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Abstract

The current issue of the resource of energy combined wittetiteny to give a green footprint
to our lifestylehave prompted the research to focus tienéion on alternative sourcesth great
stridesin the optimization of polymeric photovoltaievices

The research work describedthis dissertation consists tine study of different semiconducting
“-conjugated materials based on polythiophef@sapter 1) In detail, the GRIM polymerization
was deepened defiig the synthetic conditions to a@hin regioregular poly(3-alkylthiopheng
(Chapter I1).Sincethe use of symmetrical monomers functionalized witigen atom(sallowsto
adopt easy syntheslsading toperforming materialsdisubstituted pol{8,4-dialkoxythiophenis
were successfullprepared characterized and tested as photoactive materials in solar cells (Chapter
).

A Agreend resource of ener gy s houand fobteis e mp |
purposethe research work was continuedtbe synthesis of thiophene derivatis solublein eco
friendly solvents. To make this possililee photoactive layewascompletelytailoredstarting from
the electroracceptor material. A fullerene derivative soluble in alcohols was successfully
synthetized anddoptel for the realizatiof thenew devices (Chapter V).

New water/alcohol solubleelectrondonor materia with different functional groupswere
preparedandtheir properties were comparédhapter V).

Once found the best ionic functional group, a new deuoalde material wasynthetized
optimizing the surface area betwehbe differentmaterials(Chapter VI).

Finally, other water/alcoholsoluble materials were synthetized, characterized and used as
cathode interlayers in eddendly devices (Chapter VII).

In this work, allpreparedmaterialswerecharacterized by spectroscopy analygespermeation
chromatography andhermal analysesCyclic voltammetry, X-ray diffraction, atomic force

microscopy and externgliantum efficiencyvere used tanvestigate sompeculiaraspects
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CHAPTER I: INTRODUCTION

1. Conductive polymers
1.1.Main overview

The family of electreactive polymers includes semmonductive polymers, which are materials
that allow the passage of the electric current. The two main subclasses are based on the obtainment

of conductivity:

1 extrinsically conductive polymers (ECPs)e. polymer composites filled with an
element that promotes electrical conduction;
1 intrinsically conductive polymers (ICPSJ, i.e. materials whose conductive

properties are due to their molecular structuretanie possibility to be doped.

The lattermaterials arowsd great interest due to their l#lyito combine electrical properties of
metals with the main characteristics of polymeric materials such as flexibility, workability, light
weight and processabilifyMoreover, ICPs exhibit an improved chrctivity and require small
amounts of doping than ECPs and this constitutes an important parameter to be taken into account
for the sustainability of production process.

In 1977 Heeger, McDiarmid e Shiraka@und outthe possibility to achieve high valief
conductivity with a properly doped polyacetyle(feAc).” The values obtained were in a range
between metls and semiconductor materials. This peculiarity is due to the structure of polymer
which ensures a high extended conjugated system.

Polyacetylee was widely studied and usedaamodelfor the development of several cycle and
heterocycles conjugated polymers such as -pgipenylene(PPP), polypyrrole (PPy), poy-p-
phenylene sulfide (PPS), poly-p-phenylene vinylene (PPV), polythiophene (PT),
polyisothianaphthene (PITN)polyaniline (PANI) and polyethylenedioxythiophenéPEDOT)
(Figurel).



PPP PPy PPS PPV
PITN PANI PEDOT

Figure 1. Structures of the maiconductiveconjugated polymers

The free rotation around-C bonds of polymeric backborieads the conjugated polymers to
assume several conformatiofifie most favoured e planar one as it allows the besterlap of
p, orbitals of single units and thus extends the conjugation length of polymer.

1.2. Conductivity

In order to explain thelectrical conductiome c hani s m, itds possible
developed for inorganic semiconductors. While in metallic materials the charge transport takes
place thanks to the electrons, in polymeric materials the species responsible of conductivity are
charged soliins, called polarons and bipolardns.

The phenomenon of electrical conductivityimrinsically conductivgpolymess usually depensl
on their electronic structure, especially the electrons in valence band (VB) play an important role.
The bading () and ati-bonding ( *) energy levels are separatly an amount of energy, namely
energygap (Eg), that determines the conduction in material. By increasing the number of double
conjugated bonds, this energy difference between valence and conduction (CB) Insedsieatly

decreases up to the formation of qtiasenergetic electronic levels with each other.
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Figure 2. Generic schemeafiband model 6 for conjugated poly

As shown in Figure Zhe increase ofhe extent bconjugation thus results in a decrease of Eg
that promotes the jump of excited electron from the higher energy molecular occupied orbital
(HOMO) of the valence band to the lower energy molecular not occupied orbital (LUM@eof
conduction band.

The impovement of conductivity is closely related to conjugation length of polymer which is
not usually high due to the presence of impurities and/or structural defects as terminal groups of

macromolecular backbone.
1.3. Doping

The high enhancement of alical conductivity is usually obtainedy doping of polymeric
material by several methods such as electrochepaloatge injection, photochemical and chemical
doping In general, the process consists of a reaction between target polymer (with high electron
affinity and low ionization potential values) and an electaocoeptor or electredonor specie with
consequentgeneration of polycations or polyanions, respectively. The oxidation or reduction
reaction allovg the charge transfer and incresdee charge malty.

When oxidation occurs, the doping is considered positive (p type) and elactreptor species
are usually usedsuch asBr,, I,, Asks, H,SOy, HCIO,, FeCh, AICI;. The addition of an oxidant
leads to the formation of radieahtionic and positively chardespecies along the macrotacular
chain withconsequentreationof polaronsand/or bipolarons (Figure 3). These promote a further
charge delocalization and theeatease of Eg combined with the increase of conductivity of

material.



'??z X \ X \ X \ Neutral State

Polaron

Bipolaron

Figure 3. Example ofgeneration of cationic polaron and bipolaron.

Both polarons and bipolarons can move along the macromolecular backbongy lead
generation ofdelocalized structutaleformations nameduinoid, which result in thenhancement
of | theveddctioraoftde band gap

When reduction occurs the doping is considered negative (n type) and -dlmotrospecies
usually usedsuch asLi, Na, K, involve the generation of anionic polarons that act equally to
cationicones

According to the choice afxidizing or reducing agents, the conductive properties of polymer

can be changed obtaining results tinfiience the final application.
2. Polythiophenes and potalkylthiophenes

In last years, the attention has been focused on conductive polymers with paititetast
about polythiophene (PT) and pedjkylthiophenes (PATS)® These aromatic polijeterocycles
present rings linked to el other throughJpositions (2 and 5, Figued.

4 3 R R R
582/@; Sn Sn

PT PATs

Figure 4. Example of polythiophenes.



Polythiophenes are polymeric materials with interesting propertiagyasconductivity(10-100
S/cm) resistance to heat and low toxicity. Besides, the high value of redox pofEftw=I0,70 V)
provides a great stability to material (up to 350°C in air and up to 900°C in inert atmosphere).

The degradation temperatudewer than the melting pointeads to have a noifusible and
insoluble polythiophenic material in common organic solveatabined with hard processing.

In the case of pohalkylthiophenes, the presence of a flexible side chain in positiorgi
eventually 3,4 of thiophene ring solves the issue. The substituent decreases the packing and the
interaction between macromolecular main chains: the decrdasgystallinity results in an
improvement of solubility and workability. The right length of flexible alkylic side chai (4
carbon atoms) is the key point to achieve a processable material combinedlovitidecreasef
final conductivity properties.

The declineof planarity of aromatic rings and thesultant lowcharge delocalization along the
macromolecular backbomeducethe extensionof the conjugation systerand the conductivity and
increase th&gvalue

Besides, the loss of symmetry due to the/l side chain results in three different possible
couplings of repeating unitsehdto-tail (HT 0 25 6 ) ;to-tdil @T 6 55 6 ) -tbrleeaddHH o 2
2 0 A .poly-alkylthiophene which contains only HT couplings can be defined regioregular;

otherwise, the polymer is consied regioirregular (Figure 5).

R R R
/ \ s / \ s [\ s
33\/3‘ ES\/‘%L‘QS \/g‘
R R R
HT HH TT

Figure 5. The regiosomeric dyads in generic peskylthiophenes.

The structural isomerism given by difent thiophenic units couplings also affects the
conjugationof the system with consequences the electrical behaviour of material: the steric
hindrance in HH and/or TT couplings hinders the free rotation©flionds determining the loss of
planarity. The presence of regioregularity letmi$he increase of planarity, balancithg presence

of internal plasticizer.



2.1 Synthetic routes for polythiophenes
2.2 Oxidédive polymerization with ferrichloride

The oxidative polymerization is a synthetic rowtdich involves the use oferric chloride
(FeCk) as oxidizing and polymerising agent thanks to its Lewis acid character. The resulting
polymers are not regioregular but thasinesssustainability and low toxicity of the process make
this polymerization widely used on large scale.

This polymerization isalso called mixture polymerization due to the use of two different
solvents: FeGlis solubilized into a small amount pitromethaneCH3;NO,) in order to be added to
the system containing anhydroakloroform CHCIs) as solvent reaction in which the oait is
insoluble. This condition is necessary to ensure the coordination with thiophene monomer and to
maintain active coordination deficits (d orbitals of ffallowing the polymerization. If the doping
agent (FeG) is used in solution or in presencewdter it would be inactive: ferric trichloride is
mainly in the form of dimer (R€ls) and is lacking in coordination gaps.

Another important feature is the use of stronger excess of oxidant agent than the thiophene
monomer (1:4 molar ratio), as showrFigure 6.

R R
X Z/s\g + 2x FeCl, — @\ + 2x FeCl, + 2x HCI

n

R R
7 T\
s +2y FeCl, — S +y FeCl, + (FeCly),
n n

Figure 6. Oxidative polymerization of a polglkylthiophene.

The polymerization mainlyconsiss of two oxidatiorreduction reactions with the oxidation of
monomer at first combined with the oxidation tfe obtainedpolymer to give a doped
polythiophene. The hydrochloric acid developed involves the risk of final product degradation and
for this purpose itdés removed by a high flow
of an excess of oxidant to give HFgCl

In detail, the reaction mechanism consists of sewteg: the coordination of thiophene ring to
the empty orbital of iron leads to the generation of radiaibn. By the loss of a proton, a radical
is formed and it couples with the next monomer mdéthus losing protons which combine with
the oxidant (Figure .
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This results in polythiophene with high average moleontkight, good yieldf reaction butow
regioregularity (7680% HT) Starting from symmetrically substituted monomers (3,4
al kylthiophenes), i1itbés possible to overcome t

2.3.Grignard Metathesis Polymerization (GRIM Method)

The most known regiospecific synthesis of poBalkylthiophenes is the polymerization
conceptualized by McCullough in the 1990s.

The first strategic route proposed involved the synthesis-lwb&o5-(bromomagnesiur3-
alkylthiophene aghe starting monomer and its subsequent polymerization in presenfde3ef

bis(diphenylphosphino)propaneitkel (1) chloride (Ni(dppp)GJ), as shown in Figure ¥,

R R 1. MgBr,, 40°C R R
@B LDA/THF /4_&\ 40 min . Y i Ni(dppp)Cl, m
r R rvig r
S -40 C 2.-5°C, 20 min S -5°C to 25°C s 4

40 min 18h

Figure 8. Polymerization proposed by McCullough.

The synthesis is based on the use-afk¥lthiophens substituted in position 2 and 5 thfe ring
with good leaving groupsapable of participating in elimination reactions to promote the desired

polymerization



The severeconditions of the synthesis (i.e. low temperature, high sensibility of reagents, purity
degree of intermediates) have prompldCullough himself to design an alternative strategy to
obtain a polymewith the same characteristics.

The synthesis proposed is called GRIM (Grignard Metathesis Polymerizdttoajd involves
the use of 2 libromo3-alkylthiopheneas starting monoer (Figure 9). The subsequent reaction
with methylmagnesiumbromid€HsMgBr) leadsto the mairformation ofa Grignard intermediate
in position 5 of thiophene ring (distribution of isomers a:b is around 80:20Q) fexadly, the

polymerization through crosmupling with the same catalyst

R

R R R
ﬂ\ R'MgBr ﬂ\ ) ﬂ Ni(dppp)Cl m
Br Br BrMg s Br Br s MgBr S

S THF THF n

(a) (b)

Figure 9. GRIM method.

In addition to be an easy and fast process, the main advantage of the proposed synthesis is the
possibility to obtain produstwith high purity and yield reaction. Moreover, the enhancement of
electrical and optical properties thie finalmaterial justifieghe costs of synthesis.

The GRIM methodis also referred to Kumada catalyst transfer condensative polymerization
(KCTCP)* and involves several steps which are reported in Figure 10. Two equivalents of
monomer in presence of the catalyst lead to the formatioa los(organo)nickel compound
followed by a reductive elimination to give an associated pair of thiophenic diméd{B;6mo
bithienyl with TT coupling) and Ni(lll). After this transmetalation step, the initiating specie takes
part to the catalytic cycle where oxidative additions and reductive eliminations lead to the chain
growth.

The obtainedpolymer shows HT coupigs with the exception othe end chais due b

polymerization mechanism.
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Figure 10. Catalytic mechanism for the growth of chains with GRIM method.

The main disadvantage of this polymerization resides in the obtainment of low average
molecular weight due to its mechanism, during which the system becomes heterogeneous thus

limiting the chain growth.



3. Final applications

Due to their 1interesti ngconugated molgrhersand th pasticubac t r i
poly-alkylthiophenes are wely used in several electronic field and they are employed in
rechargeable batteries|ectrochromic display$ECDs), polymer light emitting diodes (pLEDS),

chemical sensorsrganic field effect transistor©FETY and polymeric solar cells (PSCS)
3.1. Organic photovoltaic solar cells (OSCs)

Due to fast decrease of fossil resources and the growing trend towards renewable/clean energies,
several studies have been condudtedrder to exploit solar energy as an alternative souroe
make this possible ih sustainable costs and eft@endly techniqueslatest researches have been
directed towards the development of organic solar cells based on polymeric photoactise layer
(PSCs)*®

Photovoltaic devices usually show a sandwich structure wheghtiteactive layer is enclosed
between two electrodes (cathode and anode). Depending on the type of active layer used, solar cells
can have several architectures such as single layer, bilayer, multilayer -tvebedé&junction (BHJ)
(Figure 11). The high lamrge recombination in single layer cells and the issues related to low
interface area in bilayer or multilayer devices makes BHJ structure the most attaachitecture

for several studies.

"
‘ A
SINGLE ACTIVE LAYER E’{ d

ED
PEDOT:PSS

GLASS GLASS
Single layer Bilayer Bulk Heterojunction

Figure 11. Three different architectures of phedotive layer in a generic PSC.

Generally, photovoltaic devices are based or
in the interaction between electnmagnetic solar radiation and electronsthie valenceband of
semiconducting material.

The mechaism of PSCs (Figure 12) is composed by famdamental steps:

1 photoabsorption the sunlight promotes the electron hopping from valence band
(HOMO level)to conduction ban(LUMO level) resulting in the generation ekcitons (i.e.

hole-electron pairs stronglgounded by Coulombic attractign)

10



1 exciton diffusiontoward the doneacceptor interfacép-n junction) by a khemical
potential gradient;

1 hopping of electron from LUMO of door to LUMO of acceptor material with
consequently charge transfer

1 collecting of generatedree chargedo the respective electrodes giving a potential

gradient isidethe photovoltaic device

€’ Vacuum Level
g O—6 Hopping
[;fl Charge collection
®
E ® Cathode
£ N
2[5
= B8
2 g
] b
AW
8
Anode 5
®© oo
E—-—._.—-—'—'""_FFH
Charge collection
ED EA

Figure 12. Schemeof the photemechanism in a photovoltaic device.

The presence @nelectroracceptor specie is the main requirement to avoid the fall of electrons
to the fundamental state and the subsequent loss of absorbed energy as light or heat. Usually, the
ED and EA materials need to have high ionization pote(iffaland great electronic affiy (EA)
values, respectively.

Another keypoint of the process ighat the LUMO of donor andthe LUMO of the acceptor
material must be in succession between each other in order to guarantee the high #peed of
hopping stp. Besides, the energy gap between LUMO levels is higher than binding energy of

excitons to avoid the charge recombination gnetiecrease of final power conversion efficiency.
3.2. Solar cell parameters

The working principle behind a photovoltaic device cargtaphicallydescribed bya curve of

charge densit{Jd) vs. voltaggV) as shown in Figure 13.

11
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Figure 13.J/V curve obtained testing a solar cell.

The performance of a photovoltaic device depends on several paraametatds measured in
terms ofconversion efficiencyd). This is the ratio between the maximum achievable powg (P
and the power of incident light (i and it can be described faiowing:

0 w B 000
0 0

The Rhaxcan be also described through other parameters:

1 open circuit voltage(Voc): the maximum voltage obtainable in absence of current (J =0
mA/cn?) andis related to the energy gap between the LUBMQhe acceptor and the
HOMO of the donor material;

1 short current densityJsc): the maximum curreneamount on the surface cell generated

by the device in short circuit conditions (V = 0 Volt);

1 fill factor (FF): a parameter that considers then-ideality of the device and matches

with the area oftheorange rectangle in Figure 13.

In an ideal devicethe fill factoris 1 (Muax = Voc and $c = Juax) and for this reasoiits
measuredalueis an important parameter to give truthful information about thecdevi

Finally, the power conversion efficiency is alsiefined PCEas itindicates theatio between the
amounts ofphotons converted and the power delivered by the cell when it is connected to an

electrical circuit.

12



3.3. Device @timization

In order to avoid oxidation phenomena and improve hole extraction and collection, the
photoactive layer is typically not placed in direct contact with the anode but a hole transport layer
(HTL) is commonly depositedetween the ITO anithe active layer The most used HTL is made of
poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:P8&¢ to its ecdriendly
solution processability, high conductivity, stability and high light trasmittahce.

Otherwise, m commonBHJ solar cellsthe photoactive layer is directly in contact with the
cathode surface, with possibt@grationof metalatoms io the active layeduring deposition and
subsequentiecreas of the opercircuit voltage Vo).*® Therefore, with a viewo avoid these
interactions and both increase thgower conversion efficiencyPCE and \bc of BHJ devices,
several polythiophenic electrolytesvith different pendant cationic moietidsave been used as
interlayer between the photoactive and cathode filitis the aim to modif the interfacé®?! The
presence of a ionimoiety on theconjugated polyelectrolyte acting as electron transporting layer
(ETL) i seems tamprove the final performance of the device by changing interactions at the
cathode interfacdue to the incre&sof polarity In fact, he consequently modified dipole moment
generates a capacitive double layer and allows an ezsege transport and collectié?* The
reduction of the worfunction of the cathode results in a lower resistance at the intetfacse,
leading to a higher fill factor (FF), shesircuit current density {9, opencircuit voltage (\4¢) and,
consequently, power conversion efficiency (PCE). Moreover, the recombination is reduced due to a
better charge carriers mobilify.

Another ineresting feature is the solubility of polymer electrolytes in environmémtaldly
polar solvents such as alcohols (i.e. methanol, ethanol, isopropanol) and watpos3ibdity to
procesgheinterlayer from morgreen solvents means an enhancemesustainability othefinal

device.
4. Fullerene and its applications
4.1.Main characteristics of fullerene

Since its discovery in 198%he family offullerenes has been widely studied and the attention
has been focused with extremely interest on the@stmrepresentative fullerene ¢£C
(buckminsterfulleree®?’ This molecule can be produced by the arc discharge of graphite
electrodes and it is composed by 60 carbon atoms chemically equivalent. These are ordered in a
hollow sphere (truncateidosahedral structurdy) in which 12 pentagons and 20 hexagons are

fused together and carbon atoms are linked to each other thratighigigation®®

13



Due to its driving force, fullerene is considered unstable from a thermodynamic perspective:
alternating single (§Cs) and double (6Cs) bonds in the polyenic structurdaal it to behave as
an electron poor olefin and to participate as electrophilic reagent into typical alkene redctions.

