present |diglectric constants than
smaller ones. The position of the Fermi level, as well as the reduction and oxidation
potentials, also vary as a function of diameter.

Generally, SWCNTs possess extraordinary mechanical properties such as a high Young
modulus (stimated to beil5 TPa), high tensile strength {300 GPa), high elasticity and

resilience, thermal conductivity and large aspect ratio (length to diarfi€ter).
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Figure 2.4 Schematic view of the electronic density of states (DOS) of metallic and semiconducting
SWCNTs[6U

A SWCNT is considered perfectly crystalline. without defects if the graphene sheet has

no altgation in the hexagonal aromatic structure of the carbon atoms along the tube.
However, CNTs are not absolutely perfect due to the presence of certain defects. They can
be mainly classified into four groupd:topological defectscorresponding to the presence

of rings other than hexagons, for example pentagon/heptagon®faiysrehybridization
(chemical treating defects consisting of atoms/groups covalently attached to the carbon
lattice of the tubg iii) incomplete bonding defects (vacancies, dislocatietty,iv) doping

with other elements than carbon. Either they can be strategically inserted, for instance
treating CNTs with very harsh acidic conditidf® either they can be @vitably formed

during the growth of CNTs. In any way, their presence in the carbon network can lead to
attractive properties and new potential nalevices. Defects are also key factor in the
covalent chemistry of CNTs because they can serve as anchapsgfor further
functionalization.

Carbon nanotubes can be produced using several different techniques while new routes are
continuously being developed. Commonly used methods exploit the catalytic decomposition
of certain hydrocarbons as source of carborsmall metal particle®(. Fe, Co, Ni) under

a certain applied energy. The diameter of so prepared nanotubes is governed by that of the
catalyst particles responsible for their growth. The most common methods are: arc discharge
of graphite, laser abfian of carbon and chemical vapor deposition technigfethat
produce nanotubes of mixed electronic character (metallic andcssmucting types),
length, diameter and helicity; and of different degrees of contamination with cagalyst,

graphitic nanoparticles, and amorphous carbon.
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2.1.2.2 Chemistry of Carbon Nanotubes
As discussed before, SWCNTSs tend to form bundles due to the presence of strong van der
Walls interactions (0.5 eV nf) between tubé¢o-tube contacts. Thigature results in scarce
solubility in almost all organic solvents and aqueous solutions, which is an obstacle for the
full exploitation of their properties. For these reasons, to be used into any type of devices,
an appropriate modification has to be ernedken in order to render them dispersible and thus
processable. Several protocols have been described in the literature to exfoliate and
functionalize SWCNTSs in order to obtain individuals and/or small bundles of carbon
nanotube$] They can be chemically modified mainly by the following strategi{®s:
functionalization of the defect located on the sidewall and the riimsponcovalent
interactions; i{i) sidewall covalent functionalization angf)(endohedral inclusiofi®!
The covalent functionalization of nanotubes is more robust and better controllable compared
to functionalization based on naovalent method, and therefore will beopted in this
research work. Carbon nanotubes structure can be divided into two main regions: the end
caps and the side wall. The end caps of a carbon nanotube resemble a hemispherical fullerene
and its reactivity. In fact, the reactivity of the fullerereprimarily driven by the enormous
strain generated by their spherical geometry
of the carbon atoms (Figure 2.5%} For ansp’-hybridized (trigonal) carbon atom, planarity
is strongly preferred, and this implies a pyramidalization angle of 0°, while in contrast an
sp>-hybridized (tetrahedral) carbon atom requires an angle of 19.5°. In the case of fullerene
all carbon atoms have an daa@f 11.6°, indicating that their geometry is more appropriate
for tetrahedral than trigonal hybridization. Thus, the chemical conversion of any trivalent
carbon atom in 3to tetravalent carbon is accelerated by the strain relief that strongly favors
the addition chemistry on fullerene molecuUf€sThe side wall, instead, presents carbon
atoms with a lower pyramidalization angle, but with therlpital misalignment as major
source oktrain in that region. In fact, a carbon nanotube with the same radisseachiDits
a less distorted -framework but a great deviation of tHeorbitals alignment. This
misalignment is the origin of torsional strain in nanotubes and the driving torckdmical

functionalization.
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The reactivity of carbon nanotubes can be rationalized in terms of curraduced
pyramidalization angle and misalignmenf) (of the "-orbitals in comparison with the
graphene structure. Both factors induce a local strain, leading to CNTs gemeoad

reactive than a flat graphene sheet. Furthermore, on the bases of the carbon nanotubes
structure there is a correlation between tube diameter and reactivity. Both pyramidalization
anglesand porbital misalignmentare inversely proportional to thelte diameter, then
smaller carbon nanotubes are expected to be more reactive than larger nanotubes. Moreover,
the CNTs reactivity depends also on the chirality of the system as reporteécbg co
worker$%® and Kataura and ceworkers!®®7% Considering SWCNTs with the same
diameter: the zigag carbon nanotubes are less reactive than armchairs that are less reactive

than the chiral tubes.

Two main approaches have been developed for the covalent functionalization of carbon
nanotules: (i) the addition chemistry to SWCNTSs; afig amidation and esterification of
oxidized SWCNT$'! The direct functionalization of pristine SWCNTs can be obtained via
electrophilic, nucleophilic or radical additions using highly reactive species. Several reviews
have been reported on the chemistry WGNTs describing exhaustive or representative
examples of addition reactioR&’>72 On the other hand, the treatment of CNTs under

strong acidic and oxidative conditions, such as sonication in a mixture of concentrated nitric
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and sultiric acid, or heating in a mixture of sulfuric acid and hydrogen peroxide, results in
the formation of short and opened tubes bearing oxygenated functions such as carbonyl,
carboxyl, hydroxyl groups. These functional groups can then serve as anchoropoint f
further functionalization. For instance, the acid functions can easily react with alcohols or

amines to give ester or amide derivatiVés.

Amidation or esterification reactions can be carried out on oxidized SWCNTs by standard
methods, either using acid chlorides as intermediates or carbodlasee coupling
reagents. This approach offers the possibility of attaching many organic fragments and
synthesizing a great variety of CNT derivativeaddonand coworker$® first reported
different functionalization strategies leading to soluble SWCMasamidation reactions
between oxidized nanotubes and octadecylamine (Figur@-2%,and 4tetradecylaniline
through the formatio of an acyl chloride intermediate. The octadecylamine groups present
on the nanotubes increased the solubility of the material in most of organic solvents, assisting
its characterization and facilitating the achievement of highly purified SWCNT that are
suitable for physical properties measurements.

This approach has been widely exploited to afford a large variety of functionalized CNTs
and the most significant results have been collected in a variety of outstanding review
paperg’-667%72 Herein we report some examples where this approach has been used for
combining the SWCNT properties with those of other interesting materialsngtance,
coupling SWCNTs with & fullerene create unique structures that have been studied for
chargetransfer propertiedn 2007,Langaand ceworkers described the first synthesis of
hybrid conjugated SWCNTCso materials2-13 (Figure 2.6). The authors decorated the
SWCNTs with fragments of {dnilinopyrazolino G fullerene, by an amidation reaction

with the SWCNT acyl chloride. Similarly, a grapevine nanostruc2s®] was prepared,

based on SWCNT covalently functionalizedCso via amidation reactioH This hybrid
material was investigated by means of Electron Spin Resonance (ESR) spectroscopy
revealing the presence of an electron transfer process between the SWCNT and the fullerene.
Using the same synthetic methodolo@gnifazi et al repated the synthesis of several
hybrid fullerene derivativé SWCNT materials that combinedd3ullerenes with appended
photoactive ferrocene or porphyrin functionalities and SWCNAKY( Figure 2.6) X-Ray
Photoelectron Spectroscopy (XPS) analyss beerused to prove the presence ofoC

fullerene derivatives around the esgorface of the oxidized SWCNT wallgjrough the
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appearance of the characteristic photoelectron N 1s emission peak at 400.3 eV, typical of

amide groups.
R
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Figure 2.6 Derivatization reactions of aciclit nanotubesia amidation reaction.

Martin, Prato, Guldi et all”™ also described the functionalization of SWCNTs with the
strong electron donor tetrathiafulvalene (TTELE, Fi gur e -eRten@e) analags i t s
(exTTF) @-17), through esterification or amidation reactions. This work reports the
preparation of the first TTISWCNT donoii acceptor systems, to evaluate the possible use

of CNTs in solar energy conversion systems. The functionalization was confirmed by
different analytical, spectroscopic and microscopic techniques. Photophysical sabalysi

time resolved spectroscopy revealed the presence of radical species indicating the existence
of an efficient photoinduced electron transfer, a critical point for photovoltaic devices.

The covalent functionalization of SWCNV& amidation reaction will be exploited for the
prupose of this research work and the decisive synthetic strategy adopted for the
functionalization of SWCNTs with small chromophoric molecules is reported in the

following section 2.2.

2.1.3 Aim of the project
As already discussed, the preparation of molecular dacceptor hybrids is crucial in the
engineering of organic photovoltaic cells to convert sunlight into electrical energy. In this
respect, a lot of attention has been paid in the last two decatlesdesign, synthesis and
characterization of a wide range of molecular and supramolecular assemblies which can

undergo inteicomponent processes (i.e. electron and/or energy transfer) upon absorption of
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light.l”®! For examplehe efficient use of metaliphthalocyanins, porphyrin&] conjugated
polymers and nanoparticulate materials in phre&ponsive applications have been already
reported.Such materials, are characterized bgrge light absorption cross section in the
visible range of the solar spectrum grdsent the ability to effectively separared utilize

the chargesthus transferring the energy over long distances. Using functional building
blocks that efficiently harvest sunlight and integrating them with a suitable electron acceptor
entity facilitae the chargseparation and the formation of the electrical current.

As introduced before, SWCNTSs present tremendous advantages and will be used as acceptor
moiety in the development of novel doremceptor devices. Similarly,-conjugated
oligomers, ar@rime choices as donor moieties in such systems. First, investigated as model
compounds for conjugated polymers, they have been widely studied for optoelectronic
devices because of their welkfined chemical structure that facilitates the tuning of
electonic properties and their potential ability to form weitlered molecular
assemblie§® 8 Indeed, their opt@lectronic properties can be easily modulated by either
changing the length of the conjugated backbone or introducing various substituents. In
particular, oligofp-phenylae vinylene)s (OPVSs) are being investigated to be utilized in solar
cells and light emitting diodes (LEDs) due to their stability, high luminescent efficiency, and
ease of synthesi&'* OPVs with solubilizing substituents combine the Joest, solution

based processing of conjugated polymers with the improved structural control inherent to
oligomers!*® Such examples of donacceptor systems, reported in the literature,
describe the energy and electron ngf@er from donor OPVs and analogous
poly(phenylenevinylene)s (PPVs) to acceptors, such a8*€® phenanthroliné®®! and

doped organic dyd¥’ 8 A representative example is reporteddsynaroli and ceworkers.

They described the synthesis and photophysical characterizatiaa dDBV dyads, FD1

and FD2, which exhibit different conjugation lengti the OPV fragments (Figure 2.7).
Transient absorption measurements confirmed the phdteed electron transfer inBl

and FD2. A chargeseparated state is formed within 100 ps and decays in less than 5 ns.
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NEt,

Figure 2.7 Chemical structures of accepionor dyad based on diethylamisabstituted
oli%ophenyllenevinylene (OPV) bearing different conjugation length and fullererde€cribed byArmaroli
and ceworkers.

Following the observation of electron transfer from conducting oligomers gmuolijoners
derived from PPV&?8%0and the successful preparation of photovoltaic cells from such
bulk heterojunction material®] in this chapter we will describe the preparation and
characterization of novel donacceptor systems based on OPV and SWCNT. In order to
enhance the properties of such material in development, we decided to use SWCNTs
enriched in 7,6 chirality. This will allow us to benefit from wetlefined propertie®f
structurally controlled SWCNTs (all semiconducdingn this way, we will address the
problem of achieving monodispersity in terms of length, diameter and most important
helicity. To evaluate the interaction between the two components of the system we prepared
two OPVs with different lengths, allowing us to study the influence of the resulting tuning
in the HOMOLUMO gap onto the efficiency of the system.

The chemical structures dBWCNT-OPV conjugates and electralonating oligo(p-
phenylene vinylenejerivatives?-1 and2-2 utilized in this study are depicted in Figure 2.8.

To permit a closer contact between the two active materials aiming to avoid formation of
bundles of carbon nanotubes aggregates, we grafted OPV mol2eulasd 2-2 on the

external walls of nanotub&ga amidation reaction.
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-SWCNT-1 f-SWCNT-2

Figure 2.8Molecules2-1 and2-2 used for this study and OPd&corated SWCNTSs enriched in (7,6) chirality

2.2 Synthesis and characterization of oligoGphenylene vinylene) chromophores for
SWCNT functionalization

This section addresses the preparation and physical characterization of new hybrid systems
composed of(i) electronraccepting single chirality enriched SWCNTs &yl electron

donatingoligo(p-phenylene vinylenajerivatives2-1 and2-2.

2.2.1. Synthesis of oligo(p-phenylene vinylene) chromophores for
functionalization of SWCNT (7, 6)
The synthesis of a series of wdkfined dimethylamine derivatives containing styryl units
o f d i f-éxtensiennvtill bé described. In this respect, any reaction tfmtsathe
formation of new carbdrcarbon bonds concomitant to either preservation or creation of a
double bond, is suitable to synthesize OPVs. Among all synthetic approaches adopted for
the preparation of arylene vinylenes, the Knoevenagel conden§&tionsore prominent
palladiumcatalyed crossoupling reaction§3! namely theHeck theStille and theSuzuki
reactions werextensively used for the synthesis of a large variety of OPV derivétives.
However, till now one of the most common synthetic routes concerns the Wittidnend
Horneii Wadswortli Emmons(HWE) reactions, which have been extensively stufi@éh
this respect, aldehyde compounds are very versatile and easily accessible precursors for such
reactions. In HWE polycondensatidhe reaction of aldehydes with stabilized phosphorus

ylides leads to olefins with excelletransselectivity. The reaction can be carried out in the
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presence of various substituents on the aromatic rings, thus allowing the synthesis of
different materials with improved solubility, and different characteristiésr the
preparation of OPV derivative®-1 and 2-2 the classical HornékWadswortfi Emmons

reaction was thus employed.