4 2. Fullerene derivatives

Due to the low solubility of fullerene in common organic solvents, several studies have been
conducted irorder to avoid this inconvenient through functionalization gf*In this contest, a
wide variety of reactions have been exploited to obtain fullerene derivatives: cycloaddition ([1+2],
[2+2], [3+2] Prato Reaction[4+2] Diels-Alder), cyclopropanationtlie nucleophilic addition so
called Bingel or BingeHirsch Reaction), radical functionalization and electrophilic reactibifs.

Recently, novel properties of fullerene have been investigated (radical scavenger, biological
activity, ecc) and these studibave allowed to expand the apation fields of this materialso in
medical and biological applicatisi® However, in these caseshe main requirement is the
solubility in low toxic solvents, i.e. ethanol and water.

In order to make & wateralcoholsoluble, several differerstpproache’* have been developed
suchas

solvent exchange methoide( fullerene aggregates in solvent suspension)

1

1 longterm stirringin water;

9 incorporation into watesoluble supramolecular structures
1

chemicalreaction orfullerene surface.

Its high tendency to form aggregatews/olves thatthe main approach used is to synthesize
fullerene derivatives by attaching polar moieties to its surface. The engsioyedfunctional

§5-39

groups aralialkyl malonatepyrrolidine derivatives sultoneand hydroxyl group as shown in

Figure 4.
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Hexa(sulfonic-n-butyl)acid[60]fullerene Polyhydroxylated fullerene (fullerenol)

Figure 14. Examples of watesoluble fullerene derivatiwe

4.3. Gsoin photovoltaic solar cells

Fullerene derivatives are widely used in several areas such as biomedical app{eation
inhibitor of HIV protease)and optoelectronic devicegPSCs, OFETs)Moreover, Go shows
interesting features: biocompatibility, antioxidant properties, high electron affinity, small
reorganization energy, absorption of visible light and excellesttrelraccepting propertiedn
1992, Heeger and Wudl 0s research groug 0 b s
polyphenylenevinylene derivative (MEPPV) to Go.*° This observation led tdhe use of
conjugated polymers and fullerene derivatives asrelectonors (ED) and electreacceptors (EA)
materials in PSCs, respectivély.

However, theconventionalfullerene derivative used in photovoltaic fiefde. BHJ PSCs)s
[6,6]-PhenytCgi1-butyric acid methyl esterPCs:BM). This materialwas firstly synthetized by
Wu d | 6 s in d99%andpits wide use igueto its good solubility in several common organic
solvents and its excellent electronic propettfeBesides, other fullerene materials could also be
used in photovoltaic field: fultepyrrolidine, [6,6}PhenytC;s-butyric acid methyl ester (B¢€BM)
and IndeneCg bis-adduct (Fgure 19.
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CHAPTER II: STUDY OF GRIGNARD METATHESIS
POLYMERIZATION (GRIM)

1. Introduction
1.1 Overview

Since a high value of regioregularity (HT linkages) is the first key point to improve the final
optical and conductive properties of the polymeric photoactive matériaés,GRIM (Grignard
Metathesis) polymerization is the most employegiospecificmethod for thesynthesis of pol{s-
alkylthiophengs.?>

The latest version proposed by McCullougholves thegeneration of the Grignard intermediate
starting from themonomer 2,5dibromao3-alkylthiophene and the subsequentrosscoupling
reaction of polymerization in presence of a Niekated catalyst.

The GRIM method result® be an easy and fast process to obtain preautt high purityby
straightforwardreactiors and it has been widely used. Indeed, several studies have been conducted
in order to optimize operative conditions such as the choice of the Grignard reagerB(&igQl,
MeMgBr, MeMgCl), the temperature (reflux, room temperature or less) ande#ton time

(minutes or hours)!
1.2. Aim of the chapter

In order to study the optimal GRIM time reaction at room temperatnreynthetize a
regioregular poly[36-bromohexyl)thiophene] (PT6BIi) useful forfurther postfunctionalization
reactions the 25-dibromao3-(6-bromohexyl)thiophené,5BT6Br)waspreparedand subsequently
usedasthe sstarting monometo be polymerized

The structural propertiesf products and the time reactiomere investgated by'H-NMR

spectrometry
This chapter is aextractedpartof Al nfl uence of the active | a
performance of watesoluble polythiophenb a s e d sol ar cell so M. L a

Marinelli, Y. Ziai, E. Salatelli, F. PierinRolymers 2021, 13, 1640.
The study of regiospecitfipolymerization and the synthetic results reported in this chapter were

performedoy Antonia Grieco under the supervision of the author, or by the author herself.
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2. Results and discussion
2.1. Synthesis

The synthesis of the starting monon2es-dibromao 3-(6-bromohexyl)thiophené2,5BT6Br) for
the GRIM polymerization involvedeveral steps: protection of target alkylic chain with subsequent
crosscoupling reaction with -®romothiophené&, deprotection andfinally, dibromination of

thiophene mg (Scheme 1.

(CHZ)GO@—OMe

KOH/MeOH 1. Mg/Et,O I\
Br(CH,)sBr + HO@OMe Br(CHZ)GO@OMe
(CH3),CO ¥

2. Ni(dppp)Cl,
B6B B6P Br T6P

A

S

s ¢\

Br\ Br\
(CH2>50@OMe . (CH)e (CH)s
r
\/—/(/ { 1.1 eq. NBS/DMF ﬂ\
Br Br

2 Ac,0 S 2.1.5 eq. NBS/DMF s
T6P T6Br 2,5BT6Br

Schemel. Synthetic route to synthetizbe starting monomer.

At first, the commercially available Xdibromohexane (B6B) was protected on one side with
the ethereal ymethoxyphenol group to obtain the subsequent formation détigmard reagent on
a single bromide function avoiding side reactions. Moreover, the protection allows to maintain the
possibility to restore the bromide group later.

In detail, the reaction was conducted under reflux conditions in presence of KOH tdetheo
formation of KBr (not soluble in reaction solvent) and the contemporary etherification reaction
between th@enerated,,6-bromohexanol and-methoxyphenol.

Then, thesecondstep involvel the crosscoupling reaction betwedhe obtainedl-bromao6-(p-
methoxyphenoxy)hexane (B6P) and 3bromothiophene to give 3-[6-(p-
methoxyphenoxy)hexyl]thiophen@6P). Also in this case, the intermediate is a Grignard reagent
resulting from the reaction of B6P with magnesium in reflux conditions for 20 hours and with
arhydrous diethyl ether as solvent. Afterwards, the intermediasequickly transferred to a second
system where crosowling with 3bromothiophene tookplace in presence off1,3
bis(diphenylphosphino)propane] nickel (1) chloride (Ni(dppp)Cl

The crosscoupling reaction between a Grignard reagent and an alkyl halide occurs through the
catalytic mechanism proposed by Tar&mmitaniKumada and is schematically reported in
Scheme 2%

20



L,NiX,

2 RMgX A 2 MgX,
L,NiR,
N R-R
ThX N—
Th RMgX
R-Th /
LzNi\
X MgX,
/Th L,Nj
LzNi\ R
R
ThX
R

Th= \; RMgX = Bng(CHz)GO@OMe
s

Scheme 2Generic scheme of Tam&umitaniKumada crosgouping.

The Nickel based catalyst chosen is the most efficient catalyst for this type of re&ctions.
Despite the effectiveness of the catalyst, the resulpragluct required intensive purification
(recrystallization, cleamip with silica and steam distiliah) becauseby-productsare inevitably

formed (Figure 1) resulting in a low reaction yield.

21



NN O@OMe alkane
WO@OMe alkene

MBO‘@O\/\/\/\/\/\/\OQOMB P12P

bithiophene

Figure 1. By-productsof coupling reaction of B6P with-Bromothiophene.

The formation of by-products can I ascribed to the presence of water and the
dehydrohalogenatioro f intermedi ate giving the nAal kanebo
Grignard reagent and-t&omothiophene can react with themselves causing the generation of a
di mer (P12P) and dAbithiophenedo, respectively.

The third step wathe derotection of T6P to restore the bromide group at the end of side chain
giving 3-(6-bromohexyl)thiophene (T6Br). The reaction invalwhe use of hydrobromic acid in
hard conditions (90°C) and the presence of acetic anhydride to eliminate water resghite. the
unavoidable loss of product due to reaction with silica (substitution of bromide with hydroxyl
group), the crude product was purified by chromatography column.

Finally, the monomeric precursor T6Br wdibrominated with Noromosuccinimide (NBS)ni
two steps and with different equivalents in order to promote the bromination both in position 2 and
5 of thiophene ring giving the correspond§-dibromao 3-(6-bromohexyl)thiophene (2,5BT6Br)

Once synthetized the di brpooceedwihtGRMM pahoerzatienr i t
as reported in Scheme 3.

Br\ Br\ Br\ Br\
(CH3)s (CH3)s (CHy)s . (CHa)e
/ﬂ\ CH3MgClI ﬂ\ . /ﬂ\ Ni(dppp)Cl, ﬂ
Br s Br THF CiMg S Br Br s MgCl THF Br s nH
2 5BT6Br PT6Br

Scheme3. Synthetic route of synthesis of PT6Br through GRIM method.

The synthesis involvethe processingf 2,5BT6Br with CHMgCI under refluxconditions and
the consequent generation afrixture of regiochemical isomers, i.&rignard organomagnesium

intermediates Their typical distributionis around80:20 of 2bromo5-chloromagnesiur3-(6-
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bromohexyl)thiophene andt&romo2-chloromagnesiur3-(6-bromohexyl)thiophenerespectively.
The latter isomer does not participate in the catalytic cycle due to the steric hindrance of alkylic side
chain in position 3 of thiophene rirgnd this contributes to the low reaction yield

The second step of reaction providadrosscouding of the Grignard intermediate2(bromao5-
chloromagnesiur3-(6-bromohexyl)thiophene with Ni(dppp)Ch. As previously discussed, this
catalyst was chosen due to its high selectivity in coosgpling reaction with Grignard
intermediates whighin this cae,allowsto obtain a regioregular polymer

The reactiori defined asa quastliving polymerization- was conducted at room temperature in
order to avoid the shift of regioisomers toward to the formatighefindesired isomer in position
2.13,14

To deermine the optimal reaction time (90 minutes), the degree of polymerization after the
addition of the catalyst was followed by quenching two portions of the reaction mixture after 30 and

60 minutesvhich weresubsequently analyzed biy-NMR.
2.2. NMR characterization

The chemical structure of athe synthetized product8B6P, T6P, T6Br and 2,5BT6Bgndthe
polymerPT6Brwereverified by*H-NMR and**C-NMR spectroscopy.

In detail,"H-NMR spectrunreported in Figure 2confirms the protectiorof 1,6-dibromohexane
to 1-bromo6-(p-methoxyphenoxy)hexane (B6BY the presence aignal at 3.91 ppm ascribable to
methylenic protons linked to oxygen atom efngthoxyphenol group.

The success obubsequently crossoupling reaction with bromothiophene to obtaig-[6-(p-
methoxyphenoxy)hexylJthiophene (T6) given bythe spectrum reporteih Figure 2h which
showsthe absence of the triplet at 3.42 ppsdribable teCH,Br) combined with the msence of
signal at 2.65 ppm attributabletteetwo methylenic protons in position 3 of thiophene ring.

Then, he synthesis 08-(6-bromohexyl)thiophene (T6Bthrough deprotection of T6id order
to restore bromidenoiety is confirmed by the presence wiplet signal at3.41 ppm, as show in
Figure 2c.

Finally, the evidence of dibramation of T6Br to give2,5dibroma3-(6-bromohexyl)thiophene
(2,5BT6BTr) the monomer of GRIM reaction, is given by the disappearanites signal ascribable
to thearomaticprotons- position 2 and 4 of thiophemg 1 in the spectrum reported in Figure. 2d

As for 'H-NMR, also™*C-NMR gave confirmations about the success of previously discussed

reaction (Figure 3).
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Figure 2. "H-NMR spectra oB6P @), T6P p), T6Br (c) and 2,5BT6Br ). Asterisk: solvent resonance (CQECInset:
expanded region.
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Figure 3. *C-NMR spectra oB6P @), T6P b), T6Br () and 2,5BT6Br ). Asterisk: solvent resonance (CRLI

25



The synthesis of PT6Br b@RIM reaction was followetly *H-NMR spectroscopy by collecting
threereaction mixturesamples at different reaction timg9, 60 and 90 minutester the addition
of the Ni(dppp)CL catalyst The obtained spectra are shown in Figlirevhile dhemical shifts and

assignments arghownin Tale 1.

(a)
_ .
7?2 ' 710 I 618 '
ppm
A\ IL.._.J e
(b) *
_.AULvJ'UJLJUL_
‘7’2‘ ' '7.'07 , '6'8‘ '
ppm
J o
(c) * \
N
72 7.0 6.8
ppm
)
A __,ﬂ_;gk, J ¥K J
9.0 ‘ 8.0 7‘.0 6.0 5.0 4.0 ‘ 3‘.0 2.0 1.0 ‘ 0

ppm

Figure 4. 'H-NMR spectra oPT6Brafter 30minutes &), 60 minuteslf) and 90 minutescj. Asterisk solvent

resonance (CDG). Inset: expansion of the aromatic region.
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Table 1. Chemical shift (ppmpand assignments of the thre@mples collectedfter 30 minutesd), 60 minuteslf) and

90 minutes¢).

a b ¢ Assignments Ref
(opm) | (ppm) | (ppm) g '
719 | 71
6.82 6.83 {CHaleB (CHz)eBr
6.79 | 6.79 ) /m mBr 7]
3.41 | 3.1

(CH,)eBr
7.00 S\ Br
- 6.81 | 2.59 ) [15,17,18]
2.39 Br(Hzc)s H H2C
J
HT TT
6.98 Br(H2C)s Ha)eBr
6.91 | 6.98
; 6.87 | 3.43 [14,15,16]
283 | 2.83
2.65
1.86

i'gg 173 | 1.90 (CHa)eBr
147 | 156 | 173 7{@

Uae | 147 | 149 s ¢
: 1.36

The *H-NMR spectrum collected 30 minutes after theset of the reaction (Figurea}
essentially shows only the signals ascribable to reagents, i.e. the quenched isomers deriving from
the Grignard intermediate.

After 60 minutes Figure4b), thespectrum obtained reveasme differenceghe peaks relate
to two or more thiophenic units linkéd each otheare alsoshownwhile Grignard intermediates
are still clearly present. Tregnalsat 6.81 ppm and 7.00 ppaneascribable to the first TT linkage
between the two starting thiophenic units and to tbklyrperic backbone growing with FHT
linkages, respectivelgndsuggest that the polymerization is still taking place in the reaction system.

Indeed, after 90 minute@Figure £), the exclusive presence of peaks related to the main
polymeric chaini with HT linkages and bromide groups in the side chiaimdicates that
polymerization has occurred determining the success of polymerization.

'H-NMR spectroscopy was also used to estimate the percentage etoHaidinkages (95%

HT) in the macromolecular blbone of the final PT6Br. In fact, the regioregularity degree can be
evaluated by the integral ratio of the signals centered at 2.83 ppm (HT dyads) and 2.59 ppm (HH
and TT dyads).
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Finally, ®*C-NMR spectrum of PT6Br (Figure 5) also confirmed the strucamkbthe success of
polymerization after 90 minutes.

T ———————— L‘“l ——— l“,m "

180 160 140 120 100 80 60 40 20 0
ppm

Figure 5.*C-NMR spectum of PT6Br Asterisk: solvent resonance (CRLI

2.3. Conclusions

In conclusion, thesynthesis o model monomehas allowedo find a suitableeaction timg90
minuteg for the second catalyzed step of GRIM reactiperformeda t room temperat
bromoalkylthiophene derivativdike the2,5BT6Br used in this study

All products were widely characterized through spectpgdechniques (NMR and FIR) and
through'H-NMR it was possible to follow the reaction at different times.

28



3. Experimental section
3.1. Materials

[1,3-bis(diphenylphosphino)propane] nickel (l1ghloride (Ni(dppp)CG)), methylmagnesium
chloride (CHMgCI, 3.0 M solution in THF), pnethoxyphenol3-bromothiophene (97%)\,N-
dimethylformamide (DMF, 99.8%), hydrochloric acid (HCl, >37%), sodium hydroxide (NaOH,
0O 9 8 % )bromoluccinimide (NBS, 99%), tetrahydrofuran (THF, >99.9%), diethyl ethe®,(Et
>99.5%), petroleunether (Etp, >90%), acetone9%%) and chloroform (CHG) 99.099.4%) were
purchased from Sigma Aldrich Chemical Co.efic anhydride (AgO, >97%) was purchased from
Acros Organics (USA). Hydrobromiacid (HBr, 48%) and potassium hydroxide (KOH) were
purchased from Fluka (Switzerland):Heptane (99.4%) and cyclohexane were purchased from
VWR Chemicals (FrangeMethanol (MeOH, >99.8%) was purchased from Honeywell (Germany).
1,6-Dibromohexane (B6B, >97%) was purchased from TCI (Tokyo). Sodium sulfa&SQ@Na
anhydrous) and sodium bicanate (NaHC@ puriss.) were purchased from RiedeHaén
(Poland). Magnesium (Mg) for Grignard were purchased from Mé&sekrany). The solvent used
for the Grignard Metathesis Polymerization (GRIM) was dried with a soegotassium alloy
under reflux andtored over molecular sieves before the use. Dietihwdretnd THF were freshly
distiled before use to remove the stabilizer. All other materials were used as received. All
manipulations involving moisturgensitive reagents were performed under argoroggthere in

flame-dried glassware.
3.2. Synthesis
3.2.1. Synthesis ofldromao6-(p-methoxyphenoxy)hexane (B6P)

32.3 g (0.571 mol) of KOH and 49.6 g (0.359 mol) ehpthoxyphenol were dissolved in 80.0
mL of methanol. In a two neelkask containing 126 ml(0.820 mol) of 1,&dibromohexane (B6B)
in 160 mL of acetone, the solution was added dvige in 90 minutes under stirring and then the
system was refliedfor 1h.

The system was cooled down to room temperature, the mixture was filtead8uckner filteri
in order to remove KB and the solid was washed several times with acetone (3 x 100CAfidy).
filtration, the solvent was removed under reduce pressure and the crude product was recovered in
1000 mL of hot diethyl ether. Then, the saut was filteredagain washed with a solution of
NaOH 2% (4 x 150 mL) and distilled water up to neutrality (3 x 100 mL). The organic phase was
dried with NaSQ,, filtered and the solvent was removed under reduce pressure. The crude product
was purified bythree crystallizatios in hot petroleum ether followed by cleap with SiQ
obtaining 92.4 g (0.322) of B6P as white solid (yield 80%).
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'H-NMR (CDCk, ppm): U 6. 83H),B.91(t 2HHE,0)a3r7D (5 8H, OB3), C
3.42 (t, 2H, ®1,Br), 1.90 (n, 2H, H,CH,0), 1.78 (M, 2H, E,CH,Br), 1.50 (m, 4H, (El,),).

3C-NMR (CDCk, p p b5%.07, 163.54aromaticC-O), 115.78, 114.98 (aromatieH), 68.73
(CH0), 56.09 (Q@Hs), 34.16 CH2Br), 33.05, 29.55, 28.29, 25.66 (aliphatlEly).

FT-IR (KBr, cm): 3104, 2937, 2862, 2835, 1513, 1466, 1384, 1291, 1242, 1113, 1036, 826,
742, 646, 532.

3.2.2. Synthesis of[B-(p-methoxyphenoxy)hexyl]thiophene (T6P)

150 mL of dry diethyl ether were added dropwise to a reaction system containing 20.0 g (69.6
mol) of B6Pand 1.75 g (72.0 mmol) of Mg. The mixture was refidkor 20h, under stirring and
inert atmosphere.

The Grignard intermediate was then transferred via cannula and added dropwise to the second
reaction system containing 5.70 mL (60.1 mmol) dfr8mothigghene and 71.0 mg (0.131 mmol)
of catalyst [1,3bis(diphenylphosphino)propane] nickel (1l) chloride (Ni(dppp)Gnd the system
was refluxedfor 16h, undestirringandin an inert atmosphere

The mixture was cooled down to room temperature, poureddm20of HCI 2% and extracted
with 100 mL of diethyl ether. The organic phase was washed with distilled water up to neutrality,
dried with NaSQ,, filtered and the solvent was removed under reduced pressure.

The crude product was purified becrystallization from 1.50 L of petroleum ether (Etp)
followed by clearup with silicaand steam distillatioobtaining 6.12 g (21.1 mmol) of T6P (yield
36%).

'H-NMR (CDCl, ppm): a 7 .HB)46.94 (m, 2H1 HH4 +THB), 6.83 (d, 4H,
aromatic ), 3.91 (t, 2H, ®,0), 3.77 (s, 3H, OBj3), 2.65 (t, 2H, ThEy), 1.77 (m, 2H,
CH,CH,0), 1.66 (m, 2H, ThCKCH>), 1.50 (m, 2H, aliphatic B,), 1.41 (m, 2H, aliphatic B,).

¥C-NMR (CDCl, p p m).03, 153.61(&oMmaticC-0), 143.38 (ThC3), 128.59 (ThC4),
125.45 (ThC5), 120.19 (ThC2), 115.78, 114.96 (aromaticH), 68.91 CH,0), 56.09 (@Hs3),

30.81, 30.52, 29.65, 29.38, 26.22 (aliphaiit,).

FT-IR (KBr, cm®): 3103, 3002, 2928, 2916, 2856, 2845, 1510, 1467, 1453, 1292, 1238, 1220,

1112, 1069, 1037, 82809, 774, 748, 715, 593, 526.

3.2.3. Synthesis of®-bromohexyl)thiophene (T6Br)

14.7 mL (0.130 mol) of HBr 48% were slowly added to 19.7 mL (0.204 mol) of acetic anhydride
((CH3CO)CO, 98%). Theobtainedsolution was added dropwise to a flask contair@irigh g (21.2
mmol) of T6P and the mixture was heated at 90°C for petitectedrom light.
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The system was cooled down to room temperature and the crude product was added to 200 mL
of ice/distilled water and extracted with petroleum ether (8 x 100 mlg. ofganic phase was
washed with 250 mlof a saturated solution of NaHG@nd thenwith distilled water up to
neutrality, dried with Ng5O;, filtered and the solvent was removed under reduced pressure.

The crude product was purified by chromatography rmoolwon silica gel with heptane:diethyl
ether (95:5piving 2.37 g (9.59 mmol) of a colorless oil (yield 45%).

'H-NMR (CDCk, ppm) : U 7H5Q @93 (mn2H, THHE + H2Y, B.41 (t, 2H, E2Br),
2.64 (t, 2H, ThE&l,), 1.86 (m, 2H, E,CH,Br), 1.64 (m,2H, ThCHCH,), 1.47 (m, 2H, aliphatic
CH,), 1.36 (m, 2H, aliphatic B,).

3C-NMR (CDClL, p p ¥B.22 (ThC3), 128.55 (ThC4), 125.52 (ThC5), 120.25 (ThC2),
34.28 CH.Br), 33.06, 30.66, 30.46, 28.72, 28.31 (aliph@lit).

FT-IR (KBr, cmi®): 3104, 30492924, 2856, 1537, 1465, 1435, 1246, 1215, 1080, 831, 753, 685,
634, 561.

3.2.4. Synthesis of 2dibromao 3-(6-bromohexyl)thiophene (2,5BT6Br)

1.01 g (4.10 mmol) of T6Br were dissolved in 4.00 mL of DMF in a three-flask equipped
with adrip funnel cantaining 0.730 g (4.10 mmol) of-Nromosuccinimide (NBS) dissolved in 4.10
mL of DMF. The solution of NBS was added dropwise to the systeam inert atmosphere and
allowed to react under stirring at room temperature fopfitectedrom light.

Subsequently, a second solution of 1.09 g (6.15 mmol) of NBS in 6.20 mL of DddBElawly
added to the system and the mixture weectedat room temperature for 24h, under stirring and
inert atmosphere.

The crude product was added to 130 mlabalf satwated solution of NaCl and extracted with
petroleum ether (5 x 100 mL). The organic phase was then washed with distilled water up to
neutrality, dried with Ng5Q,, filtered and concentrated under reduced pressure.

The crude product was purified by chrongaphy column on silica gel with cyclohexane

obtaining 1.24 g (3.06 mmol) of a colorless oil (yield 75%).

'H-NMR (CDCk, ppm) : U 6H4)73I4L (t, 2H, EBH 2.52Tth2H, ThE,), 1.86
(m, 2H, H,CH.Br), 1.56 (m, 2H, ThChKCH,), 1.47 (m, 2H, aphatic CH,), 1.34 (m, 2H, aliphatic
CH,).

3C-.NMR (CDCl;, p p 0¥R.97(TH C3), 13124 (Th C4), 110.81(Th C5), 108.44(Th C2),
34.19(CH.Br), 3300, 29.7Q 2964, 2850, 2823 (aliphaticCHy,).

FT-IR (KBr, cm®): 3090, 2932, 2855, 1541, 1461, 1436, 141854, 1233, 1186, 1001, 826,
727, 645.
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3.2.5 Synthesis of polyf8-bromohexyl)thiophene] (PT6Br)

0.66 mL of a 3.0 M CgMgClI solution (1.98 mmol) in THF was added to 800 mg (1.98 mmol)
of 2,5BT6Br in 16.0 mL of anhydrous THF. The mixture was reftlfor 2h under stirringandin
an inert atmosphere. The system was then cooled down to room temperature and 5.37 mg (0.0099
mmol) of catalyst (Ni(dppp)G) were added. At 30 and 60 minutes two portions of the reaction
mixture were taken out while the remainipgrt was stirred for 90 minutes. At the end of
polymerization, the three portions of the crude product were treated with 15.0 mL of HCI 2.5 M and
extracted with 90.0 mL of CHgIThe organic phase was subsequently treated with 100 mL of HCI
1.0 M, washed vth 100 mL of aqueous NaHGGnd with distilled water until neutrality, dried
over NaSQ,, filtered and concentrated to a small volume under reduced pressure.

The crude product obtained after 90 minutes of reaction was precipitated into 300 mL of cold
MeOH/HCI (1% HCI v/v) under stirring. The resulting dark brown powder was filtered on a
cellulose extraction thimble (33 x 94 mm), washed with MeOH, and recovered with, G$iQtj a
Soxhlet apparatus. The mixture was concentrated, reprecipitated in cQ#/M€El (0.2% HCI
v/v), and then filtered on a PTFE membrane (&#Abpore size) giving 103 mg (0.420 mmol) of
reddishPT6Br (yield 21%)

'H-NMR (CDCk, ppm) : U 6H4)9343 (¢, 8H, EBrH 2.83,T2159 (t, 2H, ThB,),
1.951.84 (m, 2H, ®,CH,Br), 1.781.67 (m, 1H, ThChHCHy), 1.581.40 (m, 4H, (El,),).

“C-NMR (CDCL, ppm) : UC3), #30.913ThC5) I3h23 (ThC2), 129.01 (THC4),
34.59 CH,Br), 33.97, 30.61, 29.83, 29.17, 28.55 (aliph&lity).

FT-IR (KBr, cm™): 3052, 2928, 2858511, 1459, 1257, 1089, 832, 728, 645, 562.

3.3 Methods

'H-NMR and *C-NMR spectrawere recorded on a Varian Mercury Plus 400 (400 MHz)
spectrometer at room temperature using TMS as internal standard in deuterated solvents. Chemical
shifts are given inpm.

FT-IR spectra were taken &Br disk using a Perkin EImer Spectrum One spectrophotometer.
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CHAPTER I'll: STUDY OF PHOTOACTIVE LAYERS IN BHJ
SOLAR CELLS

1. Introduction
1.1 Overview

In recent years, bulketerojunction (BHJ) solar cells have been widely studied for their
peculiarities andadvantage$?® In detail, the resulting enhanced interface area between the two
component$ electrondonor (ED) and electreacceptor (EA) materiali can promote an effient
generation and subsequémnsport of freecharge carrier$.

The use d proper photoactivenaterials in a physical blend the main requirment for the
correctoperationof the device. Several studies have demonstrated tiatesting features can be
obtained by using polythiophenes as ED material, in particulargkbxythiophenewith several
oxygen atoms in side chaifndhe presence of an ethiemctionalizedside chain direty linked to
the thiophene ring provides amproved final solubility in common organic solveftgduced band
gap, low oxidation potential, increaseaptical behavioand conductivityand an enhancement of
interaction withthe EA material’ Moreover,the introduction of an oxygen atom directlgked to
the thiophenic ring can increase the electronic density lofeconjugated backborend whenthe
polymeralso shows &igh regioregularity degree armah appropriate average molecular wejdhé

final materialcanexhibitvery promising optical properties aetectricalconductivity®®
1.2. Aim of the chapter

In order toevaluatetheinfluence of oxygen atomshreepoly-alkoxythiophene deriativeswere
synthetizedwith different etherealside chains of different lengtand in different position of
thiophene rings. Besides, they wareestigated as electresonor materials for bulk heterojunction
(BHJ) polymeric solar cellwith the aim to obtain the beshotovoltaic performances

The structural propertiewere investigated by spectroscopy techniqués-NIMR, *C-NMR,
FT-IR, UV-Vis), thermogravimetric analysis (TGA), differtgal scanning calorimetry (DSGnd
externalquantum efficiency (EQE). Finallyhe final materials were tested @isotoactive materials
in organic solar devices.

The external quantum efficiency (EQHEpeasurementsvere carried out in collaboration with
Prof. Filippo Pierini of Department of Biosystem and Soft Maiteinstitute of Fundamental

Technological Research, Polish Academy of Sci¢iarsaw, Poland).
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The electrochemical measurements (CV) were carried out in collaboration with Prof. Domenica
Tonell i 6s resPapaht geoupofatl| nthestr i a-lBold@iae mi st
(BO), Italy.

The synthesif poly[3,4-bis(6-methoxyhexyl1-oxy)thiophene][P(3,4TO60Me)] andpoly[3,4-
bis(10-methoxydegl-1-oxy)thiophene] [P(3,4TO100Me)] with the related synthetic results
reported in this chapter weperformedby Nicola lannacci and Simone Rofani, respectivalyder
the superision ofthe authoor by the author herself.

2. Results and discussion
2.1. Synthesis

The synthetic approach followed to prepare photoactive materials was basedte on
functionalization of different monomeric precursevith the samesubstituentmethoxide group)
and th& subsequent polyarization i through GRIM method to synthetize poly[3-(6-
methoxyhexyl)thiopheneRT60M¢ andby theoxidative polymerization with Fegfor symmetric
monomers in order to obtain pohalkoxythiophenes with high degeef regioregularity.

/
o O
4 S
S n S n S n
PT60Me P(3,4TO60Me)  P(3,4TO100Me)

Figure 1. Scheme of synthetized polymers.

With the aim to compare highly regioregular polyméetween themthe monomer 25
dibromo-3-(6-methoxyhexyl)thiophenewas polymerized through the Grignard Metathesis
Polymerization in presence of a nickel based catalyst, as reported in litdsgtung research
group™

The resulting polymer preserasigh degree of regioregularity bittbearsonly one side chain
in positicn 3 of thiophene ringn order to study the effect of two side chainhas been tried to
synthetize a disubstituted polythiophene with the same side dRaguse 2)
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1. Mg/EL,0 MeO@O(HzC)G (CHz}sOQOMe wg,  BrH2C)s  (CHa)Br
Br(CHz)GOQOMe _— E/ \g e U

2. Ni(dppp)Cl s Ac,0 s
BoP Brzf_\SBf 3,4T6P 3,4T6Br
\ /

o d o o
Br(H,C)s  (CHa)eBr HoC CH H,C)s  (CHae
(HC)s  (CHa)e NaOMe (H:Cs (CHz)s FeClyCHoNO, | 200, (G
[./ \; /N E—— R\
s MeOH s CHCl, T s
3,4T6Br 3,4T60Me P(3,4T60Me)

Figure 2. Synthetic route followed to obtain P(3,4T60Me).

In detail, the synthetiprocess provided therosscoupling reaction with the protected alkylic
chain (B6P) with 3,4dibromothiophene and the consequelaprotection toobtain 3,4-bis(6-
bromohexyl)thiophen€3,4T6B1), similarly to the synthesis of-86-bromohexyl)thiophene (T6Br)
previously illustrated in Chapter II.

Then, the monomeric precursor 3,4T6Br was subjactedSN reaction with sodium methoxide
(NaOMe 30% in MeOH), which involved the bromide group at the end of sala.chhe reaction
was conducted under reflwonditions for4 hours.The subsequengolymerization was conducted
through an oxidative reaction with Feglfor 5 hours Despite thehigh reactiontime, only short
oligomes were obtainedMn = 1.5kDa, Xn =5, PDI =1.2) and this isprobably due tdhe high
stability of themonomerandits reduced tendency to loxidized

Disubstituted alkoxy monomeric precursors werebtained by transetherification reaction
between 3,4-dimethoxythiophene and theorresponohg synthetized alkylicchain (6bromo1-
hexanol or 1lébromol-decanol).Then, they werealso subjected to aubstitutionreaction with
sodium methoxide, under reflux conditions for 2 hoaranore Due to the presence of a good
leaving group, the functi@iization ould easily produce the desired monomers3,4-bis(6-
dimethoxyhexyl1-oxy)thiophene (3,4TO60Me and 3,4bis(10-dimethoxydecyl-oxy)thiophene
(3,4TO100Mg. Then,monomes were reacted with Fe€ln dry chloroform for ~ 20/25 minutes
under inert conditionsto obtain the corresponding polymep®ly[3,4-bis(6-methoxyhexyl-
oxy)thiophene] [P(3,4TO60Me)] and  poly[3,4-bis(10-methoxydeygl-1-oxy)thiopheng
[P(3,4TO100Me)]

The average molecular weighwere determined through GP@nalysis of the soluble fractisn

of the synthetized polyme(Sable ) and revealedomparablgolymerization degrees
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Tablel.Pol ymer sé characteristics.

Yield reaction (%) HT (%)? Mn (kDa)® X,° PDI®

PT60Me 64 94 39.7 202 1.77
P(3,4TO60Me) 56 100 64.6 189 1.22
P(3,4TO100Me) 64 100 53.7 126 1.27

2 Determined byH-NMR; ® Determined by GPC chromatography.
2.2. NMR characterization

All the synthesized polymensere characterized byNMR spectrometry *H-NMR and **C-
NMR) to canfirm their chemical structure

The analysis ofH-NMR spectra of monomer3,4TO60Me and 3,4TO100Mghows the total
absence of methyl eni-Brgroup 6-t3.40nppm) evidenting the successio n
functionalization of precursor8,4TO6Br and 3,4TO10Bwith methoxide group. In particular, the
triplet and the singlet signassound 3.36 and 3.33 ppm, respectivefscribable to the methylenic
protons near to the oxygen atom of methoxide moitetpnfirm the complete substitution of

bromide grougFigure 3and Figure %

| B 1

L

* 4.0 3.0 32
ppm

J Ml T

7.0 6.0 5.0 4.0 3.0 2.0 1.0 0
ppm

Figure 2. 'H-NMR spectra of 3,4TO6Bipttom) and 3,4TO60MetOp). Asterisk: solvent resonanceCls). Inset:
expanded region showing protons near to heteroatoms
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Figure 3. 'H-NMR spectra of 3,4TO1Br (bottor) and 3,4TA00Me (top). Asterisk: solvent resonanceDCly). Inset:

expanded region showing protons near to heteroatoms

Thesubsequenpolymerizatiors through GRIM method and oxidative polymerization with ReCl

to give PT60Meand two poly(3,4dialkoxythiophenes P(3,4TO60Me) and P(3,4TO100Me)
respectivelywereconfirmed by*H-NMR analyses whickpectra are reported in Figiuse
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Figure 5. *H-NMR spectra oPT60Me (@), P(3,4TO60Me) (b) and P8,4TO100M¢ (c). Asterisk: solvent resonance
(CDCly).
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2.3. FTIR characterization

FT-IR spectroscopy further confirms the chemical structure of all synthefimstlicts and
resulting polymers PT60Me, P(3,4TO60Me), P(3,4TO100Me) whose spectra are reported in
Figure®.

Vas CH3 d
(2975)

1, C-O-C ether

(1173) \

Trasmittance (a.u.)

DAL

CHj def. Vsym C-O-C ether
(1376) (1020)

' | ! 1 ! I 4 | ' | ! | ! |
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm'l)

Figure 6. FT-IR spectraof PT60Me (blue line), P(3,4TO60Me) (red line) and P(3,4TO100Me) (green line).

The presence divo bands ascribable to methoxide group at the end of side cha®@76-and
1376 cm™) in IR spectraconfirms the functionalizatioand substitution of bromide growyhich is
also evidenced bthe absence of peaks ascribableBo terminal group at ~ 640 dn560 cnf.
Moreover, in the FFIR spectra of disubstituted petkoxythiophenescan also be foundhe
presence of @-C asymmetric stretching bonds at ~ 1120 q@scribable to methoxide terminal
groups) and at ~ 1170 ¢hfascribable to ethereal bond next to thiophene)

2.4.Thermal properties

The thermalstability of synthetized polymer®T60Me, P(3,4TO60Me) and P(3,4TO100Me)
hasbeen evaluated by TGA analysis under oxidizing atmosphere (air), at a heating scan rate of
10°C min* and up to 600°C (Figuréand Table?).
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Figure 7. TGA curves of photoactive materials.

In detail, he TGA curvesf all the examined samples shomo main weight lossethatcan be
ascribed to the aliphatic side chanission (up t&300°C) andto the macronolecular backbone
combustion (up to 3’C), respectivelyHighervalues can be observéar PT60Meowing tothe
lower steric hindrance ahonosubstituted repeating uniés reported in Tab® Moreoverthetwo
disubstituted pohalkoxythioghenes showcomparablefirst decomposition temperatures but at ~
400°Cthe curvegprofileschangedue to thelifferentlength of side chains.

The synthesized samples, however, may be considered stable enough to be used as photoactive

materialsin organicphotovoltaic devices

Table 2. Decomposition () and glasgransition (T) temperatures of polymers.

Ta(°C)? Tamax(°C)° Tg(°C)® Tm(°C)® Tc(°C)°

PT60Me 417 437 54 178 131
P(3,4TO60Me) 307 333 64 153 126
P(3,4TO100Me) 327 341 37 128 106

3 Determinedby the onset poinbf the first inflection? calculated from the first derivative of the weight/temperature

curve;® evaluated by DSC analysis

Thermal properties of polymers have been evaluated by DSC analyses which were carried out

under nitrogen atmosphere with a heating ramp of 10°C nfilom -30°C up t0220°C and the

relative curves are reportedhigure8.
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Figure 8. DSC curvegprofilesof melting and crystallization transitisof synthetizegphotoactive materials.