In this studyJong chain alkoxy groups have been introduced in the chromophore structure
to enhance t he saoorjugabed systemhe syrtheseshobconpouBich |
andOPV-SWCNTSs (7, 6)conjugates are outlined in schemes 2.1 and 2.4, respeciihely.
syrthesis of trimeric OPV2-1 bearing alkoxy groupsn the center aromatic ring was
effectively achieved following a six steps route as shown in schematillé compound®-

2 was synthesizedccording to a previously reported synthetic prot&€bl

(|DH OCiHzs OCizHzs C‘)C|2H25 R. OCiHzs [~
a) . a) | ~‘ b) | ” & o ‘ OP(OEY; a) ‘,;. A
e . 6% B , 99y, (EORPO. ~
OH OCq2Hzs OC12Hzs OC2Hps RO OC12Hzs
2-3 24 25 R=N(CHa),, 2-6a, 87%
R=NO,, 2-6b, 63%
NH
?szst C ?
) NO, € ‘ C‘Jszst
OCiHis (7 HzN 2.9 |
A - - M1%
NH. N p N
| ‘ OC12Hzs e OC12Hzs OCyzHs T
f) ‘ - e g) . . . h) ‘ 3 ‘
. OCq2Has — —
ON . 7% ) :
2.6b 69 % 7 % 59 % |
O A OCq2H2s OaN § OCqzHas HaN OCyzHa2s

2.7 28 24
Scheme 2.1Synthetic pathway undertaken for the synthesis of QPN Reagents and conditiona) 1-
bromododecane, &0O;, DMF, 60°C, 24 h, b) (HCHQ), HBr (33 wt% AcOH), ACOH, 5h¢) P(OEt}, 160
°C, 5h;d) t-BuONa, DMF, overnight, r.te)f) N&S ag. sol., pyridine90 °C, 30 ming) (HCHO),, NaCNBH;,
AcOH, overnight, r.t.h) SnCh, EtOAc, overnight, reflux.

First, commercially available hydroquinone was treated wibranododecane in the
presence of BCOs; and DMF to afford the bisdodecyloxybenzend in 64% yield.*1 A
subsequent bromomethtian reactiof?®°% of 1,4-bis(dodecyloxy)benzena presence of a
mixture of paraformaldehyde and HBr in acetic acid followed by a MichAetiszov
reaction yielded bisphosphonatempound2-5 in quantitative yield'®@ The crucial step
was the followingHWE reaction, whicthas proven to be a powerful tool for the synthesis
of OPV derivatives as the trans fihes are selectively producéd! As depicted in scheme

2.2 a first attempt to synthesize unsymmetric ta@8t by stepwise addition of one
equivalent oft-BuONaand 4dimethylaminobenzaldehyde 85 followed by the addition

of an excess of-Aitrobenzaldehyde was carried out. A complex mixture of compounds was

obtained and only a scarce quantity2e8 has beendlectedafter purification by column
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chromatographyor a better understanding of nsymmetric HWE reaction outcome and

in order to investigate the reactivity of the two components empl@yeidrobenzaldehyde
and p-dimethylaminobenzaldehyde), doubld\H reaction was performed starting from
bisphosphonatderivative2-5.192 Thus,2-5 has been reacted separately, in the presence of
t-BuONa in DMF, with dimethylaminobenzaldehydand with p-nitrobenzaldehyde
affording the desired produc2s6a and2-6b, in 87% and 63% vyield, respectively. The high
yield and purity of the product obtained by double Ho#Bermons route are noteworthy,

so a classical synthetic approach consisting on a six step reaction prasbekhn followed

for the preparation of target molec@d. as initially described in scheme 2.1.

(EtO),0P

C12H250

Scheme 2.2 Attempted stepwise synthesis of unsymmetri@aB. Reagents and conditions:. -
dimethylaminobenzaldehydeBuONa, THF, 1h, r.t.; 2o-nitroberzaldehyde, overnight, r.t.

Upon slow diffusion of MeOH into a solution @6a in CH.Cl. intense yellow crystals
suitable for Xray diffraction were obtained. Figure 2.9 shows the ORTEP image of the
crystal structure, which is arranged according to the spatial grelijessential crystal and

refinement data are reportedappendiy.

Figure 2.9 X-ray structure oR-6a (50% probability ellipsoids). The N:Mimethylaniline moiety appears
disordered in two conformations almost equally populated (55% : 45%).
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Once the dinitro derivativ@-6b has been prepared (scheme 2.1b), a seleatiorc
reduction reaction in presence of a Waf. sol. has been exploited to obtain armitoo
derivative 2-7 in 69% vyield. The selective reduction of one nitro group was realized
following a procedur e us exiended systetpnteprtepine par a
literature!!®® The synthesis of compourd7 highlights the facthat the development of a
monaoreduction reaction of a symmetric dinitro compound is very useful in the preparation
of ext ende dcogugayethchmrnophores, ds it provides a +atrono compound

that can be hereinafter selectively protected. It is noteworthy to indicattéhth same
reaction can be pushed toward the formation of comp@@dising a larger amount of
reducing agentTo prepare compoung-8, compound2-7 was treated with (CHQ@)and
NaBHsCN, in AcOH'% and the dimethylamino compougeB was obtained in 97% vyield.

Final reduction of nitro group in presence of S} yielded target compour@l in 59%

yield. Compoun@-1 along with other synthesizéatermediates were fully characterized by
melting point,*H-, 13C-NMR, IR spectroscopy and EGIRMS spectrometryGhapter V).
The'H-NMR spectrum of compour#l is reported in Figure 2.10 and shows an asymmetric
pattern of the aromatic signals in the region between 7.4 and 6.6 ppm. The signals
corresponding to the olefinic protons appear as doublets at 7.26, 7.06 and 7.04 ppm with J

value of 16.5 Hzwhich indicdes trans geometric isomerism
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Figure 2.10'H-NMR spectrum of final trimeric OP¥-1 in CD.Cl, at r.t.

Lastly, as a test reaction, to prove the reactivity of synthesized compounds toward amidation

reaction, compounds-2 and2-1 were reacted with benzoyl chloride in presence el kit
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acetone to obtain compoun24.0 and2-11respectively. The amidation reaction worked in
high yields and short reaction time. The synthetic details are reported in Scheme 2.3.

O
a NH
0. _OH N

)
0,
98 % 2-10

b) C1oHos0 0

Scheme 2.3ynthess of compound2-10and2-11. Reagents and conditionsz®, EGN, acetone, 2h, r.t.; b)
2-1, E&N, acetone, 2h, r.t

2.2.2 Functionalization of SWCNTs
The preparation of OPV functionalized materis#dWCNT-1 and f-SWCNT-2 was
accomplished by covalent attachment of trimeric @P¥and compoun@-2, respectively
onto the surface of previously oxidized SWCNTs (7, 6) by amidation reaction and it is
reported in Scheme 2.Zhe extensive covalent functionalization of CNTs camugt the
c 0 nj u gsgstem df thé tube thus affecting the optical and electronic properties of the
material. In this respect, the use of milder functionalization methodologies is needed to retain
the nanotube properties. In fact, oxidized SWCNsFWNTS) were obtained by reaction
of high purity pristine CoMoCat SWNTs (7, 6) with a 3:1 aq. solution afi3,SQ;: 3 M
HNOs; at 80° C for 2 h, following a modified protocol described in literattife The
resulting oxidized materialvas treated with SOg€Ito give a SWCNTacid chloride
intermediaté®’! that was allowed to react with aminosty®yll and2-2 in the presence of
EtN in DMF to give OPWecorated SWCNTSs enriched in (7, 6) chirality.
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| 1. SOClp, DMF,
HOOC\ 4 e 24h, reflux 4
NARY =

2.2, TEA, HO
DMF, 24h, rt HOOC

HOOC

3M H,SO4HNO; 3:1, FSWONTA o/

2 h, reflux

1. SOCl,, DMF,
24h, reflux

2.2-2, TEA,
DMF, 24h, rt

p-SWCNTSs (7, 6) Ox-SWCNTs (7, 6)

pi 7/ {
HOOG., 7~ COOH
HOOC  Hooc

f-SWCNT-2

Scheme 2.4~unctionalization pathways toward the preparation of @evorated SWNTSs (7,6).

OPV-SWCNTs hybrids were characterizedby UV-Vis-NIR  spectroscopy
photoluminescence spectroscopy for chirality determination, Raman spectroXeapy,
photoelectron spectroscoXPS), thermogravimetric analysis (TGANd transmission

electron microscopy (TEM).

2.2.3 Characterization of OP\ffunctionalized material
In order to investigate the degree of functionalization, XPS and TGA measurements were
carried out under N The comparison of TGA profiles of pristingi SWCNTSs), oxidized
(Ox-SWCNTs) and functionalized SWCNTs gave a first evidence of the sidewall
functionalization of the nanotubes (Figure 2.11). The wdmgg plots relative tqi
SWCNTsandOxi SWCNTsdisplay the pyrolytic step of oxygenated functionalities in the
range betwen 100 and ~ 500 °C with a weight loss of 4.5 ¥iSWCNTsin respect to
p-SWCNTSs (calculated at 500 °C). A mass content of 1000 pmol @OOH per g of
nanotube is estimated. An additional 5.0% weight loss is observE@WICNT-1, and 4.4
% for f-SWCNT-2, resulting in one group of OP¥-1 approximatively each 914 carbon
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atoms forf-SWCNT-1 (corresponding to 71 pmol @1 per g of nanotube) and one group
of compound-2 around each 383 carbon atomsff@WCNTs-2 (corresponding to 184.6

pumol of 2-2 per g of nanotube).

a) b)
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] B \
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Figure 2.11.TGA profiles recorded at 10°C/min undes fér (a) pSWCNTSs (black), OXSWCNTSs (red)f-
SWCNTs-1 (blue), OPV derivativ@-1 (cyan); and (bp-SWCNTs (black),Ox-SWCNTs (red),f-SWCNTs-

2 (pink) and compound-2 (olive).

XPS studies showed an increase of O at% content in the oxidized sample (9.27 at% for O 1s
at532.7 eV meaning a 2.52 at% increase with respectS@/gNTs).Compositional data
obtained from XPS analysis of analyzed SWCNTs materials are reported in Tlalfis 2.
expected, the introduction of dimethylamino derivatives groups onto the SWCNTs surface
lead to the presence of N signaturé-BWCNT-1 andf-SWCNT-2 (1.83 at % for N1s at

400.1 eV and 1.80 at % for N1s at 400.1 eV, respectively). Surprisingly a minimal presence
of N was detected also in thx-SWCNTs (0.54 at % for N1s at 400 eV) which introduction

can be attributed to the sulfotric treatment adopt for the oxidation reaction.

Table 2.1 Compositional data obtained from XPS analysis ef pxand functionalized SWCNTSs derivatives

Sample C at% N at% O at%

p-SWCNT (7,6) 92.82+0.24 - 6.74 £0.27
Ox-SWCNT (7,6) 89.31+0.71 0.54+0.12 9.266+0.47
f-SWCNT-1 86.73+0.45 1.83+0.22 8.004+0.42
f-SWCNT-2 84.48+0.71 1.8+0.14 11.07£0.45
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Raman spectroscopy was used as additional technique to confirm the SWCNTs
functionalization. Raman spectrum of t8&-SWCNT s a mp bx®@532(n&), reveals an
increased Dband around 1330 ch(lp/lc = 0.21) in comparison with pristine SWCNTs
where the defect band is very low in intensity/ld = 0.086) The amidation reaction
exploited for the attachment of derivativéd and2-2 onto oxSWCNTSs surface does not
modify significantly the intensity of the D band (Figure 2.12), where #fie tatio for f-
SWCNT-1 andf-SWCNT-2 is 0.22 and 0.23, respectively. The appearance of a new band
around 1160 cmhwas also observed and can be attributed to the presence of funatidnaliz

moieties.
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Figure2.12 Top: superimposed Raman spectra@fSWCNTs (red), f-SWCNT-1 (blue). f-SWCNT-2
(olive). Bottom: Raman spectramfistine SWCNTSs (black); at 532 nm excitatior\ll spectra are normalized
with respect to th& bandintensity

Moreover,the functionalized SWCNT samples were analyzed by TEM Ghepter 1\).

For the analysis, a small droplet of the sample solution was deposited on aazatexh
copper grid, followed by the evaporation of the solveisually, the length and gisrsion
state of CNTs can be assessed by TEM at low magnificatigare 2.13 shows the TEM
images for the functionalizddSWCNTs-1 which provides the most direct evidence that the
soluble samples contain carbon nanotubes. Moreover, as comparison wecaisred

TEM images of compoun®1.
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Figure 2.13TEM images of 1 mg/mL dispersion of (a,fB3WCNT-1 and (c, d) molecul2-1 deposited on a
carboncoated copper grid

2.3 Spectroscopic investigationf pristine and functionalized SWCNTs (7, 6)

As already discussed, the electronic and optical properties of SWCNTSs are closely linked to
their structure, which is defined by the chiral indicesn(.62 As the absorption (&) and
emission (k1) strongly depend®n the chirality, every CNT species have a specific
combination of Ezand &1 as a fingerprintThese distinct electronic absorption and emission
transitions for different semiconducting nanotubes isolated in aqueous surfactant
suspensions can be reveaterbugh spectrofluorimetric measuremetd.In this respeg
Photoluminescence (PL) spectroscopy has become a very powerful tool for the investigation
of semiconducting SWNTs because tha EL peaks of different type of SWNTs are
observed individually by the excitation ofXlepending on their electronic strusts.The
photoluminescence mapping (PLM) is the most used approach anavitles emission
spectra recorded as a function of the excitation wavelél§tiThe resulting three
dimensional plot shows the emission intensity maps as a number of excitation wavelengths,
all across the visible spectral range. Every region of the map refgdise signal of a given

(n,m species. For the purpose of this work, SWCNTSs enriched in (7, 6) chirality has been
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purchased from Sigma Aldrich. In collaboration with the groupraff. Nicola Armaroli

from ISOFRCNR, Bolognajnitially the enrichment ofhie specific (7, 6) chirality in our
SWCNTs sample was checked by recording the absorption spectra and the
photoluminescence map.

SWCNTs (7,6) present two characteristic optical absorption features at 648 nm and 1122
nm, that correspond to the transitid@sand &1, respectively as reported in the literattife

In order to have a SWCNTSs dispersion suitabletiie photophysical characterization, the
sample was dispersed through sonication (30 min) in water in the presence of sodium
dodecyl benzene sulfate (SDBS) as surfactant. The experimental absorption spectrum
reported in Figure 2.14 a shows the presencettuér species in the sample. In fact, the
sample used is only enriched in (7, 6) chirality, which is undoubtedly confirmed by the
absorption peak at around 650 nm, while the second transition (expected around 1120 nm),
is less evident. This can be attribd to the overlapping of bands from other species that
absorb light in the same regifh'!

(o}

N—
®
o
o

a)0.6

~
o
=]

0.4+

-]
o
=]

Absorbance
Excitation wavelength / nm

0.2 4

500

0.0 T T T T T T T T T T
400 500 600 700 800 900 1000 1100 1200 1300 900 1000 1100 1200 1300 1400
Wavelength / nm Emission wavelength / nm

Figure 2.14 (a) Absorption spectrum and (b) photoluminescence mapping of a sample of SWCNTs enriched
in the (7,6) chirality dispersed in water with SDBS.

On the other hand, the PLM of the SWCNT sample, depicted in Figure 2.14 b, displays
emission features with dérent intensity, but, the highest at around 650 nm in excitation
and 1120 nm in emission, can be clearly assigned to SWCNTSs (7,6).

The situation completely changes after the chemical treatment of the SWCNTSs (7, 6), which
do not show any more detectablieninescence. In fact, after oxidation (reporte@@ction

2.2.2 the electronic features of the investigated nanotubes are considerably altered due to a
rehybridization fromsp? to sp® leading to a loss of conjugation. For such reason, the sample

of Ox-SWCNTs (7,6), dispersed in DMF through sonication, does not exhibit any

luminescence.
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In order to study the photophysical behavior of hybf@NVCNT-1 andf-SWCNT-2, the

UV-Vis-NIR absorption and luminescence spectra were recorded and the excied stat
lifetimes have been measurethe two prepared dyads;SWCNT-1 and f-SWCNT-2,

presented different solubility and two different solvents were exploited for the
measurements. In fact, compour#d$ andf-SWCNT-1 were dispersed in DMF, whereas

2-2 andf-SWCNT-2, in 1,2 dichlorobenzene (ODCB), in order to have a well dispersed f
SWCNTs solution suitable for the photophysical analysis. The recorded electronic
absorption spectra are reported in Figure 2.15. The calculation of the molar extinction
coefficientswas possible only for the organic compou2ds and 2-2. Compound2-1 is
characterized by two absorwpltcm®dnamax 3@d atm 4@
20000mtcm?), while2-2e x hi bits an absorpti @hm] eithk at 36
a shoulder on the higher eonpgatipy length el . The i
resulted in a shift of the maximum absorption peak of 104 nm toward the red in comparison

to 2-2. As shown in Figure 2.15, the absorption spectra of the df<®I4/CNT-1 andf-

SWCNT-2, result to be featureless and it was not possible to discriminate th¥i&)V

absorption bands of the OPV molecules linked, probably due to an overwhelming absorption

of Ox-SWCNTs in the same spectral region. Moreover, the absenoeadfed features of

SWCNTs is attributable to the functionalization. Even if, milder oxidation conditions have

been used the electronic structure of SWCNTs has been substantially modified and

E>> transitions can be probably discerned only at low sdies of covalent

functionalization*?
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Figure 2.15 Top: Absorption spectra @f1 (red) in DMF and®-2 (blue) in ODCB. Bottom: Absorption spectra
8}‘ 2-)1 (recc)j),féSWCNT-l (orange)px-SWCNT (7,6)(black) in DMF and o2-2 (blue) and-SWCNT-2 (light
ue) in ODCB.

In order to evaluate the presence of tohmluced processes between the carbon nanotube
and the OPV fragments, luminescence studies were performe&WCNT-1 using DMF

as solvent and fo-SWCNT-2 in ODCB, and compared with the reference matefl&ls
and2-2. Recoded spectra are depictefFigure 2.16 and key data are collected in Table 2.2.

It is noteworthy to mention that, typically, photophysical studies of samples containing
SWCNTs are affected by high uncertainty. Particularly, it is difficult to determine
absorbance values and, accogly, to make guantitative luminescence assessments. This is
ascribable tahe nanometric nature of the SWCNTSs causing extensive light scattering and
to their tendency to seHggregate and form bundles due to the poor solubility in the most
common solverst However, we found th&SWCNT-1 andf-SWCNT-2 form stable and
optically transparent dispersions in DMF and ODCB, respectively, allowing comparative

studies with the OPV compounds and quantitative luminescence assessments. The extension
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o f  tbhdgeofthe planar molecular framework of OPVs results as a positive structural
factor in enhancing the molecular fluorescent properties. The reference cor@gbsimolws

an emission spectrum with a maximum at 510 nm and a fluorescence quantum yield above
38%, while the spectrum 6fSWCNT-1 exhibits an emission maximum at 530 nm and a
fluorescence quantum yield below 0.1%. Such strongly quenched emission (estmnteged t
over 99 % inf-SWCNT-1 compared td-1) indicates a substantial electronic interaction
bet ween the nanot ubes -canjughtedt noety. Compdud@®2 e d or g ¢
exhibits an emission spectrum with a maximum at 430 nm and an emission quantum vyiel
of 12.8%. The fluorescence bandfeBWCNT-2 is substantially hypsochromically shifted
compared to that of the reference compoiti(ae.= 30 nm). The estimated fluorescence
quantum yield for this system is less than 0.3%, indicating a quenching of 8Go%

compared to compourzi2.

Table 2.2 Luminescence band maxima, fluorescence quantum yields and excited state lifetivieslof
SWCNTs (in DMF) and 0f2-2 and2-SWCNTs (in ODCB).

Sample Amax(NM) UL (%) U (ns)
2-1 510 38.5 1.37
f-SWCNT-1 530 @) 1.51
2-2 430 12.8 0.61

0.68 (72%)
f-SWCNT-2 400 @
3.31 (28%)

@G F. of the hybrid materials could not be determined as the light partitioning among the OPV and CNT
moieties is not known. However, the quenching of the luminescence intensity of soluficB/eNT-1 and
f-SWCNT-2 vs, respectively2-1 and2-2 is above 9%nd 97 % respectively. The excitation wavelengths used

in these experiments corresponded to the absorption maxigad @67 nm) and®-2 (363 nm).
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ODCB.

The emission decay profiles &f1 andf-SWCNT-1 are fitted monoexponentially, yielding
singlet lifetimes of 1.3 and 1.5 ns, respectively. The latter value suggests that probably there
is the presence of very small amounts of ekin thef-SWCNT-1 dyad. Using a single
photon counting spectrometer, which has a time resolution of 40 ps, no shorter lifetimes were
detected fof-SWCNT-1. Therefore, intercomponent phataluced processesd. energy

or electron transfer processes) must take place withips. The emission lifetime @f2 is
monocexponential and results to be 0.61 ns, while samff@&/CNT-2 showed a bi
exponential fluorescence decay with a prevalent component of 0.68 ns (72%) and a minor
contribution of 3.31 ns (28%). The former coulddsesily attributed to the presence of a
small amount of unbounde&i2 in the dyad (less than 2%), while in contrast, the longest
lifetime is more difficult to assign. A possible hypothesis could be that it might reflect the
interaction between neighboririlyorophores covalently bounded onto the surface of the
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SWCNT.

Moreover, thanks to the peculiarity 6BSWCNT-1 and f-SWCNT-2 to form stable and
optical transparent dispersions in DMF and ODCB, respectively, it was possible to carry out
subpicosecond tire-resolved measurements with the aim to clarify the nature of the-photo
induced processes. Unfortunately, attempts to determine the quenched OPV lifetimes of
SWCNT-1 andf-SWCNT-2 at shorter time scales with a streak camera apparatus (1 ps
resolution) dil not afford convincing results, as the OPV moieties most probably undergoes

photodegradation upon intensive irradiation with a titargapphire (Ti:Sa) ultrafast laser.

The absence of significant photoluminescencé-BWCNT-1 andf-SWCNT-2 combined

with the results we obtained in lifetime experiments showed no convincing proofs to
determine the occurring processes.(electron or energy transfer interactioris)light of

these results, we decided, in collaboration \RithAndrea Listortifrom the esearch group

of theUniversity of Salento, (Lecce, ItaJyp expand the use of newly synthesized materials

and exploit them in hybrid organic/inorganic derivatives based on perovskites.

2.4. Extension of the use ofEWCNTs-1 in perovskite solar cells

2.4.1 General Introduction on Perovskite solar cells
In the past few years has been seen the rapid emergence of a new class of solar cells based
on mixed organicinorganic halide perovskitesThe ease of fabriti@n, strong solar
absorption, low nomadigive carrier recorbination rates for such simply prepared materials,
and reasonably high carrier matyilmake perovskites attractive for a number of applications
such as lasing, lightening and, particularly photovolt&iés!¥ The structure and physical
properties of organmetal halide CENH3zMX3 (M = Pb or Sn, X = Cl, Br or I), which is the
key material of perovskite solar cells, were reported for the first tim&/ddyerin 19781151
Theinterestin this materiabenefit from recent invesgjations of related thifilm transistors
and lightemitting diodes (LEDs) bMlitzi and ceworkers!*'¢1*IMiyasakaet al. were the
first to report photovoltaic results for perovskites and showed a photovoltaic function of the
perovskite nanocrystalline particles setfjanized on Ti@as ntype semiconductors of dye
sensitized cell§1418Since this preliminary work, the power conversion efficiency (PCE)
of solar cells based on methylammonium lead halidesiEHPbXs where X can be |, Br or
Cl) has increased drastically from thetiai 3.9% to more than 20 % in less than 6
yearsit'81¥INumerous device structutE$:1?29123 have thus been explored, differing both

for the photovoltaic performances and for the morphological and structural properties of the
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deposited perovskite materl&® 126 n fact, the device performance of perovskite solar cells

Is highly dependent on their architecture. Two major examples of perovskite solar cells have
been developed so fare., mesoscopic and planar architectures (Figure B*37n the
mesoscopic siicture the perovskite can either be introduced as a thin layer covering the
oxide scaffold with the pores in the scaffoldi itnated with charge transporting material or

it can form an overlayer on top of the completefifirated oxide scaffold as shownFigure

2.17 aand b, respectively. On the other side, the planar architecture can exist in two different
configurations, conventional (Figure 2.17 c) or inverted (Figure 2.17 d) depending on the
direction of electric currert'® The conventional solar cell architecturegeets a sandwieh

like design with a hybrid halide perovskite layer, typically s8H3Pbk, acting as light
harvesting material between a semiconducting oxide and organic Hole Transport Material
(HTM). The semiconducting oxide, typically titanium dioxide @3), is deposited onto a
conductive glass (fluorindoped thin oxide, FTO) and act as electron transporting layer,
while the HTM extracts the generated holes from the activeNEEPbk layer. The solar

cell is completed with the evaporation of a metal an¢liver or gold) on top of the
HTM. 23]

(a) Counter electrode (b) Counter electrode

Perovskite

Perovskite

Mesoporous
oxide

FTO

Hole-transporting layer (p)

Electron-transporting layer (n)

Perovskite (1) Perovskite (i)

p-type interlayer

n-type interlayer

Electron-transporting layer (n) Hole-transporting layer (p)

FTO ITO

Figure 2.17. Schematic representation of mesoscopic heterojunction solar cells (a) no perovskite overlayer and

(b) with perovskite overl ayer; and pl amipd bhaeatdendjur

invertedii pino conf i urati ons.
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Organic molecules are often employed as a-tralesporting material for both mesoscepic

and planasst ruct ured perovskite solar cel-l s. A mo
Tetrakis(N,Ndi-p-methoxyphenylamined , -$piNjbifluorene (SpirdMeTAD), a non

polymeric smaHlmolecule hole conductag the most popular choice for conventional planar

perovskite solar cells. It has been largely the most exploited material, leading to the highest
photovoltaic performance¥:*?’1 The chemical structure of Spi@MeTAD is reported in

Figure 2.18. It has been introduced Bwrk, Gratzel and ceworkers!?®l and initially

developed for organic LE[E® andlately found to be effective in solistate dye cell87]

However, SpiroOMeTADcan only be prepared through a complicated synthetic route,

resulting in high costand its intrinsic holenobility and-conductivityare low and for these

reasons it has to be doped before integration in a désfte.

Spiro - OMeTAD |
>

Figure 2.18Chemical structure of SpiroOMeTAD HTM.

In this respect, the most common way to enhance charge mobility in a molecular hole
transporting material isvia addition of pdopant species. Chemical dopants such as
N(PhBrkSbCk were first introduced to oxidize, and thuslppe spireOMeTAD, but were
rapidly replaced by the more effective additive lithiumbis(trifluoromethanesulfonyl)imide
(LITFSHI713 In contrary to chemical oxidants, LiTFSI does not oxidize directly the-spiro
OMeTAD but promotes thexidative reaction between spi@VieTAD and oxygen in the
presence of either light or thermal excitatiti13% Unfortunately, the oxidation process is

not easy to control and the variability of oxidized Sfd®leTAD concentrationcan
dramatically affect theerformance, reproducibility, and stability of the deVié8 To solve

this problem several molecular complexes have been explored recently as alternative doping
agentd!3¥ ¥ including carbon nanomaterials such as nanotubes. Indeed, MWCNTs and
SWCNTSs, thanks to their impressive charge transppproperties, have been investigated

as ptype dopants or staralone hole transporting materials in P$E€%!38141 yccessful

application of carbon nanomaterials in PSCs has been reported in only few siastigsar
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Leeetal. reportedon the hierarchically structured hole transport layers of SpiMeTAD

and MWCNTs for PSCs. They have embedded MWCNTSs in SpM@TAD in a HTM
double layer consisting of a tiny film of pristine Sp@eTAD and an overlying layeof

a mixture of SpirefOMeTAD and MWNTS, leading to an increase of the PCE from 12.8 %
to 15.1 % as the nanotube concentration increases from 0 to B4#t%.

Based on these findings and our work described before, we report here that the functionalized
singlewall carbon nanotubes-EWCNT-1) can also act as conductive nanofillers in a
SpiroOMeTAD layerused as HTM for hybrid PSCs based ornsRHsPbk, thus aiming to
provide better performances and longer time stabilities to the device. A schematic
representation of the device is reported in Figure 2.19. In addition, we expect that the
anchored2-1 OPV beaing long alkoxy chains in the central aromatic ring and amine
residues at the extremity could improve the compatibility with SPikeTAD in
comparison withOx-SWCNTs and enhance the affinity of the HTM mixture for the
perovskite layer at the interface, thanks to the presence of the terminal amine groups.

)
Ag /J
/ i

Spiro-OMeTAD : NTs ;
Perovskite ‘

Y 4

Compact TiO, &

FTO I

Figure 2.19 Schematic representation of the photovoltaic device contaffBWWCNTs-1 as dopant for the
SpiroOMeTAD layer.

2.4.2. Characterization off-SWCNT-1 as doping agent for spireOMeTAD in

a flat CHsNH3sPbls-based solar cell
In this section we report the characterizatiof-8WCNT-1 as doping agent for spho
OMeTAD in a hybrid PSCs based on eNtHzPbk. As reference material for this study the
correspondingnonfunctionalized Ox-SWCNTs were used.Initially, Ox-SWNTs and
functionalizedf-SWCNT-1 were dispersed inhlorobenzene (CB) through sonication and
the clear dispersidmas been used to prepare sev&vlutions of SpiretOMeTAD at different
concentrations. This has been performed in order toijeste optimal SpireOMeTAD
thickness and) the best degree of doping with SWCNTs samples. In this respect, different
concentrations of the SprHOMeTAD (i.e. 45 mg/mL, 63 mg/mL and 90 mg/mL) afid
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SWCNT-1 as dopanti(e. 0.4 mg/mL and 0.8 mg/mL) in CB have been investigated. The
characteristic curves and photovoltaic parameters recorded for the best performing devices,
varying the Spir®OMeTAD concentratiorand the amount dfFSWNTs-1, are reported in
theappendix These tests show that the optimal Sf@fdeTAD thickness is achieved using

a concentration of 63 mg/mL, while the best doping degree is obtained with a concentration
of 0.4 mg/mL of SWCNTSs in CBThese concentrations of HTM and doping agent will be
exploited for our study. Moreover, all tfeSWCNT-1 doped devices have been compared
with undoped (HTM) and conventionally doped devices with LITFSI using comparable
spiroOMeTAD concentration and theest characteristic curves recorded for the fabricated
devices are reported in Figure 2.20. The corresponding photovoltaic parameters are collected
in Table 2.3.

Table 2.3.PV parameters of the best performing devices (average and standard error in.bracket)

Device PCE (%) FF Voc (V) e (MA cn?)