All polymeric samples shova slight endothermic flexure ascribable to the glass transition
temperature (J) (Table2). Contrary to expectationshe highest Jvalue was obtainednalyzing
P(3,4TO60Me) thus confirming its singular behavior it is therefoe possible to state thahe
consequencesf the steric hindrance given lihe presence dfwo side chaingan be strongly
reducedby combining the proper length of side chain with the ethereal bonds linked to thiophene
ring. Moreover, theincreaseof pladifying effectof the side chain$ from one to two and with
increased length inducesthe decrease ohelting and crystallization temperatures in DSC curves
(Figure 8) Nevertheless, the high degree of symmétandthe consequerdonformational order
of all examined samples alled the obtainment ofemtcrystalline materials, an important

requirement to use them as photoactive layers.
2.5.Optical properties (UWis characterization)

In order to evaluate the optical properties, synthetized mateviele analyzed by U\Wis
spectroscopy isolution andn films obtained by drogcasting on quartz slides solution of polymers
in chloroform and chlorobenzene. The normalized absorption s@eetraported in Figur@ while

their associated data are repdrie Table3.
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Table 3. Maximum absorption wavelengtlism) of polymers irsolution and irthin films drop-cast fromchlorinatel

solvents

amax Solution  amax film  Solubility

Solvent 10°M (nm) (hm)  (mg/mL)
Chloroform 442 523 28
PT60Me Chlorobenzene 455 514 14

Chloroform 533, 565 554, 601 9
P(3,4TO060Mg Chlorobenzene 537,574 557, 601 11
Chloroform 533, 564 549, 596 17
P(3,4TO100Me) Chlorobenzene 539, 576 548, 595 9

The analysis othe obtaned values and opticgrofiles suggests thathe use of one of these
solvents doesndt i nvol ve appreci absl(ega mthinf t of
solution and in solid stateMoreover, the values & the poly(3,4dialkoxythiophenes are

comparabléetween them

= = -PT60Me film CB

—— PT60OMe film CHCI,

—— P(3.4TO60Me) film CB

= = -P(34TO60Me) film CHCI,
—— P(3.4TO100Me) film CB

- = -P(3,4TO100Me) film CHCI

—— PT60Me in CB
- = -PT60Me in CHCI,
—— P(3ATO60Me) in CB 0.9
= = =P(3,4TO60Me) in CHCI,

——P(34TO100Me) in CB 0.8
= = =P(34TO100Me) in CHCI,

Absorbance (a.u.)
Absorbance (a.u.)

T T T - = T T T T 1
300 400 500 600 700 800 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm)
Figure 9. Normalized U\AVis spectra opolymers in solution (left) and in solid state (right).

The main observation can be mawethe absorption profile &?#T60Me which presents only a
side chain without an oxygen atom ditgdinked to the thiophene rin@.he high solubilityof this
polymer leads tohave an ordered macromolecular organization which is expressed by a notable
bathochromicshift of amax in solid state (60-80 nm)** Nevertheless, highest values of absorption
can be observed whemxygen atoms are present in side chains, wieen disubstituted poly
alkoxythiophenes were analysédoreover, he high degree of symmetrieads to have botha red
shift of theamaxand theevidenceo f  t wo el ect rYod i aYn'tdy )an /s spgcdan s ( ~

both in solution anéh film.
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2.6. Electrochemical properties (CV)
The potentials of photoactive materials PT60Me, P(3,4TO60Me) and P(3,4TO100Me) were

evaluated by cyclizoltammetry (CV). In Table 4 are reported the electrochemical parameters of

synthesized polymers in thin films obtained by doasting their solution in chloroform on Pt

electrode.
4.0 - I ~ I
| —— PT60Me
P(3.4TO60Me)
30 + P(3.4TO100Me) _
- - - background

2.0

2

J (LA/ecm’)

1.0

0.0

20 L | L |
0.0 0.4 0.8 1.2 1.6

V (V vs SCE)

Figure 10. Cyclic voltammetries of photoactive matesat 0.1 V §-.

As shown in Figure 10, oxidation of the synthetized materials can be considered reversible due
to the presence of both anodic and cathodic potential picks. Moreover, during this reversible process

it was observed an electrochromic effect, an interestiagackeristidn optoelectronic field.

Table 4.Electrochemical and optical properties of synthesized polymer in thin film.

Eox (V)2 HOMO (eV) LUMO (eV) Eg opi(€V)®

PT60Me +0.66 -4.90 -2.99 1.91
P(3,4TO60Me) +0.37 -4.61 -2.56 2.05
P(3,4TO100Me) +0.25 -4.49 -2.52 1.97

2 Onset potential of anodic scar®ptical bandgap in film.

The different electrochemical properties of the three polymers are ascribabledegtee of
electronic delocalization over the polyconjugated backbones. The presence of oxygen \atthms
a consequergnhancement dhe electron density direcly linked to the thiophene ringromotes

the decrease of oxitlan potential(Table 4)'%
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While the energy levels of the highest occupied molecular orbitals (HOMO) were evaluated by

CV according to the following equation:
HOMO (eV) =- e (Exx + 4.24)

where 4.24 V is the SCE absolute potential, the energy levels of the lowest unoccupied
molecular orbital (LUMO) were evaluated indirectly since the reduction potentials resulted to be
outside the electrochemical stability window of the electrolyte. LUMO levels were then calculated
from HOMO levels and the optical bandgapgf obtained fom the UM Vis spectra of the films
by the equation:

LUMO (eV) = HOMO + Eopt

To explainthe obtainedralues, in Figue 11are reported the energy levels values of synthetized
materials employed in a photovoltaic device with BHJ architeciline. LUMO lewels distance
between electredonor and electreacceptor is an important requirement to guarantee the correct
process of hopping in a solar cell.

By comparing the synthetized materials with p@yhexylthiophene) (P3HTj as electron
donor reference, thenergy gap between LUMO energy levels of ED and EA mataralableto

guarantee the hopping and exciton dissociaiahe donor/acceptor interface in a BHJ solar cell

w B 3
z z 2
— 3 8 =
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- 2.99 g‘_j 9::: <
f;-. 2.74 _ﬁ (=¥ m
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3 - -3.90
5 -4.30
5
)
—
88

-4.20 »-4.70

-4.80 --540 .PEDOT:PSS

Figure 11. Energylevel alignment of OPVs layers (ITO, PEDOT:PSS and®Alhd comparison betwe@&@8HT and

synthetized materials
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2.7. Photovoltaic properties

The photocurrent densiyoltage (J/V) characteristics of the cells prepared using the phie®a
layer with each of thresynthesized electredonor (ED) materials PT60Me, P(3,4TO60Me) and
P(3,4TO100Me)i respectively, measured under illumination of AM 1.5 G (100 m\kycare
shown in Figurel2. The final structure of the prepared cells was: ITO/PEIRSBED:PG,BM
(1:1 whv)/Al. Detailed information on open circuit voltagedy), shortcircuit current density £2),

fill factor (FF) and photoconversion efficiency (PCE) are collected in Table

J(mA em”)
o]
1

0.0 02 04 0.6
V (Volt)

Figure 12. J/V curves obtained from tested cells based on P3HT (black IinépMe (blue line), P(3,4TO60Me) (red
line) and P(3,4TO100Me) (green lir@d ED materials

Taking asa referencethe device composed bthe photoactive blengoly-(3-hexylthiophene)
(P3HT) and P&BM andcomparingthe photovoltaic parameteabtained it appearghat devices
prepared withan increasing number of oxygen atoms in side chain provides an enhancement in
power conversion efficiency (PCEnd current densitJsc). The electrordonating effect of the
oxygen atom(s) directly linked to the thiophening in addition tothe presence ahethoxideend
group allow to achieve good photovoltaic properties

Besidesthe lower length of side chains allows to have a better extension of conjugatoms
of enhancearbital overlgping between aromatic thiogines of macromolecular backbcar@lthis

is alsoconfirmedby the highest photovoltaic parameteldainedTable 5).
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Table 5. Shortcircuit current density §¢) opencircuit voltage (\oo), fill factor (FF) and power conversionfiefency

(PCE) of tested photovoltaic devices.

Jsc(MA M) ® Vo (V) FF  PCE (%)

P3HT:PCs1BM 10.55 0.59 059 3.68
PT60Me:PG:BM 11.21 0.58 0.61 3.96
P(3,4TO60Me):PGBM 13.41 060 0.61 491
P(3,4TO100Me):PGBM 12.47 061 0.60 4.56

&from J/V curves

70

EQE (%)
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Figure 13. EQE spectra of P3HT (black line), PT60Me (blue line), P(3,4TO60Me) (red line) and P(3,4TO100Me)
(green line).

Analyzing the poto-current response wavelength for the cell based osythinetized electron
donor materialsange from 300 to@ nm and compared witA3HT as reference, the curves show
different behaviorsln case of PT60Me the obtained cupresentdwo feature peaké~ 460 and
590 nm) while in curves of P(3,4TO60Me) and P(3,4TO100Me) they are not detd€tigiee
13).

The disubstituted polglkoxythiophenes preseBQE profiles that follow the trendbservedn
the UV-Vis spectra of polymers in solid state, indicating that the whole absorption effectively
contributes to the photocurrent. Moreover, by intrddg oxygen atoms in side chains of pdy4-
dialkoxythiophenesis possible to obtain EQf«values at ~ 60%, as for P(3,4TO60Me).
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2.8. Conclusions

The tree polythiophenederivatives with different ethereal side chas PT60Me,
P(3,4TO60Me) and P(3,4(TO100Me) were successfully synthetized starting from the
corresponding functionalized monomefithe obtained polymers were highly soluble in a wide
range of organic seénts and easily workable in thi freestanding films, owing to their
semicrystdine structure Their morphology also positively influences their thermal stability
characteristics. Finally, the optical, electrochemical and photovoltaic properties also highlight the

beneficial effects of the presence of oxygen atoms in the side chain.
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3. Experimental section
3.1. Materials

[1,3-bis(diphenylphosphino)propane] nickel (1) chloride (Ni(dppp)Clmethylmagnesium
bromide (CHMgBr, 1M in butylethe), tetrahydrofuran (THF, >99.9%), toluene/Kg, >99.9%),
diethyl ether (E{O, >99.5%), ethyl acetate (EtOAc, >99.5%etroleumether (Etp, >90%)3-
methoxythiophene (98%) and chloroform (CHCB9.099.4%) were purchased from Sigma

Al drich Chemical Co. ( USA) . He x,@ne 0009 9%) &
purchased from Siga Aldrich (France). Nitromethane (GO, 098. 5%) , hydr och
( HCI , , @&dcbrac acid (HBr, 48%)and ferric trichloride (FeGl 098 %) wer e pL

from Fluka (Switzerland). 3;dimethoxythiophene (>98%@nd 3,4dibromothiophene (98%) wer
purchased from Tokyo Chemical Industry (Japarileptane (99.4%jvas purchased from VWR
Chemicals (Frange Magnesium (Mg) for Grignard were purchased from MerGer(many).P-
Toluensulfonic acid monohydrate (pTSANd acetic anhydride (AgO, 99%) were prchased from
Carlo Erba Italy). Sodium sulfate (N&0O4, anhydrous) and sodium bicarbonate (NaHC@ere
purchased from RiedeleHaén (Poland). Sodium methoxide solution (NaOMe 30% wt in
methanol) was purchased from Acros Organics. Methanol (MeOH, >9%8&% purchased from
Honeywell (Germany). In order to remove the stabilizer, diethyl ether and THF were freshly
distilled before the use. All othenaterials were used as received. All manipulations involving

moisturesensitive reagents were performed uratgon atmosphere.
3.2. Syithesis
3.2.1.Synthesis of 3;Bi9 6-(4-methoxyphenoxy)hexififjophene (3,46P)

113 mL of dry diethyl ether were added dropwise tceaction system containing 1090(35.0
mmol) of 1-bromo6-(p-methoxyphenoxy)hexanéB6P) - previously synthetized and 88.0 g
(36.0 mmol) of Mg. The mixture was refluxed féin, under stirring and inert atmosphere.

The Grignard intermediate was then transferred via cannula and added dropwise to the second
reaction system containirg)50 g (146 mmol) of 34-dibromothiophene an87.9 mg (0.70nmol)
of catalyst [1,3bis(diphenylphosphino)propane] nickel (1) chloride (Ni(dppp)Gnd the system
was refluxed for 16h, under stirring and in an inert atmosphere.

The mixture was cooled down toomtemperature, poured in @5nL of HCI 2% and extracted
with 100 mL of diethyl ether. The organic phase was washed with distilled water up to neutrality,
dried with NaSQ,, filtered and the solvent was removed under reduced pressure.

The crude product wasurified by cleanup with silica in 500 rh of hot petroleum ether (Etp)
followed steam distillatiomnd crystallizatiorobtaining1.50 g (3.02nmol) of 3,4T6P (yield20%).
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'H-NMR (CDCh, ppm): Ui 6.89 (s, 2H, THH2+H5), 6.83 (s, 4HH13+H14+H17+H18), 3.91(t,
2H, H11), 3.76 (s, 3HH15), 2.52 (t, 2H,H6), 1.77 (m, 2HH10), 1.66 (M, 2HH7), 1.47 (m, 4H,
H8+H9).

¥C-NMR (CDChk, ppm): Ui 154.35 C16), 153.93 €12), 142.52 C3+C4), 120.70 C2+C5),
116.09 C13+C18), 115.29 C14+C17), 69.23 C11), 56.40 C15), 30.24, 30.02, 30.00, 29.39, 26.63
(aliphaticCHy).

FT-IR (KBr, cm'): 3104, 3083, 2994, 2940, 2921, 2855, 2832, 1590, 1508, 1475, 1463, 1390,
1290, 1234, 1178, 1106, 1038, 866, 826, 811, 741.

3.2.2.Generic procedure for theysthesis oh-bromohexyl-oxy (B(CH),OH)

In a three neck flask, diol was dissolved in toluene and the solution was heated at 120°C. Under
inert flux, a solution of HBr 48% was dropwise added at the system and the reaction mixture was
allowed to react under reflux fa’2h. The crude product was treated with distilled water up to
neutrality, the organiphase was dried over P8O, filtered and concentrated under reduced
pressureThe obtained residue was purified by silica gel column chromatography (EtOAc:Etp, 1:1)

to give a colorless oll.
3.2.2.1.Synthesis of-Bromao-1-hexanol (B60OH)

9.90 g (83.7 mmol) of 1;6exandiol; 126 mL of toluene; 11.4 mL (101 mmol) of HBr 48%; 10.8
g (60.1 mmol) of a colorless oil were obtained (yield 728)NMR (CDCl, ppm):U 3.65 (t,2H,
CH,OH), 3.41 (t, 2H, Ei,Br), 1.87 (m, 2H, E,CH,OH), 1.58 (m, 2H, €,CH,Br), 1.47 (m, 2H,
CH,), 1.39 (m, 2H, E.). **C-NMR (CDCk, ppm):li 63.14 CH,OH), 34.16 CH,Br), 33.05, 32.86,
28.28, 25.28 (aliphati€H,). FT-IR (KBr, cmi'): 3339, 2932, 2859,053, 728, 644, 561.

3.2.2.2.Synthesis of Horomao-1-decanol (B10OH)

10.0 g (56.3 mmol) of 1,X8ecandiol; 86.0 mL of toluene; 7.60 mL (67.5 mmol) of HBr 48%;
8.61 g (36.3 mmol) of a colorless oil were obtained (yield $38-NMR (CDC, ppm): a a
(t, 2H, CH,OH), 3.40 (t, 2H, Ei,Br), 1.85 (m, 2H, E,CH,OH), 1.56 (m, 2H, €,CH,Br), 1.42
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(m, 2H, GH,), 1.29 (m, 1M, (CH.)s). *C-NMR (CDCE,  p p 68)40 CHIOH), 34.38 CH,Br),
33.16, 33.11, 29.80, 29.70, 29.68, 29.07, 28.49, 2@MBhatic CH,). FT-IR (KBr, cm’): 3338,
2925, 2854, 1056, 722, 645, 562

3.2.3 Synthesis of monomeric precursors
3.2.3.1.Synthesis of 3;8is(6-bromohexyl)thiophene (3,6Br)

177 mg (0.356 mmol) 0B,4-bis(6-(4-methoxyphenoxy)hexyl)thiophene (3,4T6p)eviously
synthetized were added to a solution of 0.54 mL (5.70 mmol) of acetic anhydride and 0.40 mL of
hydrobromic acid (HBr 48%). The mixture was allowed to react at 90°C for 24h.

The system was then cooled down to room temperature and the crude product was added to 1
mL of distilled water and ice and subsequently extracted with petroleum etke2q2nL). The
organic phase was washed with 50 mL of a saturated solution of Na&t@Qwith distilled water
up to neutrality (2« 50 mL), dried on Ng50Q,, filtered andconcentrated under reduced pressure.

Finally, the purification by sita gel column chromatographyeftane/diethyl ether.®) allowed
to obtain81 mg (0.197 mmol) of 3,4T6Br as colorless oil (yield 55%).

IH-NMR (CDCl, ppm):U 6.89 (s, 2H, THH2+H5), 3.42(t, 4H, CH.Br), 2.51 (t, 4H, ThE.),
1.88 (t, 4H, G1,CH,Br), 1.64 (m, 4H, ThChCH,), 1.541.38 (m, 8H, 2 (CH,),).

3C-NMR (CDCl, ppm): U 142.01 Th C3+C4), 120.48 Th C2+C5), 34.28 CH,Br), 33.08,
29.79, 29.01, 28.39 (aliphat@H,).

FT-IR (KBr, cmi®): 3099, 2928, 2855, 1507, 1462, 1436, 1257, 1234, 867, 786, 643, 560.

3.2.3.2.Generic pocedure for synthesis of 3glalkoxythiophenes

Alkoxy-bromide chain (B60H or B10OHand ptoluensulfonic acid monohydrate (pTSA) were
dissolved in anhydrous toluene in a neck flask equipped with a cooling system. Subseguently,
methoxythiophene or 3;dimethoxythiophene waadded to the system under inert atmosphere. The
mixture was abbwed to react under reflux for B2

The system was then cooled down to room temperature, the solvent was removed under reduced
pressure and the crude product was recovered CIGHThe organic phase was extracted with
saturated solution of NaHGOwashedwith water until neutrality and dried under vacuum. Finally,
the purification by sita gel column chromatographyefkane/EtOAc 85:15) allowed to obtdime

monomeric precursor.

3.2.3.2.1Synthesis of 3;Bis(6-bromohexyll-oxy)thiophene (3,4TO6BTr)

1.889 (10.4 mmol) of6-broma1-hexanol (B60H); 0.66 g (0347 mmol) of ptoluensulfonic
acid monohydrate (pTSA); 15.0 mL of anhydrous toluene; 0.42 mL (3.47 mmol) ef 3,4
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dimethoxythiophene; the mixture was allowedréact under reflux for 22h; 00mL of CHCly;
50.0 mL of saturated solution of NaHgJ12 ng (1.61 mmol) of 3,4TO6Br were obtained (yield
46%).

'H-NMR (CDCl;, ppm):ii 6.17 (d, 2H, THH2+H5), 3.98 (t, 4H, ThOB)), 3.42 (t, 4H, E,Br),
1.89 (m, 2H, ®,CH,0), 1.83 (m, 2H, E,CH,Br), 1.50 (M, 4H, (El,),).

13C-NMR (CDCk, ppm): U 147.75 (ThC3+C4), 97.36 (ThC2+C5), 70.60 CH.0), 34.11
(CHBr), 33.01, 29.19, 28.24, 25.58 (aliphaflEl.).

FT-IR (KBr, cmi®): 3109, 3002, 2937, 2859, 1563, 1499, 1467, 1242, 1144, 1048, 866, 747, 644,
560.

3.2.3.2.2Synthesis of 3;8is(10dibromodecyl-oxy)thiophene (3,4TO10Br)

0.422 mL (354 mmol) 3,4dimethoxythiophene2.52g (00106 mol) B10OH;67.3 mg (0.354
mmol) pTSA; 50.0 mL toluae; the mixture was allowed to react under reflux for 24h; 100 mL of
CH.Cly; 50.0 mL of saturated solution of NaHgOL.20 g (2.16 mmol) of 3,4TO10Br were
obtained (yield 61%).

'H-NMR (CDCk,  p p @36:(s, 2H, TH2+H5), 3.97 (t, 2H, ThOE.), 3.41 (t, 2H, E,Br),
1.85 (m, 2H, ®,CH,Br), 1.81 (m, 2H, €&,CH,0), 1.42 (bm, 2HCH,), 1.30 (bm, 10H, (E)s).

3C-NMR (CDClk, p p m47.86 (ThC3+C4), 97.21 (ThC2+C5), 70.88 (Th@H,), 34.37
(CH,Br), 33.17, 29.77, 29.70, 29.66, 29.35, 29.10, 28.51, J8IRMaticCH,).

FT-IR (KBr, cni'): 3109, 2927, 2853, 1563, 1499, 146859, 1203, 1152, 1018, 870,37544,
561.