HTM 7.1 0.53 1.02 13.1
(6.5+0.5) (0.47 +0.04) (1.00 +0.03) (13.8 1)
HTM + f-SWCNT-1 9.6 0.58 1.00 16.6
(7.9+1.3) (0.48 +0.08) (0.99+0.01) (16.6 +0.4)
HTM + Ox-SWCNTs 9.0 0.52 0.97 17.7
(6.4+1.8) (0.41+0.08) (0.94+0.04) (16.4 £ 2.0)
HTM + LiTFSI 10.9 0.65 1.03 16.3

(9.8 +0.8) (0.63+0.07) (1.04 +0.03) (15.2 +1.3)
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0.020 —— HTM (Spiro-OMeTAD)
] ———HTM + f-SWCNT-1
——HTM + Ox-SWCNT
——HTM + LiTFSI
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Figure 2.20.Characteristic curves of the best performing devices: device based on undopedi\dgirdD
(black line), SpireOMeTAD doped witlf-SWCNTs-1 (red line) andOx-SWCNTs(magenta line), and Spio
OMeTAD conventionally doped with LiTFSI (blue line).

Comparinghe PV results obtained with the undoped S@ideTAD, the carbon nanotube
doping significantly enhances the shaircuit current, clearly indicating a higher
conductivity of the hole transporting layer and a better charge extraction at the elé&tode.

In fact, a maximum PCE of 9.6% was achieved for the device contdv8MgNT-1, with

respect to 7.1% of the undoped spddeTAD. Devices includingdx-SWNTs as dopat

of the HTM show an extremely broad statistical distribution of the @it current, and
likewise scattered PCE, that can be attributed to eneomogenous distribution of nanotubes
within the film. Considerably, the HTM doped witsWCNT-1 allowsthe achievement of
slightly lower, but mainly comparable, performances with respect to the GMeT AD
standardly doped withiTFSI, both in terms of efficiency (9.6% f#*SWNT-1 doped HTM
vs10.9% forLiTFSI doped HTM) and in terms of statistical dilstrition. This demonstrates

the suitability of this carbon material as valid doping agent for <pMeTAD, as
alternative to the conventional chemical dopants. In addition, the comparison between the
use of functionalized-SWNT-1 and nonfunctionalizedOx-SWNTs as HTM dopants,

would permit to unravel the role of the organic functionalization presdrBUMNT-1, since

better and more reproducible photovoltaic performances are recorder using the sample

bearing the OPV moieties.
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V35- Spiro-Ometad Li-TBP V113- Spiro-Ometad no doping

Figure 2.21 AFM characterization of HTM layers used for the solar cell fabrication. $pieTAD (a)
doped with conventional Lsalt, (b) undoped, (¢) doped witfSWCNT-1 and (d) doped witlox-SWCNT.

The morphology and thus the uniformity of the hole transportgerda (undoped,
conventionally doped and doped with SWCNTSs) employed for the solar cell fabrication were
investigated by means of Atomic Force Microscopy (AFM) and the recorded AFM images
are reported in Figure 2.21. The pristine sfid@leTAD coated surfacappears to be very
smooth and homogeneous wikietroot mean square roughneRg)of 1.1 nm, whereas the
addition of LITFSI to the spir@MeTAD results in the formation of aggregates and pinholes
in the film that are ascribable to the poor solubilitgh# Li salt. In contrast, the doping of

the HTM layer with SWCNTs increase the sp®@®deTAD roughness maintaining a
homogeneous films morphology if compared to the LIiTFSI doping.(Ph&WNT andf-
SWCNT-1 doped samples present a roughness of Rq=2.6 niR@2l2 nm, respectively;
suggesting that a more homogeneous dispersidASM/CNT-1 in the spircOMeTAD

matrix could be conferred by the organic chromophore covalently attached. In fact, the
functionalization allows a better dispersion of SWCNTs withinHfié, allowing more
reproducible photovoltaic performances. Evidently, the plotwersion efficiency
achieved byf-SWCNT-1 doping is comparable with the standard-shit doping,
demonstrating the suitability of those material as valid alternative faspine OMeTAD
doping in perovskitdased solar cells.
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2.5 Conclusions

This chapterfocused onthe preparation and characterization of novel dawoeptor
systems based on O®¢€oNugdied éengith:i gnd SWCONT. ESWENITt
enriched in 7,6 chirdly have been used in order to enhance the properties of the material in
development and benefit from the wd#fined propertiesof structurally controlled
SWCNTs. Chrmophoric moleculeg-1 and 2-2 have been successfully synthesized
exploiting a classicaHorneit WadswortfiEmmons and fully characterized in terms of
melting point,'H-, 3C-NMR, IR spectroscopy and EGIRMS spectrometry. Two dyads,
SWCNT-1 and f -SWCNT-2, have been prepared linkindtomophores2-1 and 2-2,
respectively, on SWCNTs following a covalent functionalization rotge amidation
reaction. The structural properties of the GBWCNTSs conjugates were fully investigated

via thermogravimetric analysis (TGA), -y photoelectron pectroscopy (XPS),
transmission electron microscopy (TEM) and raman spectroscopy. The photophysical
properties of the OPXCNTSs derivatives were investigated through steady state absorption
and emission spectroscopy and trough time resolved fluoresceneephiiophysical
characterization revealed strong electronic interactions between the different components in
both dyads. However, definitive experimental evidences could not be obtained for
supporting photonduced electron and/or energy transfer procegsaslving the OPV
chromophores and the CNTs wall. This problem encountered could be addressed by
optimizing the functionalization strategy of SWCNTSs introducing more functional groups or
using other chromophore candidates with longer emission lifetimes.

However, thanks to the peculiarity of these systems to form stable and optical transparent
dispersions, we were able to extend their application in perovskite based solar cells. In this
respectf-SWCNT-1was implemented astype dopant in a Spir®OMeTAD layer as HTM

for hybrid PSCs based on @RH3Pbk. As a result, the HTM doped withSWCNT-1

allows a comparable, but slightly lower performances with respect to the standardly doped
spirccOMeTAD, both in terms of efficiency (9.6% vs 10.9%) and in terms of statistical
distribution, demonstrating the suitability of this material as valid dopiegtagr spire
OMeTAD, as alternative to the conventional LITDS. Despite the fact that the presence of
the chromophore onto SWCNTSs did not present the photoactive response we expected, the
implementation of OPASWCNT dyad in perovskite solar cell allowedtasobtain a more

homogeneous dispersion in the spdMeTAD matrix. In this way, these results
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demonstrate that the functionalization allowing a better dispersion of SWCNTs within the

HTM, could lead to more reproducible photovoltaic performances.
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3. Design and -edended G@domed polycyclic aromatic
hydrocarbons

In this chapter, the design, synthesisl photophysical properties a novel series oD-

doped polyaromatic hydrocarbons, in which two PAH substructures are bridged through one
or two O atoms are describélhe first part addresses the synthesis and characterization of
oxygenrdoped perylendased systems presenting rainbow of colors and tuable
spectroscopic and electrochemical propertiese second part describes the synthetic
strategy adopted for the preparation of a second family-dbped nanoribbons bearing

additional functionalization sites for anchoridifferent functional groupsranoieties

The chapter is divided into six main sectionsection 3.lincludes a general introduction

on perylenebased functional chromophora$ section3.2 nt r oduces t he oxyge
extended PAHijii) section 3.3gives anoverview on intramolecular © bond formation

through transition metadatalyzed reaction and adidsed cyclizationjv) section 3.4

collectsthe results obtained with the design and synthesiseafended new scaffolds based

on perylene systems and exags their photophysical propertiag;section 3.5deals with

the design and synthesis ©@fdoped nanoribbons bearing additional functionalization sites

and vi) section 3.6reports the synthesis and characterization of biperydengounds

bearing differat dihedral angles, highlighting the planarization effects on the optical

properties of the system.

The X-ray analyses presented in this chapter wadormed byNicola Demitri (Elettrai
Sincrotrone Trieste the fluorescence lifetimes and fluorescence quantum yield
measurements yr. Giacomo BergaminfromP r o f . P a odroap (Digersibardi 6 s
Bologng and the preliminary DFT calculations IBiuseppe Brancat¢Scuola Normale
Superiore di Pisp Furthemore, Francesca Vitafrom University of Trieste ikindly

acknowledged for SEM imaging.
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3.1 General introduction on perylenebased functional chromophores

3.1.1. Polycyclic aromatic hydrocarbons (PAH)
The design and synthesis of low band gapycyclic aromatic compounds are of great
interest owing to their potential applications semiconductors in organic field effect
transistors (OFETSY as lighthavesting dyes in organic solar céflsas near infrared
(NIR) fluorescent probes in high resolution 4ioaging and biesensing, and as
chromophores in nelinear opticd®® PAH is a common name connected to aromatic
hydrocarbons in whicmore than two unsubstituted fused benzene rings are prébent.
are precursors of extended carbon networks and their carbon skeletons can be viewed as
small pieces of graphene. Accordingly, large PAHs having sizé&afrh are defined by the
term graphee molecule, while nanographene can be termed a graphene fragment ranging
from 1-100 nm in size. For sizes over 100 nm, they can be directly regarded as graphene
(Figure 3.1.1}%71 The benzenoid PAHs can be seen as model compounds to understand the
fundamental structe-property relationship of graphene. Such material can be thought as
highly conductive polymer and its smaller sections, depending on the size and arrangement
of the fused hydrocarbon, can have a range of properties from conducting to instfiéting.

nanographene graphene

graphene molecules

BRREREN

uuuuu

graphene " graphene
PAHs nanoribbons quantum dots
|

| | | ]
1nm 5nm 10 nm 100 nm 10 ym

Figure 3.1.1 Schematic representation of graphene terminology defined according to their si¥& scale.

Nanosized graphene fragments can be preparedwoydistinct strategies, namely the
Abottom upo and fAthe top dlow approachegpicalyd s ( Fi
include hydrotherm& or lithiographié¢'® cutting of graphene without a control over the

size distribution, shape and edges structure of the resulting nanographenes. On the other
hand, Abottom upd chemical synthesis provid

control over their chemical and physical structures, with the advantage afueitibty.
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In this context, the atomically precise synthesis of nanographene has been extensively
explored®

Figure 3.1.2 Schematic representation of the a)-tiqpvn and b) bottorup febrication of GNR$!2

The chemical syntheses of polytigcaromatic hydrocarbons (PAHs) were pioneered by
Scholl*¥l andClar*4 in thefirst half of the 28 century. They achieved the preparation of
numerous polyaromatics under drastic conditions at high temperatures in strongly oxidizing
reactions melt. Later on, the progress of modern synthetic methods and analytical techniques
has allowed the efficient synhesi s of a -extemded PAHsrundertmyldero f
condition*>"! In particular, the high efficient synthesis of heexi-haxabenzooronene
(Figure 3.1.3) accomplished by planarization of hexaphenylbe@@hegia intramolecular
cyclodehydrogenation reaction developedijllen, paved the way for the preparation of a
large variety of weldefined PAH by employing tailemade oligopheylenes as
percursor$! Similarly to graphene, unsubstituted graphenelecules are only barely
soluble in common organic solvents and despite the appeal of accessing increasingly large
structurally welldefined models of graphene, the planarization of large oligophenylene

precursors reaches its limits in solution.

R

N L /Jj\ﬁJ cyclodehydrogenation [/\ |I I\ /| ﬂ
T /‘JI\/;J\\ — /I:\ /L\;L I\
(L T H\;L[J\ I
| | T

3-31 p-HBC 3-32

p ///}"\
"\\,/’U\

A\
\Q\
\

Figure 3.1.3. Synthesis of hexperi-hexabenzocoroneng-HBC 3-32) through intramolecular oxidative
cyclodehydrogenation
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If we then exam a graphene sheet (Figure 3.1.4), different molecular subunits could be
readily picked out. Thus,-D oligophenylene3-34, all-benzenoid PAH such &32, and
perylene3-33 can be thought as molecular subunits of grapttend since graphite is a
conductor and strongly absorbs light, those molecular subunits often posse#sil@&plo

properties for optoelectrorté and dyestuff chemistry®!

, — ) { { ) { 3 { A

RIS 334

//

3-32 3-33

Figure 3.1.4 Polyphenylens and rylenes structures as subunit of gréhite.

In this work, we will focus our attention on a particular type of graphene nanoribbon, the
polyrylenes, also called pofyeri naphthé&ene. This low band gap PAHs with both armchair
and zigzag edgeepresent PAHs with two or more naphthalene units fused ipehe
position. Smaller sections of this polymer are called oligorylens, accordirgeto
nomenclature that was introduced Bar.”®® On the basis of the number of fused
ngphthalenes, they can be ternpstylene, terrylene, quaterrylene and so on (figure 3.1.5).
Perylene dyes are key chromophores in dye chemistry. Intéis aclass of extensively
studied materials thdtave received a great deal of attention due #ateptional optical
properties (high extinction coefficients and lewgvelength absorption/emission) and
outstandingchemical, thermal, photochemical and photophysical staB#ityvithin the

field of oligorylenes, rylene imides (Figure 3.1.5 b) were largely explored in dye chemistry,

supramlecular assembliB$ 2 optoelectronic applications and photovoltafes’]
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a)
I 3-33an =0, Perylene 3-35an=0
3-33b n =1, Terrylene 3-35bn=1
[ OO 3-33c n =2, Quatterylene 3-34ch=2
n 3-33d n = 3, Pentarylene 3-356dn=3
‘ 3-33e n =4, Hexarylene 3-35en=4

R = alkyl chains or aryl;
X =H or phenoxy

Figure 3.1.5Generaktructures of (a) rylenes and (b) rylene bisimides.

3.1.2 Perylene and oligorylenes
Peryleneis a polycyclic aromatic molecule constituted of five rings and can be naturally
found in coal tar. It has been synthesized for the first time in laboratory in 1936hbyi
and ceworkers, by oxidative coupling of two naphthalene unitpa@mi-positionswith
anhydrous AIG. Indeed, this condensation of aromatic rings has been named after its
invent or as t ¥ Pergendan be conseerad as tworfuded naphthalene

units that have patestyisale ms o n nredektionsogiot fullyfe t ' hei r

del ocal i zed over the entire rabettrens would be s k el

classified as antiaromatconsidering theHuckel rule, but from its reactivity (undergoes
electrophilic aromatic substitutions) artli NMR spectroscopy (proton signals in the
aromatic region around-§ ppm), can be clearly gathered that perylene is arof4tic.
Similar to polymers, the perylene core could be elongated topasigaphthalenes), which
represent the scalled rylene dyes. Accordingly, perylene can be viewed as the smallest but
most impatant homolog of this class of compounds. It is characterized by a relative small
HOMO-LUMO gag®® when compared to hydrocarbons of similar molecular weight, and
undergoes reversible reduction and oxidation, f-2.139 forreduction and 0.609 eV for
oxidation), resulting as an electron doHd.

Perylene has a characteristic strong absorption in theVidvregion with a molar
absor pt i38b00 W corfat 434 nm. Moreover, it presents small Stokes shift and
high fluorescence quantum yiekh(= 0.98). Those optical properties make perylene one of
the most attractive precursors for pigments, dyes and organic photovoltaic appliédtions.
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The perylene core presents twelve positions that can be functionalized, knqen-as
(3,4,9,10 positionshay- (1, 6, 7, 12) andrtho- (2, 5, 8, 11) positions (figure 36).

i?L R ‘ SN \]/R
ortho / /i\\v/i\ g N A -
/2 | JS l\ l ﬂ\ e /L
1 PN 6 N 3

Oligorylenes PPN

/
R=Hor'Bu R=Hor O Nt \/

I\\‘ /)
N \/;

Figure 3.1.6.Chemical structures of unsubstituted perylene, oligorylene andpgoiy{aphthalene) PPN.

Extendi ng t-Buefaceaaf perykenei iperi positions two new classes of
compounds have been reported, olygorylenes ptgperinaphthalene) PPN polymers
(Figure 3.1.6). Theoretical works predicted a very small HOMUDIO gap for polyperi-
naphthalene) (PPN) polymers, thus making this class of molecules suitable as electrical
conductors. This behavior can be attributedhe nature of the laddéype conjugates
structure that leads to a more rigid skeleton than those of other edetitre conjugated
polymers such as polyphenylenevinylene) (PPV) or polyhenylene) PPBY Indeed,

the band gap decreases increasing the chain length from 2.8 eV for unsubstituted perylene
to a theoretical optical bandgap of @38 eV for the polymer PPN.

From a synthetic point of view, it is very challenging to prepare higher order rylenes
especially because of their expected insolubility that can be attributed to the rigidity of the
backbone. The introduction of solubilizing groups permits the preparation and
characterization of more soluble materi@siatterylene compound € 4, figure3.1.6), was

first described bylar?® in 1948,and the preparation of its soluléet-butyl derivative was
reported byMiillen and ceworkers in 199¢*2 The best current synthetic routes still follow
classic Scholl conditions that are suitable only for small scale production. Thosehking
rylenes possess outstanding electronic properties, a distinct bathochromic shift in the longest
wavelength absorfn is reached increasing(naphthalene unitypaking themextremely
interesting because their emission colors can be tuned from blue tinfnaged by
extending the chain length | n d e e d ;extende@ synthesizédrt-butyl pentarylene
(n=5, Figure 3.1.6) absorbs in the near infrared region, but due to the scarce solubility the
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determination of its molar extinction coefficient was limited. Usually, higher order rylenes
are characterized by low fluorescence quantum yields, contrary to the pargene =

0; Figure 3.1.6) and terrylena € 1) which present high quantum yields of 0.94 and 0.74,
respectively. In the case of quatterylene=(1) there is a crossover to a dip&debidden
transition between the ground and the lowest excitedssteaesing the fluorescence to be
very small €1 = 0.05)2334 This is a serious problem in the design of efficient luminescent
red and infrared ntarials. Moreover, to dat@exarylene and the higher order homologues
continue to be elusive targets for chemists due to the lack of suitable building blocks,
effective synthetic protocols for the lomgnge” -extension and due to their unprocessability
caused by their very poor solubilifi!

Some substantial examples of more soluble higher order polyrylens are reported in literature
and illustrated in Figure 3.1.7. Polym&i36 presents solubilizing octylphenoxy groups
throughout the backbone that are responsible ®twisting of the molecule and inhibition

of st-T oinmgt € Wangahdicavorkers developed new efficient synthetic method
toward processable bis-annulated quaterrylerge37aexploiting an oxidative coupling and

ring closure reaction ipresence of DDQ and Sc(O3fyom easily available Minnulated
perylene derivativeS® 3’ The introdiction of pyrrole ring into the polperi-naphthalene)
backbone results inbhat hochr omic shiftedas&BE3ampint i on
comparison witheert-butyl quatterylene, and in an increased fluorescence quantuméyield (

= 0.26)% Subsequently, the same synthetic approach was successfully extended to the
synthesis of hexarylene derivati8e7b The authors reported a maximum absorption band
around 840 nm in THF at r.t for this molecfife.In this way,Wangand ceworkers were

able to prepare for the first time -td-annulated hexarylenes containing three space
demanding, branched alkyl chaiand different erdap pending groups to guarantee their
good processability. This approach represents a new way toward the rational synthesis of N

doped graphene nanoribbons with wagfined edges3°!
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Figure 3.1.7. Chemical structures of higher order rylene compounds and other pebdsed
chromophore&?!

Further progress in the synthesis otibped extended rylenes Hasen achieved with the
preparation of stable tetracyanbgo(NZnnulated perylene)quinodimethanes. 3-370).

Such molecules with tunable ground states are promising candidates for nonlinear optics and
ambipolar field effect transistol8! Some examples of peryleiased material that have
found practical application are depictedrigure 3.1.7 and described below.

Wise et alexplored the possibility to use smaiblecule acceptor, as the teazaterrylene

(TAT). Singlecrystals can be grown oriented along thaxts crystallographic direction,

67



Chapter llI

and ovefcoated with pentacenefiarm a highly ordered donor/acceptor interface in organic
photovoltaic device8® Facile synthesized pyrroloperylene moiety was incorporated in
pushpull polymers (PPQP, PPQM) for organic solar cafpplications as welt” While,

highly emissive water soluble perylene derivati8ed8 (a-c) were synthesized and used as
fluorescent markers to study biological systenifis class of compounds displayed
remarkable absorption and emission properties with fluorescence quantum yields up to 82%
in water(4!!

However, most of the applications of perylenes, rylenes and azarylenes have been realized
in homologueperi-imide systems (Figure 3.1.8)he chemistry of rylene imides starts with
perylene diimide (PDI), first prepared 1913“2 PDIs are very attractive building blocks

for multichromophore systenbecause they are not only excellent colorantspresent high
fluorescence quantum yieldsutpossess outstanding chemical, thermal, photochemical and
photophysicalstability. They persist against molten KOH at 220 °C, concentrai8-ht

220 °C and concentrated bleach, and have a thermal stability up to 88@eover, this

class of rylene dyes exhibit electron transport behavior and present the ability to finely tune
their electronic prop@ies through chemical modification. As already discussed the major
drawback of higher order rylenes is their poor solubility anocessabilitythat usually
comes with the extension of t-boajugatedeystanisi ¢ s c a
of rylene dyes provide a versatile synthetic basis for further functionalizatentype of

the substituents as well as the position of functionalizat&rthe peri and at thebay
positions- Figure 3.1.8) of rylene core has a strong influence on the regshinbility as

well as the optical properties, such as band gap energies, absorption wavelengths, and the
spatial properties of the molecular orbitafs’4%!

The aromatic scaffold can be extended along the molecular axis as well as along the
equatorial axis, resulting in a bathochromic shift of the absorption and emission properties.
With those modifications, the rylene series camer the broad region of visible (40(60)

and NIR (7601200 nm) absorptian
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imide structure extension along the molecular axis n-system/expanded rylenes
peri position
Bl ? I
Oy N0 Oxp-N 20 R R
4 OsN._O Oigebl

o]
" bay region OG O
g 40996

L O, — 1)
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10 9 equatorial axis

0] l‘;l (2] n
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R 0 N"So 0" N0
. R

PDI R

Figure 3.1.8 Chemical structures of unsubstituted peryleneimide chromophores: PeByediearboximide
(PMI) and perylenebis(dicarboximide) (PDI), illustration of the,lgasri positions, as well as the concept of
achieving higher order rylenes by elongation of the aromatic sc&fold.

One descriptive example has been describeédilienand ceworkers through the synthesis

of a series of rylene dyes going from perylenebis(dicarboximide) to Hewery
bis(dicarboximide) as shown in Figure 3.%%.They reported a bathochromic shift of

ca.100 nm per each additional naphthalene unit going up to 950 nm for the more extended
hexarylenebis(dicarboximidesy HDAs a result of the extensi ol
along the molecular axis, the molar absorptivities are also increased, h a maxi mum
=293 000 Mt cmt for the hexarylenediimide HDI (Figure 3.1.9).

a) b)

350000+ —_— &

— PO n=0 300000 4 b

= = = TDI, n=1

300000 N
5 o <.--QDLR=2 R
5 ] T —--gDln=3 [ 250000+
£ 1000 ——-HDI n=4 |
2 b T =z bdisapropylpnend 1 1 200000
g 200000 L,,.-‘ R = p-feroosyiphenary ;-I : |'l
; R e Wl
T 1s0000] , L] ST 150000
o fllo-"ul:) g 1
& qooo0o i} - S b 100000
g— i i"‘i_L .'.r\-f bl | 1

o 8 ' [}

50000 b h
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Figure 3.1.9(a) absorption specra of rylene diimides and (b) dependence between the numbers of naphthalene
units[*?

In this way, the chemical modification of rylene diimides offers access to a large portfolio
of tailored functional rylene chromophores, which can be functionalized for the desired
application. Indeed, functionalized rylene derivatives were explored foramding
applications such as optoelectrofit) and photovoltaié®+>46l devices, energyransfer
cascade¥/! light-emitting diodes®! nearinfraredabsorbing systerif§! and single

molecule investigations of energy and electiamsfer processes®!

69



Chapter llI

3.2 Oxygendoped PAH

Replacing the carbon atoms with other heteroatoms at defined poSitisrsso emerging

as a versatile functionalization strategy to control the chemical, charger and self
assembly behaviors of PAIS! Accordingly, graphene molecules with a precise doping
pattern can be prepared with the use of heterodisming monomeric precursdigough
bottomup covalent sythesis following protocols in solutiBH and on surface’®? To the

best of our knowledges, up to now there are no reports on precise akymgni ng o f
extended conjugated systems, whilecige doping with nitrogen atoms has been achi€Ved.

In this regard, organic semiconducpmri-xanthenoxanthene (PX>3}-8°P (Figure 3.2.1 a),

can be viewed as the first member of a potefdiaily of O-doped aromatic hydrocarbons.

This oxygen doped equivalent of anthanthrsrneharacterized by excellent carrier transport
and injection properties, good processability, chermacal highthermal stabilityand has
shown exceptional performance as active organic semiconductor (OSC) in transistors for
rollable OLEDs (Figure 3.2.1 B The outstading properties of PXX derivativé$->> are
achi eved t ha rénpgatedsystein which ia exgeeted to enhance the overlap
of mol ecular orbitals and to the-systemthitoducti o

stabilizes the reactive sites against oxidation improving its environmental stability.

Y O

Anthanthrene 3-8Pp
PXX

Figure 3.2.1 (a) Molecular Structures of and PXX of hexacyclic PAH AnthanthreneCaddped analogue
PXX and (b) photo of rollable OTFdlriven OLED display wrappe@dround a Pencil, based on PXX

derivativel

! Photo taken fronttp://www.sony.net/Sonylnfo/News/Press/201005070E/
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Nevertheless, so far the elongation of PXX into largetdped frameworks has been not
explored. Understanding and controlling thed@ping ratio could provide the conceptual
basis to design new families of orga semiconductors with tunable optoelectronic
properties®® In this regard, our group made a great progress in the developnuosypef

d o p eedtended PXX systen(&igure 3.2.2)Stassen et &’ reported the synthesis of
O-doped benzorylenepresenting armchatype edgeslike pentaphenopentapherg40)
and napthotetraphenopyranthrer®e4(). X-ray diffraction revealed that derivativ&41
under go e stacking @atahe golid state formitgmellarlike microstructures. The
tendency of this class of molecules to form wgfined architectures make them ideal

prospective candidates for the use in optoelectronic debfcés.

R=tBuorH R =t-BuorH

Figure 3.2.2Heteroatorrdoped benzorylenesdeloped by our group?

From the other hand, polycyclic aromatic compounds containing furan moieties are expected
to provide relatively high HOMO levels and offer utility in electronic devices, such as
OLED/® OFET$® and organic photovoltasd®® Only few reports that describe the
synthesis of structurally wetlefined oligonaphtofuranesith controlled doping pattern are
described in literaturd subaki et ahave reported a pivotal example of oxygmmtaining
oligoaromatic compounds with tunable ojgfectronic properties. Thegescribed the
synthesis of a series of famaped oligonaghofurans with narrowed dihedral angles
composed of alternating naphthalene and furan rings using a bottom up approach. The largest
molecule that has been prepared contains eight naphthalene and seven furan units (Figure
3.2.3 a). The maximum absorbancel @mission wavelengths were steadily-shifted as

the number of aromatic rings of the oligonaphthofurane was incrédskdparallel, the
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same authors reported the synthesis and propediedutterflvshaped expanded
naphthofuran derivatives, analyzing the effect of the dihedral angle on the optical properties
of the systenfFigure 3.2.3 bi®* Photophysical measurements showed that the mogecule

feature high emission yield and tunable absorption\WR/properties.

a)

Figure 3.2.3 Oligonaphthofuran structures reported by Nakargshi (a) fan-shaped oligonaphthofurans (up
to 8 naphthalene units) and (b) butterflyaped expandeadtinaphthofuranes (DNF).

3.3 General account on intramolecular GO bond formation

Aryl ethers and oxygen heterocycles are common structures in many pharmaceutically and
agriculturally important compound®'®® as wellas inmaterials and catalytic scien®
Traditional methods for the preparation of these compounds include the Williamson ether
synthesi$’! direct nucleophilic substititn reaction$’? transition metal mediated

BuchwaldHartwig reaction and Ullmatype couplings of alkoxides with aryl halidé3.

3.3.1 Five membered ring intramolecular GO bond formation
Among the numberless-O bond formation reaction provided by organic synthesis, we
focused our attention on the formation of intramolecular diaryl ether linkageeral
approaches were considered for this type of reaction among whichcouggdg reaction
between an aryl halideith an organometallic reagent are commonly the most repéfted.
"8l Recently, the direct cyclization of tethered heteroatoms adjacent & bonds emerged

as an attractive and efficient method for ring forming reactions (scheme [813This
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approach treats the-B bond as functional group (in analogy to a carbwetal or carbon

halogen bond), thus the usepsé-functionalized substrates is not needed.

Y transition metal catalysis Y
C-H Y =Nc=> many examples C}:
Y = Qc—> few examples

Scheme 3.3.5eneral strategy for transitienetalcatalyzed etherification of unactivatearCbonds’”78l

While the intramolecular & activation/GN cyclization reaction for the synthesis of
azaheterocycles has been largely studied and rep&tt8bmuch less achievements have
been addressed to theparation of oxaheterocycleis the same protocd® The following
section gets in detaon the different studies reporting synthetic methodologies involving the

intramolecular alkoxylation reaction for the formation of benzofuran rings.

In 2010,Yu et al described the first example of a dihydrobenzofuran synthesis that involves
a tertiaryaliphatic alcohcdirected cycloetherification process that is catalyzed by Pd(OAc)
and PhI(OAc) as the oxidant (scheme 3.3/%) This Palladiumcatalyzed etherification of
C(sp)-H bondscould be extended to compounds containing a variety of different functional
groups, including electrdonating ad electroawithdrawing groups.Remarkably, this
reaction could also be applied for the synthesis of natural products and drug molecules

containing spirocyclic dihydrobenzofurans,

5 mol % Pd(OAc),
| R2 15eq. Li,CO;4 A R1

Ll OH 15eqPhi(OAc), “_~
- H CgFs, 100 °C, 36 h

Scheme 3.3.2Pd-catalysed €H activation/GO cyclization reported by Y§?!