3.2.4 Synthesis of monomer by functionalization with sodium methoxide

The monomeric precursalissolved inmethanol wadast added to a flask containiagsolution
of NaOMe 30% in MeOH. The mixture was allowed to react under reflux fqo2more) The
system was cooled down to room temperature and distilled wateadded to the mixture. Then,
the crude product vgaextracted with diethyl ethelThe organic phase wagashed with water to

neutrality, dried with Ng5O,, filtered and concentrated under reduced pressure
3.2.4.1.Synthesis of 3;8is(6-methoxyhexyl)thiophene (38IMe)

81 mg (0.197 mmol) of 3,4T6BB.0 mL of methanol; A9 mL (0.987 mmol) of NaOMe 30% in
MeOH; the system was heated until reflux and was allowed to react for 4h; 25.0 mL of distilled
water; 530 mg (0.169mmol) of 3,4T60Me agolorless oil were obtained (yie86%).

'H-NMR (CDCl, ppm):6.88 (s, 2H, THH2+H5), 3.37 (t, 4H, €,0), 3.33 (sH, CHa), 2.50 (1,
4H, ThCH,), 1.61 (M, 8H(CH,).), 1.40 (m, 8H(CH,).).
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3C-NMR (CDCk,  p p ri32:28 (Tth C3+C4), 120.29 (Th C2+C5), 73.32 CH,0), 58.90
(OCH3), 29.97, 29.92, 29.79, 29.08, 26 B@iphaticCH,).

FT-IR (KBr, cmil): 3094, 2976, 2928857, 1508, 1479, 1462, 1387, 1229, 1206, 1194, 1120,
958, 868, 783.

3.2.4.2.Synthesis of 3;Bis(6-methoxyhexyl-oxy}hiopheng3,4TO60Me)

200 mg (0.452 mmol) of 3J406Br; 2.0 mL of methanol; 0.12L (0.678 mmol) 6 NaOMe
30% in MeOH; he system wabeated until reflux and was allowed to react for 39.0 mL of
distilled water;132 mg (0.383 mmol) d,4TO60Me asvhite solid were obtained (yield 85%).

IH-NMR (CDChk, ppm): 6.15 (s, 2H, THH2+HS5), 3.97 (t, 2H, ThO&,), 3.37 (t, 2H,
CH,0CH), 3.33 (s3H, OCH5), 1.82 (m, 2H, ThOCHCH,), 1.58 (m, 2H, &,CH,OCHs), 1.43 (m,
4H, (CH2),).

3C-NMR (CDCk, ppm) : U C3%CH)7 9728 (ThCZREE), 73.12 CH,OCHy), 70.77
(ThOCHj), 58.90 (QCHs3), 29.93, 29.34, 26.28, 26.21 (aliphadi,).

FT-IR (KBr, cmi®): 3103, 2976, 2940, 2859, 1564, 1499, 1472, 1378, 1229, 1206, 1157, 1120,
1031, 873, 735.

3.2.4.3.Synthesis 08,4-bis(10-methoxyded-1-oxythiopheng(3,4TO100Me)

300 mg (0.541 mmol) of 3,4(TO10Br); 0.152 mL (0.818 mmol) di NaOMe 30% in MeOH; 1.8
mL of MeOH; the system was heated until reflux and was allowed to rea&hfo23.0 mL of
distilled water; 210 mg (0.460 mmol) of 3,4TO100Me as were obtained (yield 85%).

'H-NMR (CDClk, ppm): Ui 6.16 (s, 2H, ThH2+H5), 3.97 (t, 2H, ThO#,), 3.3% (t, 2H,
CH,OCH), 3.33 (s, 3H, OEl3), 1.81 (m, 2H, ThAOCHCH,), 1.5 (m, 2H, GH,CH,OCH;), 1.43 (m,
2H, aliphaticCH), 1.30 (bm, 10H(CH,)s).

3C-.NMR (CDCkL, ppm) : U C3:C4)7 972@(ThCZrE5), 73.31(CH,OCH;), 70.91
(ThOCHy), 58.87(OCHs), 30.00, 29.87, 29.83, 29.71, 29.35, 26.48, 26.29 (alipBatiy.

FT-IR (KBr, cm®): 3103, 2974, 2921, 2848, 1563, 1499, 1471, 1378, 1210, 1202, 1157, 1123,
1043, 875, 724.

3.2.5.0xidative polymerization of monomers with FeCl

FeCk dissolved in CHNO, was added by drojwise in a flask containingnonomerand
anhydrous chloroform. The mixture was allowed to react under vigorous flux of argon at room
temperature. Then, THF were added to the system and allowed to stir for 50 minutes.

The crude product warecovered with CHGland threated with HCI 2%, up to exhaustive

extraction of the iron (Ill) ionand washed with distilled water up to neutrality. The organic phase
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was dried over N&Q,, filtered and concentrated to reduced volume. The solution of polym
CHCI; was added by drewise in 300 mL of methanol, the precipitate formed was filtered on
PTFE membrane (0.45m pore size) and washed several times with methanol

3.2.5.1.Synthesis of pol®,4-bis(6-methoxyhexyl)thiophehP(3,4T60Me)]

106 mg (0.653mol) of FeC}; 0.64 mL of CHsNO,; 50.0 mg (0.16 mmol) of 3,460Me; 3.50
mL of anhydrous chloroform; the mixture was allowed to react under vigorous flux of argéh for
at room temperatur®,0mL of THF; 20.0mL of CHCL; 44 mg of an orange densd.

3.2.5.2.Synthesis of pol@,4-bis(6-methoxyhexyl-oxy)thiopheng [P(3,4TO60Me)]

192 mg (1.16 mmol) of Feg;l1.16 mL of CHNO,; 100mg (0.2D mmol) of 3,4TO60Me6.30
mL of anhydrous chloroformhe mixture was allowed to react under vigorous flux of argo2%or
minutes at room temperatur#0.0 mL of THE 30.0 mL of CHCk; 56.0 mg (0.163 mmol) of
P(3,4TO60Me) adark purplish solidvere obtainedyield 56%).

IH-NMR (CDCk, p p m) -3.94ii(bs,2H, Ph®H,), 3.36 (t, 2H, E&,0CH,), 3.31 (s, 3H,
OCHSs), 2.021.80 (m, 2H, ThOCKCH,), 1.731.55 (bm, 2H, €,CH,OCHs), 1.541.31 (bm, 4H,
(CH2)).

3C.NMR (CDCk, ppm) : Ui C31C4)511@92 (TKCIHT5), 73.56 CH,OCH), 73.10
(ThOCHS,), 58.86 (GCHs), 30.56, 30.07, 26.53, 26.33 (aliphadiel,).

FT-IR (Ge, Crfll)i 2975, 2858, 1515, 1462, 1432, 1375, 1261, 1163, 1117, 1021, 730.

3.2.5.3.Synthesis gboly[3,4-bis(10-dimethoxydey-1-oxythiopheng [P(3,4TO100Me)|

145mg (0.876 mmol) of FeC}; 0.88mL of CH3NO,; 100mg (0.219mmol) of 3,4TO1MMe;
4.75 mL of anhydrous chloroformhe mixture was allowed to react under vigorous flux of argon
for 23 minutes at room temperatyr£0.0mL of THF;, 30.0 mL of CHCls; 64 mg (0.14Immol) of
P(3,4TO100Me) adark puplish solidwere obtained64 yield %).

'H-NMR (CDCk, ppm):ti  3%-3.80(bs, 2H, ThOEL,), 3.3 (bt, 2H, CH,OCH), 3.31 bs, 3H,
OCH3), 2.(8-1.80 (m, 2H, ThOCKCH,), 1.661.51 (bm, 2H, GH,CH,OCH;), 1.5-1.40 (bs, H,
(CH,), 1.391.12 (bs, 10H, (B>)s).

3C-NMR (CDClk, p p m).12(ThH C34C4)5116.89(Th C2+C5), 73.56 CH,OCHs), 73.18
(ThOCH,), 58.75(OCHs), 30.%, 30.(5, 29.96, 29.872646, 2640 (aliphaticCHy).

FT-IR (Ge, cni"): 2973 2922, 2853, 1516, 1465, 1435, 1376, 1261, 1173, 1125, 1020, 723.
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3.2.6. Synthesis of polyf8-methoxyhexyl)thiophen€PT60Me)

2.86 mL(2.86 mmol) of a 1M solution of methylmagnesium bromide-lutylether were added
to a threeneck flask containing 100 mg (2.81 mmol) of-Aj5romo 3-(6-methoxyhexyl)thiophene
T previously synthetized by my research grougissolved in 15.7 mL of anhydrous THF. The
system was heated until reflux conditions @hdn 1.0 mg(0.0018 mmol) of Ni(dppp)CL were
added. The mixture was allowed to react undertiagnosphere and refled for 2. The crude
product was poured in 200 mL of methanol , fi
times with fresh methanol obtaining 493 mg (2.51 mmol) of polymer (64% vyield).

'H-NMR (CDCE, ppm): U 6H4) 3.38 (t,s2H, EkOCHs;), 3.38 (s, 3H, OHs3),
2.81, 2.57 (bs, 2H, Th&), 1.72 (bs, 2H, 8,CH,0OCH;), 1.60 (bt, 2H, ThCKCH,), 1.44 (bs, 4H,
aliphatic GH,).

¥C.NMR (CDCh, ppm) : UC3), 438.041(®C5) 136.89 (ThC2), 128.99 (ThC4),
73.20 CH,OCHg), 58.88 (QCH3), 30.86 (THCHy), 29.98, 29.77, 29.73, 26.39 (aliphat@H)),).

FT-IR (Ge, cm): 3057, 2930, 2856, 1510, 1456, 1387, 1256, 1121, 1090, 822, 751.
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3.3.NMR spectra

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

Figure 14. *C-NMR spectra of 3,4TO6Br (top) and 3,4TO10Br (bottoAsterisk: solventesonance (CDG).
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........................................

Figure 15. ®*C-NMR spectra of 3,4TO60Mgop) and 3,4TO10Me (bottom).Asterisk: solvent resonance (CRLI
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(a) *
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Figure 16. *C-NMR spectra oPT60Me(a), P(3,4TO60Melf) andP(3,4TO100Me]c). Asterisk: solvent resonance
(CDCly).
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34.FT-IR assignments

Table 6. Main IR absorption bandsm™) of PT60OMe.

PT60Me Assignments
3057 g - b thioph
2930 Oas-CH>- side chain
2856 Osym -CHa-
1510 Gas-C=C- thiophene
1456 gym C=C thiophene
1387 CHj; deformation
1256 g C-C thiophenethiophene
1121 gasC'O-C ether
1090 01 CH thiophene
822 0 C-H thiophene 2, 3,-frisubstituted
751 rocking-CH,-

- g C-Br aliphatic

Table 7. Main IR absorption bandsm™) of P(3,4T60Me) and precursors.

3,4T6P 3,4T6Br  3,4T60Me Assignmens
3104 - - g iTBphenylring
3083 3099 3094 g T8 (aromatica H)
2994 - 2976 Oas CH3
2940 - - Osym CHs
2921 2928 2928 Oas-CH>- side chain
2855 2855 2857 Osym -CH>- side chain
1508 1507 1508 Jas-C=C- thiophene
1475, 1463 1462, 1436 1479, 1462 Osym-C=C- thiophene
1390 - 1387 CHs; deformation
1290, 1234 1257, 1234 1229, 1206 g -Cthiophene ring
1178, 1106 - 1194, 1120 0asC-O-C ether
1038 - 958 gsym C-O-C ether
866 867 868 2 C-H thiophene 3,4lisubstituted
826, 811 - - 9 C-H phenyl ring
741 786 783 Rocking-CH,-
- 643 560 - g C-Br aliphatic
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Table 8. Main IR absorption bandsm™) of P(3,4TO60Me) and precursors.

B6OH 3,4TO6Br 3,4TO60Me P(3,4TO60Mé Assignmens
3339 - - - giOH
- 3109 3103 - g T8 (aromatica H)
- - 2976 2975 JasCHs
2932 2937 2940 2933 Oas-CHo- side chain
2859 2859 2859 2858 Osym-CH>- side chain
- 1563 1564 1515 Oas-C=C- thiophene
- 1499, 1467 1499, 1472 1462, 1432 Osym-C=C- thiophene
- - 1378 1375 CH; deformation
- 1242 1202 1229, 1206 1261 g -Cthiophene ring
1144 1157, 1120 1163, 1117 0asC-O-C ether
- 1048 1031 1021 Osym C-O-C ether
1053 - - - g C-OH
- 866 873 - 2 C-H thiophene 3,4lisubstituted
728 747 735 730 Rocking-CHz-
644,561 644, 560 - - g C-Br aliphatic
Table 9. Main IR absorption bandsm™) of P(3,4TO100Me) and precursors.
B10OH 3,4TO1®r 3,4TO100Me P(3,4TO100M¢g Assignmens
3338 - - - giOH
- 3109 3103 - g T8 (aromatica H)
- - 2974 Emb. OasCH3
2925 2977 2921 2922 Oas-CHy- side chain
2854 2853 2848 2853 Osym -CH>- side chain
- 1563 1563 1516 Jas-C=C- thiophene
- 1499, 146 1499, 1471 1465, 1435 Osym-C=C- thiophene
- - 1378 1376 CHj; deformation
- 1259, 1203 1210, 1202 1261 g -Cthiophene ring
1152 1157, 1123 1173, 1125 0asC-O-C ether
1056 - - - g C-OH
- 1018 1043 1020 gsym C-O-C ether
- 870 875 - 9 C-H thiophene 3,4lisubstituted
122 723 724 723 Rocking-CH,-
645 5& 644, 561 - - g C-Br aliphatic

g = stretching;o = out of plane bendingi = in-plane bending.
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3.5. Methods

'H-NMR and *C-NMR spectra were recorded on a Varian Mercury Plus 400 (400 MHz)
spectrometer at room temperature using TMS as internal standard in deuterated solvents. Chemical
shifts are given in ppm.

FT-IR spectra were taken on Ge or KBr disks using a PerkimelE Spectrum One
spectrophotometer.

The molecular weight was determined by gel permeation chromatography (GPCYLTtEDhg
solutions on a HPLC Lab Flow 2000 apparatus equipped with a Rhed@g® injector, a
Phenomenex MXMs nm mixed bed column and &l K-2301 KNAUER detector. The calibration
curve was recorded using monodisperse polystyrene standards.

UV-Vis spectra were collected by using Perkin Elmer Lambda 19 spectrophotometer using either
around 1G M polymer solutions in spectroquality solveimsSuprasil quartz cuvettes (1 x 1 cm) or
films on quartz slides drepast through the use of Doctor Blade.

Sample decomposition temperatuvesre recorder on NETZSCHG 209 F1 Libraoperating in
air flux and it was used to determine sample decompodgimperatures by heating from 30°C to
600°C with a ramp of 10°C minA TA Instruments Q2000 differential scanning calorimeter (DSC)
was used for the thermal analysis by varying the temperature-8@to 220°C with a heating and
cooling ramp of 10°C mihin a nitrogen atmosphere

Cyclic voltammetry (CV) analyses were performed in a three compartments glass cell under inert
pressure and at room temperature by using CHI Instrument 660C. Polymers were deposited by drop
casting (5 deposi toformnsolubohs (11 mginL) oh Ptoakectradéd (2omm
diameter). Auxiliary electrode wasdisk of Pt andhe reference electrode was aqueous saturated
calomel electrode (SCE). Supporting electrolyte used was a solutiGn of H (OR mNIfR)
while the solvent was chosen in order to avoid the dissolution of film (acetonitrile). Cyclic analyses

were performed at 0.1 V/s asCE absolute potential is 4.24 eV.
3.5.1. Solar cells

The ITO glass substrate 2 cm, surface resistance8l/ s q) was etched on o
10% wt aqueous solution of HCI and heated at 60°C for 10 min, in order to obtain an area of 1.5 x 1
cm covered by indium tin oxide. The glass was then cleaned using distilled watepatol and
dried withanitrgen f |l ow (fi nal r e-sthylkernedioxythedhéne):qalystygepe Po
sulfonic acid (PEDOT:PSS, 2.8 wt% dispersion in water, viscosity 20 cps) was diluted 1:1 v/v with
2-propanol, sonicated for 15 min using an ultrasonic bath (EImasonic S fd@#igd on a Gooch

G2 and the resulting solution (viscosity 12 cps) deposited over the previously treated ITO glass with
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the doctor blading technique using a Sheen Instrument Model S265674, leaving only a small (0.5 x
1 cm) area uncovered at the oppositee of the previously etched area. The PEDOT:PSS film was
heated in a Buchi GKf80 glass oven at 120°C for 90 min under vacuuri® (hthHg).

A solution made by mixin@.5 mg of electrondonor material and 2.5 mg of BB8M in 0.5 mL
of chlorobenzenavas smicated for 15 min and deposited by using Doctor Blade on the slide in
order to cover the PEDOT:PSS layer. The sample was then annealed in the glass oven under
vacuum (1¢ mmHg) at 120°C for 45 min.

Finally, a thin film of Al (electrode, 50 nm of thicke® was deposited over the polymeric layer
through a shadow mask using an Edwards 6306A coating system operating mmtyy. The
active area of the cell was 1 x 1%rfihe currenvoltage characteristics were measured in air using
a Keithley 2401 sourcemeter under the illumination of an Abet Technologies LS150 Xenon Arc
Lamp Source AM 1.5 Solar Simulator (100 mW#ralibrated with an ILT 1408L photometer.

The structure of the final devices was made of: ITO (80 nm)/PEDOT:PSS (100 nm)/active layer
(150 nm)/Al (50 nm). The solar cell spectral response was measured usir§CaSpec Il
Modularized Solar Cell Spectral Test System (SevenStar Optics, Beijing, PRC). Layer thickness
was measured using a FTPAdvances FTRa&im Thickness Probe (Sentech Gmigkgrmany)
equipped with the FTPEXxpert software.
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CHAPTER IV: SYNTHESIS OF A WATER -SOLUBLE
FULLERENE DERIVATIVE

1. Introduction
1.1 Overview

The main disadvantages ofs§are itsreduced solubilityin several common organic solvents
(except toluene and chlorinated aromatics), the high hydrophobicity and its high aptitude to form
aggregates in solutions. Chemical modification of fullerene coulthéekey to make it able to
exploit its propertiesindeed the main electro@acceptor (EA) material used in BHJ solar cells is
[6,6]-PhenytCsi-butyric acid methyl ester PGs;BM), a fullerene estederivative. Its good
solubil ity an eonugatedcpolymers astP§ATsnallowv the device to perform quite
well when they are mixed together in a photoactive bténd.

In addition to the chemical structure of materiag solvent used for the depositiohthe blend
and the annealing conditions play iamportant role in the film formation and consequently on the

final device efficiency.
1.2. Aim of the chapter

In order to prepare completely green active layers of BHJ eelistefalcoholsoluble fullerene
derivativewas synthetized and tested as electemteptor material in photovoltaic devi¢eShe
solubility in the same solvents tifetwo photoactive materials improves the compatibility between
them promotinga higrer contact area with the consequesmhancement othe photocurrent
generation and the improvement of the final efficiency of device

The structural properties A material were investigated by spectroscopic techniqués (
NMR, BC-NMR, FT-IR), its absorption profile was evaluated through-\¥ in solid state and the
energy of its LUMO level was determinbg cyclic voltammetry (CV).

This chapter is aextractedp a r tInfleefice @f the active layer structure on the photovoltaic
performance of watesoluble polythiophenbased solar ceis M. L a Quadretti, MD .
Marinelli, Y. Ziai, E. Salatelli, F. PierinRolymers2021, 13, 1640.

The electrochemical measuremer{GV) were carried out in collaboration withational
Research Council (CNR) Institute for Organic Synthesis and Photoreacti{I§fOF), Bologna
(BO), ltaly.
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2. Results and discussion
2.1. Synthesis

The adopted synthetic route provides a nucleophilic addition of a malonatg, toy Ghe
modified BingeiHirsch (BH) reactioni. In detail, the procedurenvolves a nucleophilic [2+1]
cycloaddition between the fullerene and a halogenated malonate (i.e.-lomdomalonate) in
the presence of DBU or NaH as a strong Base.