Interestingly in 2011Liu and ceworkers r@orted a phenetlirected GH activation/GO
cyclization for the synthesis of dibenzofurans via a Pd(0)/Pd(Il) catalytic cycle using air as
the oxidant (scheme 3.3.3}l
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Py s

/’ = ™ . —
_ j ﬂ cat. Pd(OAc), j ligand _,z’: )
NN oxidant = air % promoted TN
L& Ao — o~
~H 120 °C, mesityl 7 pyi)y -

Scheme 3.3.3Phenoldirected cyclizatia through a Pd(11)/Pd(0) ciel’"]

The authors describe that theGCbond formation reaction was significantly improved by

the addition of sodium pivalate. The latter seems to act as an anionic ligand that, coordinated
to Pd(ll), promotes &1 activation by acting & proton shuttle. Moreover, heating the
reaction at higher temperatures increased significantly the reaction yields (Figure 3.3.1),
suggesting the © reductive elimination as the turnodaniting step instead of the -@
activation. Different ligands anadditives were used to improve the reductive elimination
step and 4 A&liazafluorer9-one ligand results to be a suitable candidate to help the aerobic
oxidation of Pd(0) to regenerate Pd(ll). This approach to functionalized ethers could be
extended to a fge variety of differently substituted dibenzofurans. The usdérak oxidant

is very appealing from economic and environmental points of views, and the high tolerance

towards functional groups makes this methodology highly attractive

P3(OPIv),. IPr

—————
K:\CO),WUG"Q
15min, 80 °C

120 °C, 58%

QY

24 hrs l 90 °C, < 5%

Figure 3.3.1 Phenoldirected cyclization through a Pd(lI)/Pd(0) cycle for formatiofioofr coordinate Pd(ll)
complext’”

Shortly after,Yoshikaiand ceworkers described a similar transformation, under palladium
catalysis, in the presence oin@ropyridine as ligand antert-butyl peroxybenzoateas as
oxidant (scheme 3.3.4). In this cakmetic isotope effect experiments indicated that the C

H bond cleavage is the rdieiting step of the reaction. Thus, the authors proposed that the
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reaction mostikely proceed through a Pd(l1)/Pd(IV) catalytic cy&l8.The use of a quite
simple catalytt system allows the synthesis of a wide range of dibenzofuran derivatives.
R1

= Pd(OAc), Ry
j 3-NO,-pyridine o [/” <
s e BzOOtBu /4
Rzl_r\ } OH ~ R L~g
~7 "H CgFg/DMI, 90 °C ~

Scheme 3.3.4Palladium catalysed® activation/GO cyclization reported byoshikaiand ceworkers®4!

More recentlyZhu et alreported the use of inexpensive copper catalysis for the preparation
of similar molecular system®.88 Coppercatalyzed etherification of unactivateeHtbonds

was achieved in the presence of additives, like PivOH under open air conditions (scheme
3.3.5). Lower reaction efficienayas recorded when the process is performed under argon,
supporting the key role of LCPreliminary studies revealed that an irreversible;Iratging
concertedmetalationdeprotonation (CMD) process is most likely involved in this reaction.
Although anelectronwithdrawing group at the pafzosition relative to the phenolic OH is
required to prevent direct oxidation of the substrdte, methodology relies on a simple
reaction system and inexpensive Cu sdlkss synthetic methodology not only serves as an
alternative approach for the synthesis of dibenzofurans but also broadens the application of
Cu-catalyzed @H activation/GO cyclization reactions in the preparation of oxygen

containing heterocycles.

__Rq
Cu(l) — Ry
n [ ‘ additive, air P \ »
YT Y > R N7 N
R L o 271 . ya
21 . oH DMSO,140°C ~~O

Scheme 3.3.5Approach toward dibenzofurans developedziwy et al.(R1 = electroawithdrawing groups
such as
NO;, CN, CHO)®

From the other hand, over the last yettues acidcatalyzed ether borfdrmation has re
emerged as very versatile and clean synthetic route for the preparation of diarylfuran
frameworkd®3¢4 The transformation of dihydroxy biaryl to corresponding diarylfurans,
using various acid catalysts, protic or Lewis acid has been studied for a lorg tfthe.
Herein,we reportthe most exploited synthetic methodologies.

In 1991, Yamato et al.r epor t an efficient procedur e

dihydroxybiphenyls in the presence of the solid superacid, Né&fi¢a solid perfluorinated
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resinsulfonic acid) to afford dibenzofuran derivatives in good to moderate yields (scheme
3.3.6)7

R1\ — RZ R‘I\\ P R2
~~">pn Nafion-H v‘ \,O
- \
1 S\
o~ OH Ar-H N oo
| \ /R
R 7 "R? R

Scheme 3.3.6Synthesis of dibenzofuran compounds describeddmyato et al.

Afterwards, in 2004Kotaniand ceworkers developed a simple method for the ring closure
of  Zbinapihol to the dinaphthofurane framework in the presence ofs @sQlewis
acid!®® Moreover, ring closure reaction on functionalized binaphthol derivatives has been
accomplished irsatisfactoryyields by the treatment with concentrated sulfuric &@idnd
zeolite catalysts in-dichlorobenzene at high temperat($f&!!

Similarly, Areephong et la reported a practical procedure for the preparation of
functionalized 7oxa[5]-helicenes from 2,7dihydroxynaphthalene in the presencepef
TsOH acid in toluene under reflux in good to high yiéldsThe authors reported that the
cyclization step occunga an intramolecular nucleophilic addition through the formation of

a cyclic hemiacetal, which upon dehydration yields desired naphthofuran (scheme 3.3.7).
This straightforward syhetic approach was then exploited for the preparation of numerous

naphthofuran derivatives including the fsimaped oligonaphthofuranes described by

Nakanishi [63]
NGO OH
—— +

l
OO OH

Scheme 3.3.7Proposed mechanism for the cyclization reaction in presened sOH 2

A
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3.3.2. Six membered mg intramolecular C-O bond formation
One of the most relevant examples of oxygentaining compounds bearing a pyranyl motif
is peri-xanthenoxanthene (PX>3-8PP. This molecule has been known since the beginning
of the last centuf§?! and used as pigmeffs and n charge transfer complex@3.Only
lately, PXX and its derivatives have been investigatedvigyck and Sonyas organic
semionductors due to their outstanding carrier transport capatigmical inertness and
high-thermal stability>*°¢!

! . | P P
.. - A C L\ - T
R N X uo e S

HO._~~_ -~ orCu(OAc), O~~~
R

1,1'-bi-2-naphthol PXX

Scheme 3.3.8General representation of PXX synthesis.

PXX was synthesized for the first time 1803°"! by BuinzlyandDeckerthrough oxidation

of binaphthols with potassium ferrocyanide, affording PXX together with unidentified
oxidized byproductd® After that, different synthetic ptocols describing the use of
Cu(OACK®% or transition metal oxidesi.e. MnO, or Cud®*°® under air at elevated
temperatures were reported (scheme 3.3.8). In 20@therbyand ceworkers proposed an
alternative approach t o prepar e Ssub-stitut
disubstituteell , -Ai-8-naphthols with a stoichiometric amount of mercury(ll) amide
complex Hg[N(SiMe)2]2[*%) The authors reported that the mechanism of this reaction
proceedsvia an intramolecular electropic aromatic substitution. In parallel, a synthetic
approach exploiting electrochemistry for preparation of thiophene-&{¢d copolymers

was describe#®! Recently,Cui and ceworkersdescribed the preparation of three types of
alkylated PXXvia microwave assisted cyclization reaction in the presence of Cug@#Ac)
o-dichlorotenzene at 190 °&% However, the synthetienethodologies above reported
present limited applications and are not easily extended to others organic compounds due to
the drastic conditions (high temperatures) and generally low yields. Therefore, there is the
need to develop new synthetic methodol@athe preparation of simmembered ether rings

in an intramolecular fashion, by employing generally milder reaction conditions.
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In this respect, the reaction conditions for the preparation of PXX derivatives were
investigated and optimized by our grdef. Starting from the protocol reported by
Pummeremwith CuO!®3 binaphtholwas transformed into PXX in 42% yield, while the use

of CuOAc and other transition metals such as Pd(@AGLI,, etc.gave low yields or no
conversior®® Interestingly, when the most recertHCactivation methodology described

by Zhu et al®®% for five membered ring formation with the use p&kpensive copper in

the presence of PivOH was applied, the yield was exceptionally improved t5%Zths
reaction results to be veappealing because it does not require an inert atmosphere (can be
carriedout under open acondition) and neither long reaction times (between 15 min and 1
h). Based on this achievemenBtasseret al. reported the ythesis of unprecedented O

doped benzorylenes using Cul in the presence of PivOH in DMSO (schemé®3.3.9).

PN { I l Cu(l)-mediated [ Tl
1T ° OH pyrano [ CIJ _
NN OH elongation OPG'- NN annulation O. P AN
=T == | X
HO. ] N Py . e
\1 e .y \_\1‘ OPG" - \J/ . n O \T/ \I, | n
PN ~__OH A L0

Scheme 3.3.Bynthetic strategy toward the-dped benzorylené¥)

One of the aim of this dissertation is to apply such optimized conditions for the synthesis of
future oxygenc o nt a i-extendegl PAH, in which, based on the different reaction

conditions either furanyl and pyranyl ring will be formed.

3.4 Synthesis, bandyap tuning, optical investigation of new emissive Gdoped -

conjugated scaffoldings

3.4.1 Aim of theproject
In this dissertation, the author intends to applyititeamolecular metalor acidcatalyzed
CO bond formation as key reacti on-eftemdedt he

PAH using perylene as staring building block

Inspired by theutstanding properties of PXX and driven by the recent achievements in the
synthesis of @oped benzorylenes we decided to design a novel classdob @ e d

extended PAH with controlled doping patterns through a precise bottom up approach. In
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particular, the intention is to study the relationships that exist between the molecular
structure and optical properties of the system. To this end, different synthetic tools will be
adopted to cont r ol -conjigates¢hat@nvolyes thd elonghtmiha p o f
aromatic surface along with planarization and rigidification of the conjugated sy&sem.
depicted in Figure 3.4.1 three main classes of compounds were considered: BINOL, PXX
and DNF derivatives in which the aromatic scaffold has been extendedfadomgplecular

axis. Such elongatiois meant to induce a narrowing of the HOM@MO gap within the

same family, thereby causing a bathochromic shift in the absorption and emission spectrum.

Acid-mediated )-mediated ~~- I I
furanyl pyranyl O
0 annulahon OH annulatlon 0
. 0

m-extended DNF m-extended PXX

Figure 3.4.1The furanyl and pyranyl cyclization strategies fbe synthesis of dinaphthofuran (DNF) and
perixanthenoxanthene (PXX) derivatives. The dashed lines indicate the possible substitutions patterns of the
C-sp? aromatic core.

The f i r stextended Gaped aromatic’hydrocarbons considered in tbisien is
represented in Figure 3.4.2. It consists of novetdoped equivalents of
anthrabenzopentaceng-%"P) and anthrabenzonaphthohexapheBestP). The PXX core

was extended with one, three and six aromatic units to3¢&P, 3-5°P and 3-67P,
respectively. The impact of the aromatic elongation on the optical properties of the

molecules has been thus studied in detail.

SO0 OO OO

PUheCheoh e e

anthanthrene 3.8Pp 3-7Fp 3-5FP
(PXX) (BPXX)

Figure 3.4.2.Molecular structures of anthanthreiits O-doped analogue PXX3{87), a n dexténded PXX
derivatives3-77P, 3-5PP and3-67P, where the chromophore core was extended with one, three and six aromatic
units, respectively.
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In parallel, we will present the preparation of highly emissive oligonaphthofuran derivatives
(Figure 3.4.3), in which the key synthetic stepludes an aci¢atalyzed dehydration of
bi peryl enol . Anal ogou s isyface lmas liednexteRdEdin respecti v at |

to the less conjugated dinaphtofur@m8{'") for one, three and six aromatic units.

o B

3_8Flll’ 3_7Fl.ll’ 3_5Fur 3_6Fur

Figure 3.4.3.Furanyl generation dd-doped hydrocarbons investigated in this theBie DNF @-87") core
was extended with one, three and six aromatic units.

In this regard, we propose the synthesis of two main families of compo(ipdke
biperylenefamily in which an oxidative € coupling was exploited for the linkage of two
perylenol units and théi) naphthaleneperylenefamily in which a naphthol unit was
coupled to a perylenol unit following the same mild oxidative coupling conditions. As
reference molecules for our study a third class of compounds was devetapéthalene

phenanthrengwhere the BINOL core was increased by only one benzene unit.

3.4.2 Synthesis of biperylene drivatives-8™" and 3-6"°
In order toincrease the solubility ahe final large polycyclic aromatic hydrocarbone
decided to introductert-butyl substituentsn perylenertho positions.
The general retrosynthetic strategy adopted for the preparation of bipedg@enatives3-
67" and 3-6"° is depicted in scheme 3.4.1. It involv@}s a FriedetCrafts alkylationof
perylene followed by iridiuntatalyzed borylatior(ji) anoxidative replacement of boron to
give the corresponding hydroxyl derivative afid) a Cu (I} catalyzed &C coupling
reaction between two perylenol uni{®) A final Cu (I) mediated €D intramolecular
cyclization reaction for the preparation of pyranyl derivatives will be adopted (vhién

acidmediated GO cyclization will be exploited for the formation of furaregmpounds.
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peeallia seulincosiive
s : = (= (L= 1)
NecliN oV eellve

3-2 341

Scheme 3.4.Retrosynthetic approach adopted for the synthesis of biperylene deri&6W%sand3-6"P.

Accordingly, first step in the realization of proposed synthesis isténebutylation of
commercially available perylene in positions 2, 5, and 8. The treatment of perylene with 3.3
eq. of t-BuCl under FriedeCraft conditionsfollowing a slightly modified procedure
reported in literatut&®? lead to the formation dl-tert-butylperylene §-39) in 45 % vyield

as reported in scheme 3.4.2. Only a minor aliquot of a mixture -ofrdl tritert-

butylperylene wasetected but not isolated.

O Az, O
I l ODCB, PN I
(o veer [

339
Scheme 3.4.2tert-butylation reaction in presence of 3.3 equivalentsRuiCl.

Under the mentioned conditions, no teiea-butyl derivative was formed and 49 % of
starting material was recovered as unreacted. A second attempt maintaining the same
reaction conditions and using 6.6 eqt-8uCl leaded, once more, 8339 as major product.
Therefore, to prepare 2,5t8-tert-butylperylene needed for our propose we decided to
follow the conditions reported bRillow. et al in their patent published in 20£6°
Accordingly, perylene was treated with a large excess$-BiiCl under FriedeCraft
conditions toachieve a mixture of ditri- and tetra substitutedBu-perylene, which was
subsequently submitted to selectivédorylation reaction in the presence of 10 mol% Ir
catalyst and 20 mol% of dtbpy andda. in n-hexane at 80 °C for 24 h (scheme 3.4TBe
approach allowed us to isolate teteat-butylperylene3-10in 30-33% vyield,3-11in 30 %
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yield and target compourtl in 20-25 % vyield, by column chromatography. While the
synthesis and characterization of compoGstD is well described in literatur&?21%10]
synthesis of compound3-1 and 3-11 opens an easy and controlled way for selective
functionalization of perylenertho positions. Indeed, to the best of our knowledges, only
few examples are reported regarding the direct substitution at 2,15p8sitions of perylene
core.Coventry at al reported in 2005 the selectivedatalyzed borylation of polycyclic
aromatic hydrocabons including perylene to achieve 2, 5, 8tetfdsubstituted
derivativel'°®! For compoun@®-11single crystal suitable for-Xay diffraction was obtained.
Intense yellow crystals of the investigated compound were grown by slow diffusion from a
CH:CIl2/MeOH solution. Inset irscheme 3.4.3 shows the ORTEP image of the crystal
structure, belonging to the spatial grougdRessential crystal and refinement data are

reported inappendi).

1. AICI3 1 eq.

t-BuCl 75 eq. tBu. -~ . t-Bu
ODCB, U [ )

0°Ctort, 24h S

. 2[ICOD)(OMe)l, 10 mol%
dtbpy, 20 mol% 0T ]
Boping, 4 eq. t-Bu” T T By
n-hexane, 80°C, 24 h

~ " BPin

3-10 A 4 311 31
33 % Tx 30% 20 %
.“lr ~\
cr .~l -7 a
e s
ar A
S~ T
3. -, - |-’~ g
L4 i

Scheme 3.4.3Synthetic protocol adopted for the preparatiorsﬁfand ORTEP representation of a single
molecule of3-11 (50% probability ellipsoids). Coordinated solvent molecules and hydrogen atoms omitted for
clarity. Solvent for crystallization: C#€1,/MeOH (space grouR -3).

The next step towards our synthetic protoagas the oxidation 08-1, which was achieved
applying the reaction conditions described@nawford et al.for pyrene derivative8%’ to
our system using aq. 35 wt%® and NaOH for 2 h in THF at r.t. Indeed, perylenol
derivative3-2 was obtained in 885 % yield (Scheme 3.4.4).

HBu. o~ tBU tBu. o~ -tBu
“ [ITI Ho0, an.igF Sg a?%, 3eq. TIIT
IO®! i DOt

tBu” ™ ™7 "BPin tBu” ™ ™ TOH

31 3-2

Scheme 3.4.40xidation reaction for the preparation of compo@r2l
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Compound3-4 was synthesized exploiting racemic and achiral coupling protocol reported
in literature for naphthol derivativé®:1% Herein, we desibe different attempts of
preparation of racemitert-butyl-biperylenediol3-4 (BIPOL) (table 3.4.1). The first route
undertaken for the synthesis of BIP@©ansists in the oxidative-C coupling reaction in the
presence of racemic phenylethylamine and Igtglowing a protocol previously developed
in our group. Surprisingly, the formation of compou&d was accompanied by the

formation of pyranopyranyl derivativ&6".

Table 3.4.1Synthetic attempts for preparation3#.

e N
t-Bu._ _tBu tBu. . tBu
| P ,.cj ‘*‘\/;}l\.\ /;I'J
t-Bu S t-Bu L;\\V/‘L‘:;: - L;: I\
[T PP L _L
S X t-Bu * { "OH | , tBu I I O
} { —— t-Bu._ P _OH (ON N /l-‘\:\\\ _-t-Bu
“ A 1 SO'IIYeAnt’ {\ N ,” T‘” «J
tBu” >~ 7 OH [ 1 | I
3-2
J| A /1 /[\ /j;J\ /,’l\
t-Bu~ T 7 TtBu t-Bu” 7 7 “tBu
\_ 4/ 3-6PP
Entry Reagents (X) Solvent °Cltime Yield (%)
, 3-4(27 %)
CuCh 2 eq. CHxCl:CH:CN o i 0
1 2-PhEtNH 2.5 Eq. [2:1] 0°Ctor.t., 24 A 3-2 (35%)
3-4(0-62 %)
2 CuCh 3 eq. CH.CI:CH,CN 0°Ctor.t., 24  3-6°°(41-62
2-PhEtNH 2.5 Eq. [2:1] %)
CuCh 4 eq
i CHxCl:CH:CN o 3-4(29 %)
3 2-PhEtNH 2.5 eq. [2:1] 0°Ctor.t., 24 h 367 (28 %)
_ 0
4 [Cu(OH)(CI)TMEDAJwfair  CH:Cl 1h, 20C° 3-4 (71%)

traces of3-6°P

aOxygen free reaction
b open air conditions

Using two equivalents of Cugin the presence gfhenylethylamine in a 2:1 mixture of
CH2Cl> and CHCN as solvent we were able to synthesize for the first time the BIPOL
compound. In this attempt, part of the starting material was recovered and desired compound

3-4 was obtained in 27 % vyield as yellowlido(entry 1, table 3.4.1). Increasing to three
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equivalents the loading of CuClllowed us to prepare compoudd in 62% yield (entry 2,

table 3.4.1). Unfortunatelyhe reaction revealed to have a lack of reproducibility, and the
yields for isolated BIPL 3-4 were in the range ofi2%.Moreover, the reactioproceeds
strongly toward the formation of pyranopyranyl deriva®6°? which was isolated in 41

62 % vyield. Such outcome indicates that in oxidative conditions in the presence of copper
BIPOL is easily undergoing further oxidation giving compouhéP. Performing the
reaction with or without air provided similar reactionfi@éncy. For the lack of
reproducibility, a milder oxidative coupling protocol was explored. A highly efficient
process of aerobic oxidative coupling efi@phthol derivatives catalyzed by 1 mol % of Cu
TMEDA catalyst has been developed Nykajimaand ceworkers!® and applied for
dimerization reaction of hydroxyl peryleBe2 into desired BIPOI[10%110]

With this synthetic methodody,the coupling reaction between two hydroxyl perylene units
was achieved successfully using Cu(OH)CITMEDA catalyst in catalytic amount, between
1-2 mol % giving good yields under open air conditions and short reaction times (entry 4,
table 3.4.1). Indek compound3-4 was synthesized in 71 % vyield in the presence of less
than 2 mol% Ctcatalyst in 1 h under air at 20 °C using L as solventWe obtained
BIPOL 3-4 reproducibly in higher yield than with the reactions performed uSQk in

the presence of phenylethyl amildoreover, applieghrotocol emerged as very clean and
easy of purification. We found that compouBd is soluble in a large variety of organic
solvents, such as EtOAc, acetone, MeOH, GHCH:ClI>, toluene and hexan€he chemical
structure oBIPOL 3-4 was confirmed by melting point, IRH and*3C NMR spectroscopy
(chapter I\j and ESIHRMS through detectioof the peak corresponding to the mass at m/z
870.5360 ([M], for GaH7002, calc.: 870.5370). Furthermore, crystals3# suitable for
singlecrystal Xray analysis were grown by slow diffusion from a£BkH/MeOH solution.

One crystallographically independent molecule is present in the asymmetric unit (Figure
3.4.4). Weak hydropibic interactions keep molecules packed. Solvent cavities have been
found parallel taa cell axis, where molecul@-4 hydroxyl groups are exposed and interact
with methanol molecules (four disordered solvent molecules have been modeled). The
dihedral angldd) between the two perylene moieties is 62.8° and the two hydroxyl groups
adopt asyn conformation. This torsion angle is quite high because the rotation around the
bond 1,106 is restricted only btertbstylgoupsc a l
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Figure 3.4.4. Top-view (a) and sideiew (b) of the crystal structure &IPOL (3-4) (50% probability
ellipsoids). Solvent for crystallization: GBro/MeOH (space grou®-1).

In view of synthesizing targeted dinaphtofurd™™", different conditions for the acid
catalyzed intramolecular -O bond formation were investigated (table 3.4.2). In a first
attempt, compoun8-4 was treated with neatethanesulfonic acid (33O:H) under reflux
leading to the formation of a complex mix@uAfter a troublesome purification procedure,
target compoun@®-6" was isolated in a 10% yield (entry 1, table 3.4.2). Slightly better
results were obtained refluxing compoudid in presence of a stoichiometric amount of
CHsSQsH using toluene asolvent for 2 h (entry 2, table 3.4.2).
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Table 3.4.2Conditions tested for the conversion of derivaivéto furanyl derivatives-6™"

t-Bu \I ri-\\‘:?‘/x:;}‘\[ t-Bu
Pt v
t-Bu” I "OH X Vo
tBu. .-~ _OH  Solvent, — B
0 TA tBu— )/
t-Bu” ™ ™ T t.Bu t-Bu/.h
3-4 3_6Fur
Entry X Solvent °Cltime Yield (%)
o 3-67" (10 %)
1 CHsSO:H - 140°C,2h 3-4 (38 %)
_ Fur 0,
2 CHsSGsH dry toluene reflux, 24 h 367 (25 %F
3-67 (20 % )
reflux, 36 h, o
3 p-TsOH 2 eq. dry toluene under Ar 3-4 (50 %)
3-67" (29 %)
reflux, 48 h, 3-4 (49 %)
4 p-TsOH 2 eq. dry toluene under Ar 367 (8 %)
reflux, 18 h, Fur o
5 p-TsOH 10 eq. dry toluene under Ar 3-6"" (89 % ¥
reflux, 4 h, Fur o
6 p-TsOH 20 eq. dry toluene under Ar 3-6"Y" (90 %)

a2 formation of traces of compourdd6™ detected by tlc

The reaction conditions reported Byeephonget all®? using p-toluenesulfonic acid as
dehydratingagent were applied to our system. Refluxing comp@i#dh acidic conditions

for longer reaction times (merthan 12 h) using-8quivalents op-TsOH gave compound
3-67U" in low yields (2029 %) along with traces of fused derivati8«" (entry 2 and 3,

table 3.4.2). Nevertheless, optimized reaction conditions were found increasing the
equivalents ofp-TsOH aml decreasing the reaction time (entry 6, table 3.4.2). Indeed,
compound3-6FU" was synthesized in 90 % vyield in presence of 20 equivalepty sOH in
toluene under reflux for 4 Ruranyl derivative-6™" was highly fluorescent in solution and

in solid state and its structural identity was confirmedibyand**C NMR spectroscopy
(chapter I\j and HRMS MALDI. High resolution mass spectr@6-" is depicted in Figure
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3.4.5 and shows the detection of the peak corresponding to the molecular mass at m/z

852.5268 ([M], G4HsgO, calc.:852.5270). Moreover, crystal suitable forrXy diffraction
was obtained by slow evaporation of solvent from a bendghexane solution, showing
that3-6""undergoesdg acking at t he s ollbediscadsaline

detail in the next section.

QTOF1_COMS_BTAMI_253_160415_001 37 (0.620) Sm (SG, 10x6.00); Cm (15:39) TOF MS LD+
100 8525 1.37e3

tBu. s tBu
{.‘ Z ]/ I Calc. 852.5270
Found m/z 852.5268
J I J [M] CGJI [680 853.5
tBu” ™ = \’ 0
t-Bu—( ) \_ ":i‘ ‘
t-Bu o
!
ﬁaf's:liﬁb

. mi
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Figure 3.4.5.MALDI -HRMS spectra 08-6™" in positive mode.

Regarding the synthesis of compoBi6FP, the key oxidative metahediated formation of

and

C-0O bonds in a pyranopyran motif was carried out in the presence of Cul, pivaloic acid in

DMSO under opefair conditions. Following the optimized synthetic methodology
presented in the work &tassen et gi°® targetcompound-6°P was prepareih 84 % yield.
We found thastarting from easily accessible bisperyledd, Cu (I) catalysis was working

with high yields in an opeair roundbottom flask, with short reaction times. Reagents and

reaction conditions are reported in scheme 3.4.5.

t-Bu l l t-Bu t-Bu
OO PivOH 2 Eq.

t-Bu OH Cul3Ba. gy

t-Bu ! !

OH Dpmso, 140 °C, 2h
l 84 %
t-Bu I t-Bu

Scheme 3.4.%ynthesis 08-67P.
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Due to the strong absorption on the silica of compd+6EP, its purification by classical
column chromatography was not possible. Therefore, after laboriquecipitation cycles

from THF/MeOH, we were able to isolate desired pyranopyranyl comp®@hélas blue

solid. We found that the molecule showed a reduced solubility in most of the common
organic solvents compared to starting bisperylekdl due to the planarization of the
aromatic scaffold. Different solvents such aCB, C;D2Cls, CsDs, THFds, DMSO-ds and
TFA-d were exploited to characteriZ6PP through'H-NMR spectroscopySurprisingly,

even though we found the material partially soluble in some of used solziDi€lI{,
CoDoCls, THF-ds and TFAd), no NMR signals belonging to the aromat@rylene core were
recorded. One example in THk is reported in Figure 3.4.6 a. The best result was obtained
using GDs and tolueneads as shown in figure 3.4.6 b and c, respectively. In those solvents
very weak peaks in the intensity range of solvésatellitesvere detected, suggesting that
3-6PP undergoes aggregation in solutidfhe *H-NMR spectrum shows six signals in the
aromatic region that refers to the six perylene hydrogen atoms and three singlet signals
around 1.641.33 ppm assigned to thert-butyl substituents. Unfortunately, th&C NMR

could not be measured.
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a)

3.58 THF-d8
1.73 THF-d8

246 H,0

L 0.40H,0

...........................................
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8/ppm

,7.10 Toluene-d8
2702 Toluene-d8
16,98 Toluene-d8

..........................................

105 95 90 85 80 75 70 65 60 55 50 45 40 3.5 3.0 25 2.0 15 1.0 05
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Figure 3.4.6 H-NMR (500 MHz) spectra of moleculd-6°" in (a) THRds, (b) benzenels (recorded
overnight) and (c) toluerds (recorded overnight). Inset: zoom of the aromatic region (left) and aliphatic region
(right).

The chemical identification of compour@6” was unambiguously accomplished by
MALDI -HRMS as displayed in Figure 3.4.7. The analysis revealed the presenesf m
peak assigned to the molecular mass3@&fP at m/z 866.5059 ([M], GHesO2, calc.:
866.5063). Complete characterization of compoBuédP is reported irchapter I\
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QTOF1_COMS_BTAMI_215_300115_001 49 (0.824) Sm (SG, 10x6.00); Cm (1:49) TOF MS LD+
100 866.5 922

t-Bu . AN t-Bu

) l [ Calc. 866.5063
2 /\\T/ N Found m/z 866.5059
1 [M] CgsHgsO,

tBu” 7 Y o o
OL A ,L\\/,t—Bu‘
A ]
I '
tBu” 7 7 “tBu
\
68
69.5
8104 8825
" B L L

~ . S S——— v S
300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 "

Figure 3.4.7.MALDI -HRMS spectrum 08-6""in positive mode

To confirm the aggregation in solution of compoudd#™ we carried out variable
temperaturéH-NMR experimentThe measurements were conducted in temperature range
from 25 °C to 80°C in toluenrds using a1.223 10° M solution of3-6P. An increasing of

the intensity of the aromatic peaks was recorded which confirms the mentioned aggregation

in solution. (Figure 3.4.8)

Figure 3.4.8.VT-*H NMR (500 MHz) spectral changes &6 from r.t. to 80 °C in toluends.
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3.4.3 Synthesis ohaphthaleneperylene derivatives 357" and 3-5PP
Naphthalengperylene derivative3-5F"" and 3-5°° were synthesized according to the
retrosynthetic approach reported in scheme 3.4.6. As for parent biperylene derivatives,
solubilizingtert-butyl groups hag been introduced onto the molecular scaffold in order to

enhance the solubility of the final molecules.