Starting from a commercially available reag@raminc1,3-propanediol(serinol), the first step
of this synthetic strategynvolves a condensation reaction between serinol and diethylmalonate to
give serinolamide which was subsequently protected with acetic groups to give the corresponding

esterN , MNB®&{2-(acetyloxy}1-[(acetyloxy)methyllethyl}malonamidgP-Se) (Scheme 1).

o O

O O
P NP NN P QQ
5 (HO/\/\OH) © o ° ACO}NMN{OAC
NH; 200 °C, 45 min Pyridine AcO H H OAc
Serinol P-Ser

K,CO3, MeOH
-
r.t., 90 min

Png-Ser

Schemel. Synthetic route to obtain fullerene derivativg-Ser.

The replacement of one -[g fullerene double bond takes place through a cyclopropanation
reaction in situ with J and in presence of DBU as a base give the halogenated malonate
intermediate andsubsequently the protected malonodiserinolamide fullaee (PGso-Sel). The
stoichiometry of reagents was established with the aim of obtainingaaldhist product as was
previouslyreported that the deprotected meadduct is poorly soluble in wat&fThe final basic

methanolysis at room temperature allows to obtain the vgatable fullerene derivativeggSer.
2.2. NMR characterization

Thechemical structuref thefullerene derivative gg-Ser and its precursors-&er and Pgg-Ser)

wereverified by*H-NMR and**C-NMR spectrscopy
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(a) *

(B) *

(c) *

Figure 1.'H-NMR spectra of FSer(a), PG-Ser(b)and Gg-Ser(c). Asterisk: solvent resonancé3DCl; and
CD;0D).

By comparingthe spectra ofthe protected serindP-Ser with PGsp-Ser (Figure 1a and 1b
respectively), i t Othe rgadienson the fallerene surtacerhfsi occomred h a t
detail, the sgnal at 3.21 ppm ascribable to the CB£O protons of FSeris absenin PGs-Ser
spectrumas expectedA further confirmation is given b{C-NMR spectra of P&-Ser (Figure 2b)
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in which the signal at 73.19 ppm is attributatdeubstituted &, in addition to the signal at 143.30
ppm ascribable to fullerene.

The subsequendeprotection of malonic groupd PGso-Serto give the watersoluble fullerene
derivative Ceo-Sel) is confirmed by'H-NMR spectrumof the latter (Figure &) in which the
absence of theignals at 4.35 and 2.09 ppm ascribable to the acetoxy group pmottmes side
chains(OCH, and (Hs), can be observe@imilarly to PGg-Ser, the"*C-NMR spectrunof Ceo-Ser
further confirms that th&ullereneis directly linked to malonamide derivati®y the presencef the
signabat141.00 and 73.04 ppm (Figure)2
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Figure 2. ®C-NMR spectraof P-Ser(a), PCeo-Ser(b) andCgsq-Ser(c). Asterisk: solvent resonancé3DCl; ard
CD;0D).
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2.3. FTIR characterization

According to NMR characterization, HR spectroscopy can also give another confirm of the
succesl of reactions and allows the identification of temnals belonging to the fullerene
derivatives and fSer. The IR absorption bands of all materee shown in Figure 3 and their

assignments are reported in Table 1.

Amide II band
(1537)

v N-H \

(3289)

Amide I band
(1646)

Trasmittance (a.u.)

|

Amide III band Ceo(1182)

(1371)

E T ; T E T T T ' T ! T . 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)

Figure 3. FT-IR spectra of FSer ¢ed ling), PCy-Ser black lingd and Gy-Ser green ling.

At first, the structure of protected malonamide is confirmed by the absence of absorptions at
1401 cnt - ascribable to the bending out of planei 6H bond- and by the presence of typical
amideabsorption bands (I, 11, Il). Moreovethe absorption bands at 1428, 1180, 561 and 526 cm
confirm the presence of fullerene in BESer. The absence of the bands ascribable to the stretching
of C=0 esteland-OCOCH;is a further confirm of the succesakfeaction of deprotection of R&E
Ser to Go-Ser.
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Table 1. Main IR absorption bandsm™) of P-Ser, PGy-Ser and G-Ser.

P-Ser PGCso-Ser Cgo-Ser Assignmens
3301 3289 3405 g -M
2961 2926 2948 Oas-CH>-
2902 2853 2623 Osym -CH>-
1737 1739 - g C=0 ester
1661 1646 1649 Amide | -0O:¢
1537 1543 1548  Amide Il band,ii N-H

- 1428 1429 fullerene

- - 1401 2 OH
1370 1366 1371 Amide Ill band,g C-N
1242 1228 - Jas-OCOCH;

- 1180 1182 fullerene

- 561, 526 576, 526 fullerene

g = stretching;2 = out of plane bendingii = in-plane bending.

2.4. Optical properties (UWis characterization)

The optical properties of ggSer were evaluated in the solid state using film on quartz slide
deposited by Doctor Blade fronts solution in methanol (MeOH). The resultingnormalized
absorptiorspectrum is reported in Figureémcomparison wittthat ofa film of PCs;.BM - drop-cast

from chlorobenzene (CB)a fullerene derivative commercially available.

1.0 4
_ _— C(’”-Ser film from MeOH
0.9 4 B PCMBM film from CB
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Figure 4. Normalized U\tVis spectrunof Cs-Serand P@;BM in thinfilm.

First of all, i tedshift (ordoathedrdmic shift} obtheraxantum absorption e
wav el empftorh 342 mm (P&BM) to 356 nm(Cgp-Ser) ascribable to differestructure of
the compoundsand of the solvents used fatheir deposition. Moreover, the range of absorption of
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Ceo-Ser is wider and its spectrum is more structured than that @BMIC suggesting a more

effective light absorption, an important feature for the final application in BHd cglla
2.5. Electrochemical properties (CV)

The properties of G-Ser were evaluated also through cyclic voltammetry with the aim to define
its LUMO level. The analysis was conducted on a thin film drop cast from methanol on a Pt
electrode and using mixture of solvents (0.1 mol/L (fElg)4sNCIO, in CH3CN:C/Hg (25:75)).
previously chosen in order to avoid the dissolution of the castilm.
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Figure 5. Cyclic voltammetry of G-Ser infilm.

As show in Figure 5Cso-Ser shows a reversible reduction wave(aB7 V suggesting that the
presence of substituents on fullerene surface does not affect the ebsxtemtingproperties of the

carbon cage in solid state.

Table 2.Redox potentials and energy levefSCso-Ser in thin film.

Eox (V) Erea(V)? HOMO (eV) LUMO (eV)
CooSEr - -0.37 - -3.87

& Calculated by onset; SCE absolpttential 4.24V.

The lowest unoccupied molecular orbital (LUMO) energy was estimated according to the

following relation:
LUMO =-q (Eeqt+ 4.24)

where ¢ is electronic charg®ed Eeqis the onset reduction potential (V).
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In view of the final application, in Figuré are reported the energy lewadlues of all materials
employed in a solar cell with BHJ architecture (P3HT as reference for ED maféhall.UMO
energy is the &y for an estimation of the electron affinitgA), which is the main feature for the
electronaccepting materials.

Comparing PGBM (-3.90eV)and grSer¢(3. 87 eV) LUMO | evel s, it
fullerene derivatives show higher values thatiefene G (-4.50 eV)™ The energy levels of the
two electroracceptor materials are veryosk to each other but the water/alcobolubility of
synthesized fullerene derivative makes it a more valuable EA material for sustainable photovoltaic
applicatons. Moreover, he energy gap between ED LUM®3HT, -2.74 eV}? and EA LUMO
(Ceo-Ser,-3.87 eV) levels should be enough to drive the exciton dissociation at the donor/acceptor
interface in a BHJ solar cell.
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Figure 6. Energylevel alignment of OPVkyers (ITO, PEDOT:PSS and Aland comparison betweendand its

derivatives levels.

2.6. Conclusions

A maloserinolamide fullerene bedduct has been successfully prepared with the aim to obtain a
watersoluble EA material for BHJ PSCs. Its optieald electrochemical properties has allowed to
test Go-Ser in a photovoltaic device in which the photoactive layer was-caspfrom methanol.

The good final solubility (>5 mg/ml) in polar solvents albbtenhancehe sustainability of device
assemblingpwing to the decreased toxicity of the employed solvents.
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3. Experimental section
3.1. Materials

Fullerene (Go, 98%), toluene (GHs, >99.9%), ethyl acetate (EtOAc, >99.5%) angyridine
(>99.0%)were purchased from Sigma Aldri€@hemical Co(USA). Methanol (MeOH, >99.8%)
was purchased from Honeywell (Germany). -Dj&zabicyclo[5.4.0Junde@-ene(1,55) (DBU,
>99%) was purchased from Fluka ChemikaArgino-1,3-propanediol (Serinol, >98.0%) was
purchased from TCI (Tokyo). Diethyl malonate (99&#)d acetic anhydride (A¢O, 99%) were
purchased from Carlo Erb#dly). lodine resublimed £) was purchased from MerckGermany)
All materials were used as received. All manipulations involving moisteingitive reagents were

performed under argon atshere in flamalried glassware.
3.2. Synthesis
3.2.1.Sy nt h e s iBs{2-(adetyldxy)1N(acetyloxy)methyllethyhnalonamidgP-Ser)

In a loosely capped Pyrdube, 0.98 g of serinol {8minc1,3-propanediol, 10.9 mmol) and 0.72
mL (4.57 mmol) of didtyl malonate were mixed and heatat 200C for 45 minunder stirring
After evaporation of EtOH, the system was cooled down to room temperature artiehdaep
orange solid residue was treated with mL of Ac,O and 40 mL of pyridine The mixture was
allowed to react under stirrirfgr 20 h at room temperaturBubsequently 3.0 maf methanol were
carefullyaddedaftercooling the systerto O °C.

The solvents were removed under vacuum and the residue was recoverenimB&tOAcC.
The solid was then extracted with a diluted solution of Cu@0° M, 3 x 20 mL), washedwith
distilled water (3 x 30 mLand finally extracted with a saturated solution of NaCl. The organic
phase was dried with N&aO, and filtered to gived.63L g (1.51 mmo) 33% yield) of deep orange
oil.

'H-NMR (CDCl, ppm):li 7.34 (b, 2H, M), 4.43 (m, 2H, €INH), 4.16 (m, 8H, O@.), 3.21
(s, 2H, CO®,CO), 2.07 (s, 12H, By).

¥C-NMR (CDCk, ppm): U 170.91 (CHCOO), 167.15 CONH), 62.65 (@H,), 47.61
(CHNH), 42.64 (CQCH,CO), 20.89 CHy).

FT-IR (Ge, cnmi"): 3301, 2961, 2902, 1737, 1661, 1537, 1370, 1242.

3.2.2.Synthesis gbrotected malonodiserinolamide fullerene gg-Ser)

In a roundbottom flask, 0.0644 g (0.0894 mmol) of fullerengdj@vere dissolved in 110 mL of
anhydrous toluene. 0.187 g (0.447 mmol) e®&, 0.13 mL (0.894 mmol) of DBU and 0.113 g
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(0.447 mmol) of 4 were added to the system. The mixture was left to react for 24 h under stirring
and inert atmosphere at room tempearat

The organic phase was washed with distilled watex (0 mL) and a saturated solution of
NaCl (1 x 100 mL). After drying with NgSO, and concentrating at reduced pressure, 0.174 g
(0.112 mmol 25% yield) of PGy-Ser were obtained.

'H-NMR (CDCk, ppm) : U 7. 39 ( br HY4.69 (m=2H, GNB), 435 (dd, 8HH, N
OCHy), 2.09 (s, 12H, €).

3C.NMR (CDCk, ppm): U 171.00 (CHCOO), 165.80 (CONH), 143.30, 138.25, 131.57,
129.36, 128.55, 125.62, 125.45, 125.42, 73.1%,)(®2.78 (OCH,), 58.79 (OCCO), 49.45
(CHNH), 21.11(CHs).

FT-IR (Ge, cnt): 3289, 2926, 2853, 1739, 1646, 15432841366, 1228, 1880, 561, 526.

3.2.3. Synthesis of the malonodiserinolamide fullerepg $€r)

In a system containing 40.0 mL of methanol and 40.0 mL of a satusatetion of KCO;,
0.100g (0.0644 mmol)of PCs-Ser were carefully added. The mixture was left to react under
stirring at room temperature for 90 min. The organic phase was removed and the dark brown solid
was dried under vacuum. The solid was washed several times with MeOH, filtered on a PTFE
membrang0.45em pore sizeand dried, giving 0.0678 g (0.0557 mmol, 87% yield) gf Ser.

'H-NMR (CD:OD, ppm): Ui 3.73 (m, 4H, E,0H), 3.48 (m, 4H, €,0H), 3.13 (m, 2H,
CHNH).

13C-NMR (CDsOD, ppm): i 161.42(CONH), 141.00 (Go), 52.72(HOCH,), 52.50(COCCO),
52.28(CHNH).

FT-IR (KBr, cmi’): 3405, 2948, 1649, 1429, 1401, 1371, 1182, 576, 526.
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3.3. Methods

'H-NMR and *C-NMR spectra were recorded on a Varian Mercury Plus 400 (400 MHz)
spectrometer at room temperature using TMS as internal standard in @eusedsents. Chemical
shifts are given in ppm.

FT-IR spectra were taken on Ge or KBr disks using a Perkin Elmer Spectrum One
spectrophotometer.

UV-Vis spectra wereun by usinga Perkin Elmer Lanbda 19 spectrophotometer wittms
drop-caston quartz slidethrough the use of Doctor Blade

Cyclic voltammetry (CV) analyses were performed in a three compartments glass cell under Ar
pressure and at room temperature by uamgMEL 5000 Electrochemical System. Polymers were
deposited by dropasting from methanol solutions on Pt electrode (1 mm diameter). Auxiliary
electrode was Pt wire spiral and reference electrode was aqueous saturated calomel electrode (SCE).
Supporting electrolyte used was a solution ofHg§4NCIO, (0.1 mol/L) while the slvent was
chosen in order to avoid the dissolution of film (acetonitrile/toluene, 255}, absolute potential
is 4.24 eV
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CHAPTER V: SYNTHESIS OF ALCOHOL -SOLUBLE
POLYTHIOPHENES AS ELECTRO -DONOR MATERIALS FOR
BHJ SOLAR CELLS

1. Introduction
1.1 Overview

The production of organic solar cel(®PVs) very often requires the consumption of large
amounts of chlorinated and/or aromatic organic toxic solvents. The future technologies are clearly
needed to make progress toward the study of {acgie environmentally friendly techniques.

For this reaon, water/alcohosoluble conjugated polymers (WSCPs) have attracted growing
attention in recent yeafS.Th e s o | u-tonjugated polymdrs in polar solvents, in particular
poly(3-alkyl)thiophenes, can be achieved and tailored by incorporatingpiydic ionic moieties
such as imidazoliuti” amina® or phosphine groups to monomer and/or polymer side chains to
obtain conjugated polyelectrolytes (CPE3he main characteristic of these materials is the
possibility to combine the good opticaloperties of polythiophenes with the final solubility in

solvents which are safer than common organic stdven
1.2. Aim of the chapter

In order to study water/alcohebluble materials, several CPEs witifferent functional groups
at the end of side chai@imidazole, phosphine and phosphate grpupsre synthetized. The
investigation of materials was carried out in order to check in which case better results can be
achieved.

The structural propertiewere investigated by spectroscopy techniqués-NIMR, *C-NMR,
3IP.NMR, FT-IR, UV-Vis), thermogravimetric analysis (TGA) andifferential scanning
calorimetry (O5C). The final materials were tested plsotactive layersin organic solar devices
obtaining promising results ophotoconversion efficiency (PCHRising tributylphosphine as side
chain polar moiety

The electrochemical measuremer{t3V) were carried out in collaboration withational
Research Council (CNR) Institute for Organic Synthesis and Photoreactivity (IS@6logna
(BO), ltaly.

The synthesis of poly{d6-(tributylphosphoniumshexyl]-thiophen&bromide (PT6bufBr) and
poly{3-[6-(1-methyt1H-imidazol3-ium)-hexyl]-thiophene}bromide (PT6l)and the synthetic
resultsreported in this chapter weperformedby Antonia Grieco and Simone Rmi respectively,

under the supervision of the author, or by the author herself.
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2. Results and discussion
2.1. Synthesis

In order to synthete different water/alcohasoluble polymers through peitnctionalization
reactions (Scheme 1), three regiodeguyoly[3-(6-bromohexyl)thiophene]s (PT6BOf different
molecular weightsvere firstly prepared by GRIM methdd(as reported irChapterll) and their

main charactéstics are reported in Table 1.

Table 2. Main characteristicef starting polymers.

Yield (%) HT (%)® Mn (kDa)® PDI®

PT6Br_1 44 92% 34.6 1.13
PT6Br_2 24 95% 14.9 1.15
PT6Br_3 21 94% 11.0 1.18

2 Determined byH-NMR; ® Determined by GPC chromatography.

The choiceto postfunctionalize polymeric gecursorinstead of syntheting a functionalized
monomer is mainly due to thHack of solubility which could be a limiting factdior its further
polymerization reactions. Moreover, through pistctionalization the configurational regularity of
the resulting polmer cannot be affected by the substitution reaction. For these reasons, the
regioregularity degree of the ionic functionalized polythiophenes iglgiermined in the polymeric
precursors (up to 90% HT dyaday well as the mean degree of polymerizatibas faciliting the

characterization of the final material being polyelectrolytes hardly soluble in common organic

solvents
N
LD
Br\ \N Br r\!+
(CH2)e k‘/\> (CHz)s
A N A
T Bri“g”TH Br-{~g” TH
n Method 1 or 2 n
PT6Br_1 PT6l
Br Br. Br B F\’+
(CH2)e (CHa)e ;N‘i"'(:;[“jg)‘é‘l (CHy)s - T (CH)e
. u
ﬁ_\j NBS ) ﬂs 2 . i ! 2 5 / \\H
s DMF s ' THF s n toluene s n
TéBr 2,5BT6Br PT6Br_2 PT6buP*Br
o .
Br Ho-p-OH
CH CHa)g
(R b0y, e
. Y ks I
Bri~g” TH 2 Me;sigr o 50"
PT6Br 3 Meor PT6PO(OH);

Schemel. Scheme of synthetic procedures to obtain alcohol soluble polythiophenes.
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The first synthetic route involdethe postfunctionalizationof PT6Br_1by reaction with 1
methylimidazolium.Two methodswere chosenin order to synthetize poly{§-(1-methyl1H-
imidazot3-ium)-hexyl]-thiophene}bromide (PT6I)The first method was proposed by Bondarev et
al.*'? and involved theuse of several solvents to give good reaction yield, unlike the second
method (yield 13%). Although the latter procedure involves the use of anhydrous solvent and is
simpler than the firstopEBond ar e v & s tedite betthe Hest preceduresymthetize PT6I
(Table 2).

As the previous way, the sewb synthetic route also involvedpostfunctionalizationby a SN
reaction on the bromoalkylic side chain of PT6Br_2 and in presencanofexcess of
tributylphosphine (PBsj 1:10). In detail, thegymeric precursor was allowed to react under reflux
conditions with phosphine in toluene. In this wafe formed polyelectrolytepoly{3-[6-
(tributylphosonium}hexyl]-thiophengbromide(PT6buPBr) resultedto be insoluble in common
organic solvents li& toluene, giving a precipitate whietias easily recovered from the reaction
system. The main advantagetioé reaction with phosphines is the possibility to obtain the complete
postfunctionalization of side chaisubstituent§® As for PT6I, the resulting average molkou
weight wa calculated fronits precursor (Table 2).

The third synthetic route also involved a phstctionalizationreaction on bromide group of
PT6Br_3 but with the aim to obtain an alcolsoluble neutral (on-ionic) polythiophene. The
polymeric precursors were allowed to readth triethyl phosphite followed by hydrolysis of
phosphonic ester moiety with bromotrimethylsilane in meth&halt first, the polymer was
functionalized with triethylphosphite thrgh the Arbuzov reaction, also known as the Michaelis
Arbuzov rearrangement.

In detail, the reaction involvethe bromide group at the end of side chain and a trialkyl
phosphite to give the corresponding dialkyl phosphonate. The subsequent stepectaisist
McKenna Reaction, a transeterification reaction in presence of bromotrimethylsilane, followed by a
methanolysis providing the phosphonic addtivative®*’

Although the first reaction gaveegood yield of functionalization with triethylphosphite (80%),
the subsequent step produced a burgundy sdlidh wasdifficult to characterize due to the low

solubility bothin organic and polar solvents.
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Table 2. Main features opostfunctionalizedpolymerscalculated from precursars

Yield lonic o b b b

reaction(%) content (%)? HT (%)~ Mn (kDa)~ PDI
PT6l 88 90 92% 34.0 1.13
PT6buP Br 98 100 95% 27.2 1.15

2 Determined byH-NMR; ® Determined by GPC chromatography.

With the aim to improve solubility and optical properties maintaining the same cationic moiety
(tributylphosphium group), it has beethen decided to synthetize a polythiophene with a
polyetheral side chain. By introducing oxygen atoms on the alkylchains possi bl e t o
polymer polarity ando improve the interaction between macromolecules and solvent. Moreover,
the electrondonor effect of the oxygen atoms yields h e syst emrichmitan a el e
common poly(3alkylthiophene),thus favong the coplanar conformation and tlsensequently
decreasing oénergy band gap.

At first, the synthetic route involgghe protection of a hydroxyl group of tetraethylene glycol in
presence of triethylamine which waecessary to remove the generateddgjdridric acid. The
following etherification reaction with the glycol tosylate anthd8thoxythiophene in presence of p
tolueresuffonic acid gave the corresponding thiophenic ether (SchemeT2)e resulting product

was unstable and for this reason noracterizable or uskbfor the following reactions.

Q 2
0 CH,Cl, 0 OMe @g'OH o/\ﬁo’ﬁ@
O?‘,‘CI ’ H(O\/\&OH NEt, 4@340&{? " @ ST d 4 ©

Scheme2. Synthesis opolyetheralthiophene

Toluene/reflux 15h s

Due to the difficulty to obtain a polythiophene with several oxygen atoms in side chain, the
project wasthen focused on another synthetic strategparting from 3,4dimethoxythiophene
(Scheme 3).

The presence of two oxygen atoms directly linked to thiophene ring further enhances the

electrondonating effect due to the higher charge delocalization.
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3,4TO6Br rt/50' P(3,4TO6Br) P(3,4TO6buP*Br)

Scheme3. Synthesiof poly[3,4-bis(6-bromohexyi1-tributylphosphonium)thiophendipromide

In detail, the hydroxyl side chain with a bromide group was synthéfiztarting from 1,6
hexanediol with the aim to maintain the bromide group at the end of side chain after the
transetherificatin reaction with 3,4limethoxythiophene (3,4TOMé&} The mechanism involved
acid conditions (goluenesilfonic acid, pTSA) provithg the formation of the corresponding ether
3,4-(6-bromohexyi1-oxy)thiopheng3,4TOG6BT).

The symmetry of the monomeric precursor, as
allowedto proceed with oxidative polymerization with ferric trichloride (FgClusually used as
not regiospecific polymerizationi obtaining the correspondingoolymer poly[3,4-bis(6-
bromohexy1-oxy)thiophene]P(3,4TO6Br), Mn = 42.4 kDa, Xn = 96, PDI = 1]48

Moreover, the bromide groups at the end of side chainsedldlae posfunctionalization othe
resulting polymer with tributylphosphineconsidered thenost performingcationic groupfrom a
synthetic point of view, as previously discussedto obtain poly[3,4-bis(6-bromohexyl-
tributylphosphonium)thiophengipromide[P(3,4TO6bufBr), Mn = 81.1 kDa, PDI = 1.48

2.2. NMR Characterization

All the synthesizegrroductswere characterized byH-NMR and *C-NMR spectrometry to
evaluate their chemical structure and purity degree.

At first, '"H-NMR spectroscopy was used égaluae the percentage of hegwitail linkages (up
to 90%) in the macromoletar backbone of théT6Br - the polymeric precursor of botionic
poly(3-alkylthiophenesPT61 and PT6bulBr - since the regioregularity degree candetermine
by the integral ratio of the signals centered at 2.83 ppm (HT dyads) and 2.59 ppm (HH and TT
dyads) (Figure 1).
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7.0 6.0 5.0 4.0 3.0 20 1.0
ppm

Figure 1. "H-NMR spectrunof a regioregular PT6BAsterisk: solvent resonance (CRLI

The occurrence of po$tinctionalization reactions with -thethylimidazolium and
tributylphosphine to give PT6l and PT6B&P, respectivelywas verified by botfH-NMR and
13

C-NMR.

In particular, when analyzintH-NMR spectra (Figure 2), the presencetwb broad triples at
4. 19 ppm and 2.24 ppm can be apositionsiouhe eationit o t |

imidazole and phosjie group, respectively.

In PT6I spectrum, the presence of a tripletat 3.43 ppns cr i babl e to met hyl
position to bromide groupi indicates the nowgomplete substitutionof -Br with 1-
methylimidazolium (yield of posfunctionalization 9%). Differently, the total absence of signals
ascribable toprotons of halogenatechoietiesin PT6buPBr  evidences the total substitution

reaction with phosphonium group, which typically occurs when phosphiaasad as nucleophile

reagents.

Figure 2. 'H-NMR spectra of PT6l (left) and PT6blB (right). Asterisk: solvent resonance (gDD).
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For the disubstituted cationic polythiopher®(3,4TO6bufBr), the comparison ofH-NMR
spectra of monomer 3,4TO6Br and polymeric precursor P(3,4TOG6Br) eviditrecdsappearance
of the doubl et at 6. 17 ppm ascribable to th
positions. In this cas¢, he degree of HT | i duk @ dhe sywmraesryn d@f t d
monomer, determininghe absence of sigrsabscribableto HH and TT dyads in the spectrum.
Moreover, thébroadening bsignalscan further confirm the successful reaction (Fig8aeand3b).

As for PT6buPBr, the 'H-NMR spectrumof postfunctionalized polymeP(3,4TO6buP Br)
showsthe presence of a broaignal at 2.23 ppm that can beascribedto the eight methylenic

pr ot od4pesition o theonic group(Figure3c).
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(a)

(b) s

(c) *

9.0 8.0 7.0 6.0 5.0 4.0 3.0 20 1.0
ppm

Figure 3. 'H-NMR spectra of 3,4TO6Braj, P(3,4TO6Br) I§) and P(3,4TO6bUMBr) (). Asterisk: solvent resonanse
(CDCl; and CRROD).

Finally, the®'P-NMR spectra of PT6bUBr and P(3,4TO6bufBr) reported in Figurel also
confirm the complete absence of unreacted tributylphosphine and the complete

functionalization of precursors, as previously verified.
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Figure 4. **P-NMR spectraof PT6buPBr” (left) andP(3,4T60bubBr) (right).

2.3. FTIR characterization

FT-IR spectroscopy gave another confirm of deeurrenceof polymerization andgubsequent

postfunctionalizatiorreactiongTable 3 and Figure 5).

Table 3. Main IR absorption bandsm™).

PT6Br PT6I PT6buP Br Assignments
- 3145 - 0as C-H imidazolium
3052 Emb. 3053 g - b thiophe
- 3078 - Osym C-H imidazolium
- - 2957 Oas CHz phosphonium group
2028 2030 2029 gas-CHz- side Cg?(;rl]pand phosphoniurr
2855 2856 2870 Osym -CH.- andi CHs
- 1627, 1572 - Jasimidazolium ring
1511 1511 1513 Oas-C=C- thiophene
1459 1461 1463 Jym C=C thiophene aneCH,-
deformation phosphonium group
- 1451 - Osym iIMidazolium ring
- - 1410 2asP-CH2-R
- - 1378 -CHs deformation phosphonium groug
1257 1259 1232 g C-C thiophenethiophene
- 1178 - OasN-CHjs
- 1169 - OsymN-CHjs
1089 1098 1099 U7 CH thiophene
- 1044 - U7 CH imidazolium
832 832 833 2 C-H thiophene 2, 3,frisubstituted
- 752 - 9 C-H imidazolium
728 725 723 rocking-CH,-

645, 562 644, 560

g C-Br aliphatic

g = stretching;2 = out of plane bendingii = in-plane bending.
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The IR spectrunfFigure5) of brominated polythiophenBT6Br (black lineshows peaks at 645
and 562 cm® which are characteristic ofthe aliphatic CiBr stretching The desired post
functionalization with methylimidazole andribbutylphosphoniumgroups are confirmed by the
presence of thbands at 2957, 2929, 2870, 146378 cn and at 3145, 3078, 1627, 1572, 1451,
1044, 752 crit, respectively (Table 3).

Moreover, he completedisappearance of thebds related to Br stretching in FTIR spectrum
of PT6buPBr evidenceshe completepostfunctionalizationof the polymeric precursor, as already
stated®

Vsym -CH»- \
— (2855) v C-Br
Vas -CHa- aliphatic
= (2928) ~~
<
-
0]
Q
(= /
<
= \ imidazolium \
3= Veym C-H Vsym 1MI NLCH
& v CH  imidazolium (1451) N
E imidazolium
= W
Vas —CH3 Yas P-CHE-R
phosphonium _— (1410)
group
T | T I s I . I L I T I s 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (Cm'l)
Figure 5. FT-IR spectraof PT6Br (black line), PT6I (blue line) andrBouP Br (red line)

Also in the case ofdisubstitutedpolythiophene,occurrence of the desired reactionss
confirmedby IR spectroscopy and the main absorption bands with relative assignmeeisoaied
in Table 4 and Figure.6
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Table 4. Main IR absorption bandsm™) of polymers and precursors.

3,4TO6Br P(3,4TO6Br) P(3,4TO6buPBr’) Assignmens
3109 - - g 1B (aromatica H)
- - 2958 Oasi CH3 (phosphonium group)

Oas-CHy- (side chain and

2937 2937 2933 :
phosphonium group)
2859 2859 2872 Osym -CH.- andi CHs
1563 1509 1511 Jas-C=C- thiophene
1499, 1467 1456, 1433 14641431 Osym-C=C- thiophene
i i 1379 I CH3; deformation (phosphoniun
group)
1242 1240 1230 Vibration thiophene ring
1144 1170 1147 0asC-O-C ether
1048 1049 1097 Osym C-O-C ether
866 - - 9 C-H thiophene 3,bisubstituted
747 728 726 Rocking-CHa-
644, 560 643,560 - g C-Br aliphatic

g = stretching;2 = out of plane bendingii = in-plane bending.

Going from the obtaied spectra of starting monomeé,4TO6Br and related polymer
P(3,4TO6Br) the disappearance of bands at 3109 and 866-cascribable taCi H stretching of
aromatica protons and ofhiophene 3,4lisubstituted respectivelyi confirms that polymerization
has occurred. As forPT6buPBr, the subsequent complete pégictionalization with
tributylphosphine is confirmed by the presence of the bands at 2958, 2933, 287 arah and
by the disappearance of thenbla of GBr stretching (Figure)6
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Figure 6. FT-IR spectraof 3,4TO6BTr (grey line), P(3,4TO6BTr) (purple line) and PT&$buPBr) (green line)

2.4.Thermal properties

The thermalstability of PT6l, PT6buPBr  and P(3,4TO6buPBr) were evaluated by TGA
analysis under oxidizing atmosphere (air), at a heating scan rate of 10%Canurup to 600°C
(Figure 7 and Table)4

The TGA curve®f all the examined samples shtlwee main weight lossélsatcanbe ascribed
to the elimination ofonic moiety (up to 200°C}o thealiphatic side chaiscission (up to 250°C)
andto themacronolecular backboneombustion (up to 400°C), respectivelor PT6buPBr, the
negligible first loss of weight at ~ 100°C iscabable tothe presence of traces wibisturedue to
the strong hydrophilicity of the single phosphonium group. This phenomenon is tioulpdy
evident for the othepolyelectrolytes probably due to the steric hindrance of methylimidazolium
andof thetwo phosphonium groups of PT6I aR(8,4TO6buPBr), respectively.

The synthesized samples, however, may be considered stable enough to be used as photoactive

materialsn organic photovoltaic devices
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Figure 7. TGA thermograms ofationicpolymers

Table 4. Decomposition (§) and glasdransition () temperatures of polymers.

Ta(°C)® Tymax (°C)° T4 (°C)°

PTGl 280 303 69
PT6buPBr 355 402 43
P(3,4TGBbuP'Br) 212 221 48

2 Determinecby the onset poinbf the first inflection® calculated from the first derivative of the weight/temperature
curve;® evaluated by DSC analysis

The DSC analysis was carried out under nitrogen atmosphere with a heating ramp of 26°C min

from -20°C up to 200°C and the relative curves are reportédjure8.
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Figure 8. DSC curvesf cationicpolymers

All polymeric samples show the endothermic flexure ascribable to the glass transition
temperature (J), a value that decreases when the tributylphosphonium group is linked to the side
chain (Table 4). Moreover, the presence of ionic side chain moéetses the absence of melting
and crystallization peaks in DSC curvesatifsamples, evidencing the ambqus nature of these
materials.On the contrary, brominated polymeric precursors show evident melting peaks ascribable

to their semicrystalline state.
2.5 Optical properties (UWis characterization)

The optical properties of ionic conjugated polymersensnalyzed by UWis spectroscopy both
in solution and in solid state, by dropsting their solution onto quartz slides. Thearmalized

absorptiorspectra andssignments are shown in Fig@@and Tabléb.

Table 5. Wavelengtls of maximum absorption of synthetized polymierseveral polar solvents and their solubility

Smax Solution  amax film  Solubility

Solvent  JaSvim)  (m)  (mg/mL)

Methanol 446 534

PT6I Ethanol 449 515 <5
Water 508 511

Methanol 425 445 S50
PT6buP Br Ethanol 426 444

Water 447 444 35

Methanol 520 528 48

P(3,4TGBbuP'Br) Ethanol 525 533 43

Water 511 527 12
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Figure 9. NormalizedUV-Vis spectra ofCPEs in solution (left column) and in tHitm by drop-casting from different
solvents(right column).
The UV-Vis spectraprofiles of the threecationic polymersesult to be essentially independent
from the solvents employed for thalrssolutionand subsequentleposition(water, methanol and
ethanol) Moreover all samples both inadution and in solid state do0 t show any agg

macromolecular chains. As expected, the best values were obtained in solid state due to the
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enhancement of organization thie macromolecular backbogewith the exception of disubstituted
polyelectrolyteowing tothe high steric hindrance tfeir side chains.

In view of thisand considering the solubility and filngrproperties (Table)5ethanolwas used
as filming solvent forthe preparatiorof cell with the aimto obtainmore sustainable and eco

friendly device.
2.6. Electrochemical propertigCV)

In order to study the behavior of synthesized materials, potentials of ionic photoactiwe layer
were evaluated by cyclic voltammetry (CV). In Figd«@are reported the CV curves of synthetized
polymers in thin films obtained by dragasting their solution in ethanol on Pt electrodes in

acetonitile/toluene (25:75).

4.0 T T ) T !
——PT61
| —— PT6buP Br
—— P(34TO6buP Br)
A0 L Background current -

20

1.0

J (mA/cmz)

0.0

1.0 : ' : '
0.0 0.5 1.0
V (V vs. SCE)

Figure 10. CV curves ofPT6I (blue line), PT6bumr (red line) and P(3,4TO6bUBr) (green line).

Table 6. Electrochemical and optical properties of synthesized materials in thin film.

Eox (V) ® HOMO (eV) LUMO (eV) Eg4(eV)®

PT6l +0.61 -4.85 -2.93 1.92
PT6buPBr +0.54 -4.78 -2.59 2.19
P(3,4TO6buPBr) +0.53 -4.77 -2.79 1.98

& Calculated by onse*E;Eg optical.
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As shown in Figure 10, the CV curves of analyzed materials can be considered not reversible and
only the anodic peak can be observed due to the presence of only oxidation phenomena.
While the energy levels of the highestcupied molecular orbitals (HOMO) were evaluated by

CV according to the following equation:
HOMO (eV) =- e (Exx + 4.24)

where 4.24 V is the SCE absolute potential, the energy levels of the lowest unoccupied
molecular orbital (LUMO) were evaluateddirectly since the reduction potentials resulted to be
outside the electrochemical stability window of the electrolyte. LUMO levels were then calculated
from HOMO levels and the optical bandgapg i obtained from the UWis spectra of the films

with the equation:
LUMO (eV) = HOMO + Eopt

The obtained LUMO energy levels values are schematically reported in Figure 1

=
I
% Ve
= O
2 [
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= =,
— [a® o
E — E__:
-2.03 1
U
] —
3.87 <
]

Energy Level (eV)

-4.20 »-4.70 . ITO
-4.80 --5.40 .PEDOT:PSS

Figure 11. Energylevel alignment of OPVs layers (ITO, PEDOT:PSS and“&ihd comparison between
synthetized electredonorphotoactive materials
Observing the energy level values obtained (Table 6) and by comparing them with the reference
material poly(3-hexylthiophene) R3HT) i which presents a comparablg @ptical value of 2.02
eV?iito6s possi bl e thetized catichic polymets lcam be empioyed ssyetedtron

donor materials in a photovoltaic device.
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2.7. Photovoltaic properties

Water/dcohol soluble polymers PT6l, PT6buPBr and R3,4TO6buPBr) were tested as
photoactive layer for the building up of solar degidehotovoltaic properties were investigated by
adopting the device configuration ITO/PEDOT:PSS/photoactive layer/Al in which polymers were
testedin blend with Gg-Ser, the previously syntheéd electroracceptor fullerene derivative

Photovoltaic performance parameters are shown in Table

Table 7. Shortcircuit current density £4), opencircuit voltage (\oc), fill factor (FF) and power conversion efficiency
(PCE) oftested solar cell

Jse(MACM?) ? Voe (V) FF  PCE (%)

PT6l:Ceo-Ser 9.85 059 059 3.43
PT6buPBr:Ceo-Ser 10.68 0.59 057 3.59
P(3,4TO6bUPBI):Ceo-Ser 13.32 0.60 060 4.79

2From J/V curves.

Current densityvoltage curves shown in Figufi@ evidence that botphosphonigolymers are
characterized by profile which is different from that aimidazole polyelectrolyteThis is probably

due to the different solubility and ability to film of the employed materials and the steric hindrance

of side chains.
Besides, the presemmf two oxygen atoms directly linked to the thiophene wmfifgctively
offsets the presence of two tributylphosphonium side moieties and results in the best value of power

conversion efficiency (PCE).
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Figure 12. Current densityoltage(J/V) for thecell testedvith ED material PT6I (blue line), PT6b{BY (red line)
and P(3,4TO6bumr) (green lineunder AM 1.5 onesun illumination
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2.8. Conclusios

Three different ionic electredonor polythiopheneweresuccessfully synthesized using an easy
and effective pospolymerization approach on threelythiophene derivatived he effective post
functionalization was confirmed by spectroscopy analyses, which also made it possible to determine
the substitution dgree (complete in case of tributylphosphium group).

Final materialshowed good solubility in water, as wellingnethanol and ethanah particular
in case ofthe two phosphonium polyelectrolyteBT6buPBr and P(3,4TO6bufBr). Thermal
analyses confined the stability of synthetized materials atitk tested deviceshowa good
photovoltaic properties.