Analogously to previously synthesized biperylene derivatv@3s" and3-6°° the synthetic
approach involve§) a FriedelCrafts alkylationof perylene followed by iridiuncatalyzed
borylation, (if) an oxidative replacement of boron to give the corresponding hydroxyl
perylene andiii) a Cu (I} catalyzed &C coupling reaction between a perylenol and a
naphthol unit(iv) A final Cu (I) medated GO intramolecular cyclization reaction for the
preparation of pyranyl derivativ@-5°P will be adopted whilglv) an acidmediated @O
cyclization will be exploited for the formation of furanyl compous8™'. The first two
steps are in common withe previously reported synthesis of biperylene compog+&fig

and3-67? and will be not radiscussed in this section.

3_5Fur Oe !BU OO

Scheme 3.4.6Retrosynthetic approach adopted for the preparati@sbfr and3-5°P.

To commence, preparation of intermediat® was accomplished by the cressupling of
hydroxyl perylene3-2 with a slight excess of-Baphtholusing aCu(ll)-mediated reaction in
the presence of GUMEDA catalyst yielding a mixture of three possible coupling products,
where desired3-3 was obtainedin 26 % vyield (attributed to the lack of reaction
chemoselectivity) (scheme 3.4.7). In this cagefound that synthesized compowBi@was

well soluble in most of the common organic solvents and it was fully characterized by
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melting point, IR,*H- and*C-NMR spectroscopy and MALBHRMS spectrometry (see
Chapter 1V.

t-Bu OO t-Bu
t-Bu t-Bu t-Bu OO
p-TsOH, toluene, O
t-Bu t-Bu
OO 2-naphthol ‘ reflux, Ar, 4h OO
[Cu(OH)(CI)TMEDA], 56 % a

ot —Joolt
a'go(fgzgr'f' t-Bu OH t-Bu t-Bu
' Cul, PiVOH
+-Bu OH

O OH
_—
32 O DMSO, 140 °C, 2h

57%

t-Bu

Scheme 3.4.Bynthesis 08-57" and3-5°°

Analogously to preparative protocol &6, compound3-5"" was synthesized by
refluxing compound-3 with 20 eq ofp-TsOH in toluene for 4 (scheme 3.4.7) In this case,
moderate reaction yield was recorded (56 %) and most of unreacted starting material was
recovered. The new synthesized compound was purified by column chromatography and its
structural identity was confirmed by melting poilR *H-, 3 C-NMR spectroscopyGhapter

IV) and MALDI-HRMS spectrometry. The high resolution mass spectrum depicted in Figure
3.4.9 shows the detection of the peak corresponding to the molecular mass at m/z 560.3079
(IM], C42H400O, calc.:560.3079).Moreover, crystal suitable for -Kay diffraction was

obtained by slow diffusion from a GHr./MeOH solution and revealed that furanyl

derivative3-5" under goesst acki ng at the solid state

discussed in detail in sectioM3®.
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Figure 3.4.9.MALDI -HRMS spectra 08-5""" in positive mode.

Subsequently, molecule-3 was transformed into fused derivativé5°" by the
intramolecular oxidative etherification reaction using Cul in the presence of air and PivOH
in DMSO at 140 °C forming the planar pyranopyran ring in 57% yield (scheme 3.4.7).
Analogously to compoun®-6°°, 3-5°° was purified by tedious fgrecipitaton from
THF/MeOH and showed decreased solubility compared to the starBnghe structure of

the fused system was confirmed by melting pdidtNMR, IR, UV-Vis (Chapter I\ and
MALDI -HRMS through detection of the peak corresponding to the molecular mass at m/z
574.2889 ([M], G2H3g0>, calc.: 574.2872) (Figure 3.4.10). Analogously to compo@nd

6PP, 13C-NMR spectrum could not be recorded probably due to the tendencyrobtbeule

to aggregate in solution.
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Figure 3.4.10.MALDI -HRMS spectra 08-5"P in positive mode.

3.4.4 Synthesis of naphtalerphenanthrene derivatives 377" and 3-7°P and
reference compounds B (DNF) and 3-8°P (PXX)
In order to study the effect of the extension of theonjugated length on our systems we
prepared reference compourgd8™" (DNF) and3-8PP (PXX). The first elongation that will
be taken in consideration is the addition of one benzene ring to the iarecaditold. To this
end, compound8-7FY" and 3-7°P were prepared. The retrosynthetic approach adopted for
the synthesis of derivatives8™" and 3-8°P and relative’ -extended derivative3-77\", 3-
7PPis reported in scheme 3.4.8. The main reactions involved are the oxida@ive@pling
for the synthesis of the biaryl intermediate following by the planarization of the molecular
scaffold through acidor metat based cyclization reaction, for the pregdgon of furanyl and

pyranopyranyl derivatives, respectively.
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Ar=phenathtyl| 3-7°P
Ar=naphty| 3-8PP

Ar=phenathtyl 3-9
Ar=napthtyl BINOL

Ar=phenathtyl| 3-7FU
Ar=naphtyl 3-8F"

Scheme 3.4.8Retrosynthesis of furanyl derivatives/™" and3-8™" and of pyranopyranyl derivatives7°P
and3-8°r.

Commercially available BINOL was used as starting material for thiiagis of references
3-8Fur and3-8°P while for the preparation of compoun8i§™r and3-7°?, derivative3-9 was
synthesized exploiting an oxidative@coupling between therzaphthol and $henanthrol
unit in the presence of copp€MEDA catalyst under open air conditions. (scheme 3.4.9).
A mixture of three possible products was obtained and comp&9mias solated in 31 %

yield.

9-Phenanthrol

[Cu(OH)(C)TMEDA),

OH air, CH,Cly,
2-naphthol 20°C, 2h

p-TsOH, toluene,

OH—— — »

OH reflux, Ar, 4h

Ar=phenathryl 3-9 Ar=phenathtyl 3-774" 91%,
31 % Ar=naphtyl 3-8Fur 32 o

Scheme 3.4.9Synthesis of furanyl derivativaesr™ ands-gF

Subsequently, compourd9 was treated with 20 eq. pftoluenesulfonic acid under reflux

to afford furanyl derivatives-774" in a 91% yield. In an analogous way, compoGr@Fr

was synthesized fr om -g-2mphthol ini32 ol yield. aheiai | a b |
characterization was in accordance with spectroscopic data reported in literature and are
reported inChapter [\V111:112]
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For the preparation of pyranopyranyl referen8e&® and 3-8°P the metalcatalyzed eH
activation/GO cyclization reaction was adoptédiable 3.4.3.). In table 3.4&e listed the

Cc 0 n dhi-2-naphthad waa popvertee td PXX1using Kul in the
presence of air and PivOH in DMSO at 140 °C in 86% yield (entry 2, table 3.4.3). Moreover,
we extended the protocol reported Bymmererwith Cud®®%! to a microwaveassisted

di fferent

reaction where -binaphthol was transformed into PXX in 71% yield (entry 4, table 3.4.3).

Table 3.4.3Conditions tested for the synthesis of PXX and BPXX wid &ctivation/CO cyclization reaction.

CT a0

Ar=phenathryl 3-9
Ar=binaphthyl BINOL

Ar=phenathtyl 3-7FP (BPXX)
Ar=naphtyl 3-8FP (PXX)

Entry X Solvent °Cltime Compcz%d/Yield
1 culseq. P VOHZ2ed.  pyso 140°C,2h  3-7°° (13%)
2 cul3eq, PVOR2ed. pyso 140°C,2h  3-8% (86%)
3 CuoO, air PhNQ, 180 °C. 21 37ee (37 %)
4 CuO, air PhNG, 180 °C. 20 e (71 068

294 Y%yield reported iriteraturet®® 42 9% yield reported for classtondition!>s]

Likewise, phenathrehapthol derivative3-9 was converted to benzoxanthenonoxantt8ne

7PP exploiting Cu (Iymediated annulath reaction in the presence of Cul and pivaloic acid
in 13 % vyield (entry 1, table 3.4.3). Low reaction yields can be attributed to the poor
solubility of fused derivativg-7°? and to the formation of a complex mixture difficult to
purify. In a second ampt, compound-9 was converted to derivative-7°P via CuG
promoted oxidative coupling in nitrobenzene in a microwasssted reaction, yielding
compound3-7°P in 37 % vyield (entry 3, table 3.4.3). The obtained compoextubited
reduced solubility in most of the common organic solvents, preventing the recordig of
NMR spectrum. However, the structure3eT”P was unambiguously confirmed Biy-NMR

at 60 °C, IR and EHRMS techniques (Chapt8Y), thus validating thisynthetic approach.
Fromhigh resolution mass spectrometry (El) the detection of the peak corresponding to the
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molecularradical catiorat m/z 332.0824[k1+H] * A CagH1402" ¥ calc.: 332.0837) is visible
as depicted in Figure 3.4.11.

File:EW Ident:95 115 smo(1,3) PKD(3,1,1,0.50%,0.0,0.00%,T,F) S>
AutoSpec CI+ Voltage BpM:343 BpI:949846 TIC:2635231 Flags:NORM>

File Text:dip eihrms COMS BTAMI 243 )
100% 342.9792%C © _342mv
90 ) F308
~ 1
vy
801 4 ; F273
] 330.9792 A :
70 ) 239
60 205
n? |
50 332.0824 Calc. 332.0837 F171
1 Found m/z 332.0824 ‘
40 ‘ [M+H]* CyH,,0," 137
30 F103
20 68
10 34
o4l I 0] || ___to
326 328 330 332 334 336 338 340 342 344 346 m/z

Figure 3.4.11 EI-HRMS spectrum 08-77".

3.4.5 Solidstate organization: singlecrystal X-ray investigations andscanning

electron microscopy (SEM)imaging
To study the solicstate arrangement 6fextended DNF molecules, we succeed to obtain
suitable single crystafer X-ray analysis. Transparent (f8477"), deeporange (for3-57")
and deeped (for3-67Ur) crystals are belonging to the space grBup212:, P 2:/c, andP
2/c, respectively. Despite many attempts, we did not accomplish to obtain single crystal
structures for pyranopyranyl derivatives3-7°P, 3-5°° and 3-7°P. X-ray singlecrystal
di ffraction confirms that dthaec Kiumag naytl tdhrea isv
Analysis of compoun@-57" shows that one crystallographically independent mddeisu
present in the asymmetric unit. No solvent molecules have been found in the crystal packing.
Moreover, weak hydrophobic interactions keep molecules packed and couples of molecules
related by crystallographic inversion centers show extensive staotengctions with mean
distance between molecule planes®f7 A. Measured dihedral angle between perylene and
naphthalene moiety which is constrained by planarity of fused furanyl ring, results to be
18.1° (Figure 3.4.12 b).
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Figure 3.4.12a,d) Topviewand b,c)side i ew of t he cr-yspatkbhgua3tstargamdnf

(top, space grou 2i/c) (atom colors: blue N, red O, yellow B, gray C; atomic displacement parameters,
obtained at 223 K, are drawn at the 50% probabiitel).

Anal yzi n g-exteided denivasive of the furanyl family, we found the presence of a
crystallographic twofold axis passing through the furan ring that makes half
crystallographically3-6™" molecule independent in the asymmetric unit (Figti#el3 c).
Disordered hexane molecules have been found in the crystal packing, with 316"
molecule:solvent ratio. Partial perylep overlaps glue neighb@6™" molecules to form
layers, parallel to celic face; these layers are interleaved by hexane channels (aligned with
c axis), delimited byert-butyl groups. The interplanar angle between ftftesed perylene
fragments is 16.7° (Figure 3.4.13 b), which is in agreement with the values found for the

otherplanar furanyl member86™" and3-771r).
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Figure 3.4.13a,d) Topview and b,c) sid@iew of the crystal structure and” packing arrangement &&-6"
(center, space group 2/c) (atom colors: blue N, red O, yellow B, gray C; atomic displacement parameters,
obtained at 223 K, are drawn at the 50% probability level).

Crystal of3-77" suitable for Xray diffraction was obtained by slow evaporation of solvent
from a methylene ldoride-d> solution. One crystallographically independent molecule is
present in the asymmetric unit (Figure 3.4.12 a). In this latter case, no solvent molecules
were found in the crystal packing. Pillars, aligned vatbell axis, show strong stacking
interactions with mean distance between molecule planes3d@ A, while weak
hydrophobic contacts keep neighbour pillars packed through peripherplf©Hds. The
molecular packing 08-77 is illustrated in Figure 3.4.15 c/@he absence of peripheral
bulkiertert-butyl groups reduces considerably the dihedral angle between the phenanthrene
and naphthalene moiety if compared with substituted perylene derivatigsand3-6™",

which results to be 12.9 ° (Figure 3.4.15 b).
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Figure 3.4.15a,d) Topview and b,c) sideiew of the crystal structure arid” packing arrangement G¢7F
(bottom, space group’2:2:2;) (atom colors: blue N, red O, yellow B, gray C; atomic displacement parameters,
obtained at 223 K, are drawnthe 50% probability level).

Then, we searched for a method to prepare nanostructured materials. Different solvent
conditions were screened and the morphology of the formed aggregates was examined by
scanning electron microscopy (SEM). Figures 3.4.16 ahd B.display SEM images of the
molecular aggregates of compour@§™r, 3-5°P, 3-6™" and 3-6"P formed from a THF
solution upon addition of MeOH. In these conditions, compo8f'" leads to the
formation of reproducible 3D structures in the shape of elongated hexagonal prism (Figure
3.4.16 a, b). These structures are aroupdhllarge and wide with a length in the order of
5-10 um. It is noteworthy to indicate that some longer needkn also been seen in the
sample. Upon drying3-6" sample (Figure 3.4.16 c, d) gave die structures with a
diameter in the micrometer range. Compo®6? bearing a pyranopyranyl motif was
found to form stick like structures um long (Figure3.4.17 a, b). Finally, looking at the
morphology of the molecular assembly obtained for comp@#it?, we can notice that it

gave well reproducible stielkke shaped particulate aggregates in the micrometer range.

100



Chapter 11l

Figure 3.4.16 SEM images of the organnanostructures obtained from a THF solution upon addition of
MeOH for molecule$-57 (a, b) and3-6™" (c, d).
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Figure 3.4.16 SEM images of the organic nanostructures obtained from a THF solution upon addition of
MeOH for molecule$-57° (a, b) and3-6"" (c, d).

Upon dropcasting from a 2 mM toluene solution on a silicon wafer, mole@@# forms

stick-like structures that appear brittle with size in the micrometer range.

Figure 3.4.17.SEM images of the organic nanostructures obthfrem a dropcasted 2 mM toluene solution
on a silicon wafer for compourgf®.
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