In detail, P(3,4TO6buMr") showedthe besbptical and electrochemicalroperties confirming
that thiophenes functionaed with oxygen atoms and phosphonium grocgs givean alcohol

soluble material with promising photovoltaic properties.
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3. Experimental section
3.1. Materials

Tributylphosphine (97%),1-methylimidazole (>99%), 1.;B8exandiol (99%),tetrahydrofuran
(THF, >99.9%), toluene (GHs, >99.9%) dethyl ether (EtO, >99.5%), trimethylamine (NEt
>98%), ethyl acetate (EtOAc, >99.5%ndchloroform (CHC}, 99.699.4%) were purchased from
Sigma AldrichChemical Co(USA). Triethylphosphite (for synthesis) were purchased from Sigma
Aldrich (China). Petroleum ether (Etp, >90%) was purchased from Sigma Aldrich (Israel). Hexane
(099%) and dichloromethane (099. 9%) Methanel pur
(MeOH, >998%) was purchased from Honeywell (Germar}imethylsulfoxide (DMSO) and p
Toluensulfonic acid monohydrate -{f5A) were purchased from Carlo Erba. Sodium sulfate
(N&SQ,, anhydrous) and sodium bicarbonate (NaHCgQuriss.) were purchased from Riedel
deHaén(Poland). Nitromethane (GNO,, 098. 5 %), hydrobromic acid
acid (HCI , -®&fofie chloride and ferricechloride (FeCl 098 %) wer e pL
from Fluka (Switzerland). Cyclohexane and acetonitrile were purchased fWiR ©Zhemicals
(France). 3Vlethoxythiophene (99%) was purchased from Alfa Aesar-Dédethoxythiophene
(>98%) was purchased from TCI (Japd®Qly[3-(6-bromohexylithiophene] (PT6Brand fullerene
derivative (G¢-Ser) weresynthetized as reportéd previous Chaptes. Diethyl ether and THF were
freshly distilled before use to remove the stabilizer. All other materials were used as received. All
manipulations involving moisturgensitive reagents were performed under argon atmosphere in

flame-dried glassware.
3.2. Synthesis of ionic electralonor materials
3.2.1.Synthesis gboly{3-[6-(1-methyt1H-imidazo}3-ium)hexyl}-thiophene}bromide (PTHI

(15)

Method 1

300 mg (1.22 mmol) of PT6Br were dissolved in 40.0 mL of THF and added in anécke
flask containing 15.0 mL of DMSO, 15.0 mL of methanol and 10.0 mL of water. 1.95 mL (24.4
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mmol) of :methylimidazolium were added and the system was heated until oefhditions for
48h.

The system was cooled down to room temperature and the crude product was added to 400 mL
of THF. The precipitate was then filtered on
methanol and the solvent was finally removed undduced pressure obtaining 350 mg (1.07

mmol) of dark purplish solid (yield 88%).
Method 2

50.0 mg (0.204nmol) of PT6Br dissolved i6.0 mL ofanhydrous CHGlwereadded in a three
neck flask containin@.162mL (2.04 mmol) of methylimidazolium and the stem was heated
until reflux conditions for 48h.

The system was cooled down to room tempgeatind the crude product was washed several
times with THF and recovered with methanol obtaining 9.0 mg (0.026 mmol) of PT6l as dark
purplish solid (yield 13%).

'H-NMR (CD;:OD, ppm): U HL2),6750 (bsb $HH13)]l H146.86 (bm, 1H,
H14+H4), 4.19 (bt, 2HH11), 3.87 (s, 3HH15), 3.43 (t, 2H, G4,Br), 2.832.47 (bm, 2HHS6), 1.88
(bm, 2H,H10), 1.781.59 (bm, 2HH7), 1.581.25 (bm, 4HH8+H9).

¥C-NMR (CD:OD, ppm): UC3),1187175 ©12), 185104 (ThC2), 131.8 (ThC5),
130.48 (ThC4), 125.06 C13), 123.84 C14), 51.03 C11), 36.78 C15), 31.63, 31.32, 30.38, 30.12,
27.33 (aliphaticCH,).

FT-IR Ge, cni): 3145, 3078, 2930, 2856, 1627, 1572, 1511, 1461, 14539,1178, 1169,
1098,1044, 832, 752725, 644, 560

3.2.2.Synthesis of poly{B-(tributylphosphoniumhexyl]-thiophengbromide(PT6buP Br’)

200 mg (0.816 mmol) of PT6Br were dissolved in 12.0 ofltoluene in a threaeck round
bottom flask. Subsequently 2.0 mL (8.0 mmol) of tributylphosphine was added and the system was
left to react at 90 °C for 24h, under stirring and in an inert atmosphere. The supernatant was
removed and the polyelectrolylermed on the flask surface was recovered with methanol, washed
with Et,O and dried under vacuum, obtaining 359 mg (0.802 mmol) of PTBbu&s a dark red
solid (yield 98%).

IH-NMR (CD:OD, ppm): U H4), 2.9 (b6 <2H, THEH, 2.24TH1, 8H, CHo)PY,
1.831.69 (bm, 2H, ThCbCH,), 1.681.44 (bm, 18H, (6,),), 0.98 (M, 9H, Ely).

3C.NMR (CDsOD, ppm): £3),134B7 BHE5), (L3L.63 (ThC2), 130.38 (ThC4),
31.42, 30.23, 29.67, 25.06, 24.91, 24.47, 22.46 (alip/@itig), 19.52 CH,P"), 19.04 (PCH,),
13.87 CHa).
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PNMR (CD;OD, ppm): U 33.31.
FT-IR Ge, cm'): 3053, 2957, 2929, 2870, 1513, 1463, 1410, 1378, 1232, 1099, 833, 723.

3.2.3.Synthesis of-Bromao-1-hexanol (B60OH)

In a threeneck flask, 9.90 g (83.7 mmol) of it@xandiol were dissolved in 126.0 mL of
toluene. The solution was heated at 120°C and 11.4 mL (101 mmol) of HBr 48% was dropwise
added at the system under inert flux. The reaction mixture was allowedctoureker reflux for
72h. The crude product was treated with distilled watér {80 mL), the organiphase was dried
over NaSQ,, filtered and concentrated under reduced pres3ine obtained residue was purified
by silica gel column chromatography (Et@kEtp, 1:1) to give 10.8 g (60.1 mmol) of a colorless oil
(yield 72%).

'H-NMR (CDCk, ppm):ii 3.65 (t, 2H, G1,0H), 3.41 (t, 2H, E1,Br), 1.87 (m, 2H, &,CH,0H),
1.58 (M, 2H, ©,CH,Br), 1.47 (M, 2H, €l), 1.39 (m, 2H, El,).

3C-NMR (100 MHz, CDC}, ppm): U 63.14 CH,OH), 34.16 CH,Br), 33.05 CH,CH,OH),
32.86 CH,CH,Br), 28.28 CH,CH,CH,0H), 25.28 CH,CH,CH,Br).

FT-IR (KBr, cmi®): 3339, 2932, 2859, 1053, 728, 644, 561.

3.2.4.Synthesis d3,4-bis(6-bromdexytl-oxy)thiophae @,4TO6BI)

In a twoneck flask, equipped with a cooling system, 500 mg (3.47 mmol) of- 3,4
dimethoxythiophene were dissolved in 80.0 mL of dry toluene. Subsequently, 1.88 g (10.4 mmol)
of 6-bromol-hexanol and a catalytic amount (66.0 mg, 0.347 mmol) -oblyenesulfonic
monohydrate acidvere added under stirring. The mixture was refluxed for 24h under inert
atmosphere. After removing solvent, the crude product was recovered with 100.0 mL of
dichloromethane and then it was extracted with 50.0 mL of a saturated solution of pNaHEO
organc phase was washed with distilled water3(3L00 mL), dried over NaSQ,, filtered and
concentrated under reduced pressufbe residue was subjected to column chromatography
(hexane:EtOAc, 85:15) to give 0.301 g (0.681 mmol, 20% yield) of a dark yghesanish oil.

'H-NMR (CDCk, ppm):ti 6.17 (d, 2H, ThH2+H5), 3.98 (t, 4H, €1,0), 3.42 (t, 4H, E.Br),
1.89 (m, 2H, ®,CH,0), 1.83 (m, 2H, E,CH,Br), 1.50 (M, 4H, (El,),).

¥C-NMR (CDCk, ppm): i 147.75 (ThC3+C4), 97.36 (ThC2+C5), 70.60 CH,0), 34.11
(CH2Br), 33.01 CH2CH,0), 29.19 CH,CH,Br), 28.24, 25.58 (aliphati€Hy).

FT-IR (KBr, cmi®): 3109, 3002, 2937, 2859, 1563, 1499, 1467, 1242, 1144, 1048, 866, 747, 644,
560.
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3.2.5.Synthesis of polg[4-bis(6-bromdexytl-oxy)thiophad [P(3,4TO6B)]

In athreeneck flask, 0.21 g (0.475 mmol) of previously synthetized 3,4TO6Br were dissolved in
12.0 mL of dry chloroform. Then, 0.314 mg (1.94 mmol) of ferric thrichloride (£e@3%)
dissolved in 1.89 mL of nitromethane in a dripper were added at the sointi® minutes. The
mixture was allowed to react for 45 minutes, under vigorous inert flow and under stirring. After the
reaction time, 10.0 mL of tetrahydrofuran were added and the system was allowed under stirring for
50 minutes.

Then the mixture was ddd drop by drop to 340 mL of a solution of MeOH/HCI (5%) under
stirring. The precipitate was filtered on PTRiEembrane (0.48m pore sizeand washed several
times with methanol. The solid was recovered with 100 mL of chloroform and the organic phase
waswashedwith HCI 2% up to exhaustive extraction of the iron (lll) ion (negative,SEN tes).
Subsequently the crude product was washed with distilled water until neutrality. The mixture was
dried over NaSQ,, filtered and concentrated under redupegssurdgo give 0.115 g (0.261 mmol,

55% vyield) of reddish polymer.

IH-NMR (CDCl, ppm):ii 4.13 (b, 4H, ©,0), 3.42 (t, 4H, €l,Br), 1.90 (b, 8HCH.CH,0 +
CH,CH;,Br), 1.55 (b, 8H, (El),).

3C-NMR (CDCl, ppm): U 145.23 (ThC3+C4), 116.92 Th C2+C5), 73.47 CH,0), 34.23
(CH,Br), 33.11, 30.45, 28.52, 25.70 (aliphatlEl,).

FT-IR (KBr, cmi'): 3109, 3002, 2937, 2859, 1563, 1499, 1467, 1242, 1144, 1048, 866, 747, 644,
560.

3.2.6. Synthesis of poly[3,4-bis(6-bromohexyl-tributylphosphonium)thiophendipromide
[P(3,4TO6buPBr)]

In a threeneck rounebottom flask, 50.0 mg (0.114 mmol) of P(3,4TO6Br) were dissolved in 4.0
mL of toluene. Then 0.284 mL (1.14 mmol) of tributylphosphine were added under stirring and in
an inert atmosphere. The system wdsttereact at 90 °C for 24 h. The supernatant was removed
and the polyelectrolyte formed, filmed on the flask surface, was recovered with methanol, washed
with diethyl ether and dried under vacuum, to obtain 0.094 g (0.111 mmol, 98% vyield) of
P(3,4TO6buPBr) as a black cherrsolid.

'H-NMR (CDs;OD, ppm): U 4.17 (b, 4H, ®,0), 2.412.09 (b, 16H, E.P"), 1.95 (b, 4H,
CH,CH,0), 2.031.88 (b, 4HCH,CH,0), 1.671.34 (b, 32H, (E),), 1.020.87 (m, 18H, El3).

B¥C.NMR (CDsOD, pp m) : ThiC3+C4, 42908 (ThC2+C5), 66.90 CH,0), 28.15,
27.50, 25.25, 24.81, 24.65, 24.61 (aliph&id,), 19.22 CH.P"), 13.90 CHs).

3IP.NMR (CD:OD, ppm): U 33.37.
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FT-IR Ge, cm): 2958, 2933, 2872, 1511, 1464, 1431, 1379, 1230, 1147, 1097, 726.
3.3. Synthesis oforrionic electrondonor materials
3.3.1.Synthesis fopoly[3-(6-diethylphosphonate)hexilophene] [PT6PO(OE%)

100 mg (0.408 mmol) of PT6Br were added to a tmeek flask containing 8.0 mL (0.046 mol)
of triethylphosphite. The system was heated at 120°C for 24h, under inert atmo$pkesgstem
was cooled down to room temperature and the crude product wesdfitea PTFE filter, washed
with methanol obtaining 67.4 mg (0.223 mmol) of a partially substituted product (reaction yield
55%; functionalization yield 80%).

3.3.2.Synthesis gboly[3-(6-phosphonic acid)hexyliophene][PT6PO(OH)]

37.0 mg (0.123 mmolpf PT6PO(OEfY were dissolved in 5.0 mL of dichloromethane and then
were added 0.16 mL (1.23 mmol) of triethylammine and 0.17 mL (1.23 mmol) of bromotrimethyl
silane. The system was allowed under inert atmosphere and under stirring for 4 h. Subsequently,
250 mL of methanol was added and the suspension allow to decant. Finally, the surnatant was

removed obtaining a purplish solid which wet characterizable
3.4. Synthesis of naonic electrondonor materials polyethereal

3.4.1.Synthesis a2-(2-(2-(2-hydroxyehoxy)ethox)ethoxy)etidymethylbenzenesulfonate

o}
e

O

25.48 g (131.2 mmol) of tetraethylene glycol and 2.02 mL (19.7 mmol) of triethylamine were
solubilized in 20.0 mL of CECl,. The flask was placed in a bath of ice and water and 2.52.3 (1
mmol) toluene sulfonyl chloride in 20.0 mL of QEl, were added dropwise under stirring.

The solution was stirred overnight at room temperature and then the mixture was poured in 100
mL of distilled water. The crude product was extracted with@H(2 x 100 mL), dried with
NaSQ,, filtered and concentrated under reduced pressure.

The crude product was purified by chromatography column on silica gel with
CH.Cl,:acetonitrile (3:1 and then 1:1) obtaining 1.63 g (5.21 mmol) of a yellowish oil (yield 40%).

'H-NMR (CDCk, ppm): U 7. 80 H)(78B5 (d, 28, ldromatictdy 4n# (t,i2€, C
Ts-OCHy), 3.70 (m, 4H, TEOCH,CH»+CH,0H), 3.643.59 (m, 10H, (El,)s), 2.53 (bs, 1H, @),
2.44 (s, 3H, El3).

13C-NMR (CDCk, ppm): Ui 144.8, 133.1, 129.8124.6 (aromdic CH), 70.7, 70.6, 70.569.7,
69.6, 69.3(CH-0),), 68.7(CH,0OH), 61.7 (TSOCHy), 21.6(CHs).
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FT-IR (KBr, cmi®): 3451, 2873, 1931, 1598, 1494, 1452, 1356, 1249, 1175, 1018, 923, 818, 664,
555.

3.4.2.Synthesis of-22-(2-(2-thiophene3-yloxy)ethox)ethoxy)ethy-methylbenzenesulfonate

(6) ©)  (10) wy o 1007
(4) 0/\/0\/\0/\/0\/\O—§ (16)
j @ ® (1) (12) 3
(5) ) ) a4 (5

S

1.00 g (3.20 mmol) of sulfonate was added to a thesk flask containing 0.213 mL (2.13
mmol) of 3methoxythiophene, 6.40 mL of toluene and 81.2 mg (0.427 mmoktaftipnesulfonic
acid monohydrate ascaatalyst. The system was heated to reflux for 14 h under stirring and under
inert atmosphere. The system was then cooled down to room temperature and the reaction solvent
was removed under reduced pressure.

The crude product was purified by chromatograpleglumn on silica gel with
cyclohexane:EtOAc (1:19btaining324 mg (0.753nmol) of aproduct that was not stable over time
(yield 35%).

'H-NMR (CDCk, ppm): U 7. 7 9H),(7.65 (dd21HH5), Z33ddn2H; drotnati€
CH), 6.77 (dd, 1HH4), 6.25(dd, 1H,H2), 4.154.11 (m, 2H,H6), 3.83 (m, 4HH7+H13), 3.68
(m, 2H,H12), 3.64 (m, 8HH9+H10+H11+H12), 2.44 (s, 3HH16).
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3.5.NMR spectra

(a) *

(b)

(c)

180 160 140 120 100 80 60 40 20 0
ppm

Figure 12. *C-NMR spectra of 3,4TO6Bj, P(3,4TO6Br) k) and P(3,4TO6buMBr) (c). Asterisk: solvent
resonancg(CDCl; and CQOD).
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Figure 13. >C-NMR spectra of PT6I (left) and PT6bLB" (right). Asterisk: solvent resonance (gDD).
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3.6. Methods

'H-NMR, *C-NMR and®*P-NMR spectra were recorded on a Varian Mercury Plus 400 (400
MHz) spectrometer atoom temperature using TMS as internal standard in deuterated solvents.
Chemical shifts are given in ppm.

FT-IR spectra were taken on Ge or KBr disks using a Perkin Elmer Spectrum One
spectrophotometer.

The molecular weightof polymeric precursorswas dé¢ermined by gel permeation
chromatography (GPC) using THF solutions on a HPLC Lab Flow 2000 apparatus equipped with a
Rheodyne 7725i injector, a Phenomenex MXLm mixed bed column and an RI-X301
KNAUER detector. The calibration curve was recorded usingodisperse polystyrene standards.

UV-Vis spectra were collected by using Perkin Elmer Lambda 19 spectrophotometer using either
around 1¢ M polymer solutions in spectroquality solvents in Suprasil quartz cuvettes (1 x 1 cm) or
films on quartz slides dp-cast through the use of Doctor Blade.

Sample decomposition temperatures were determined by using a TA Instruments Q600
thermogravimetric analyzer (TGA) by heating from 30°C to 600°C with a ramp of 10°€imin
oxidant atmosphere (air). DSC analyses eveonducted by using a TA Instruments Q2000
differential scanning calorimeter (DSC) barying the temperature fror20 to 200°C with a
heating and cooling ramp of 10°C rliin a nitrogen atmosphere.

Cyclic voltammetry (CV) analyses were performed in a three compartments glass cell under Ar
pressure and at room temperature by uamgMEL 5000 Electrochemical System. Polymers were
deposited by drop casting from methanol solutions on Pt electrode (Hiameter). Auxiliary
electrode was Pt wire spiral and reference electrode was aqueous saturated calomel electrode (SCE).
Supporting electrolyte used was a solution ofH§4NCIO4 (0.1 mol/L) while the solvent was
chosen in order to avoid the dissolution of film (acetonitrile/toluene, 255} absolute potential
is 4.24 eV

3.6.1. Solar cells

The ITO glass substratef2 c¢cm, surface resistanceyumgaq/ sq
10% wt aqueous solution of HCI and heated at 60°C for 10 min, in order to obtain an area of 1.5 x 1
cm covered by indium tin oxide. The glass was then cleaned using distilled watepatol and
dried with a nitr og esn). Poly(34ethylerfedionythiophene).palystyreaen c e 1
sulfonic acid (PEDOT:PSS, 2.8 wt% dispersion in water, viscosity 20 cps) was diluted 1:1 v/v with
2-propanol, sonicated for 15 min using an ultrasonic bath (EImasonic S 30H), filtered on a Gooch

G2 and theesulting solution (viscosity 12 cps) deposited over the previously treated ITO glass with
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the doctor blading technique using a Sheen Instrument Model S265674, leaving only a small (0.5 x
1 cm) area uncovered at the opposite side of the previously et@dsedrae PEDOT:PSS film was
heated in a Buchi GKf80 glass oven at 120°C for 90 min under vacuuri® (hthHg).

A solution made by mixing 2..ng of polyelectrolyte and 2.5 mg ofg&Serin 0.5 mL of
methanol was sonicated for 15 min and deposited by ustogob Blade on the slide in order to
cover the PEDOT:PSS layer. The sample was then annealed in the glass oven under vatuum (10
mmHg) at 120°C for 45 min.

Finally, a thin film of Al (electrode, 50 nm of thickness) was deposited over the polymeric layer
through a shadow mask using an Edwards 6306A coating system operating mmtyy. The
active area of the cell was 1 x 1%rfihe currenvoltage characteristics were measured in air using
a Keithley 2401 source meter under the illumination of an AbehA@ogies LS150 Xenon Arc
Lamp Source AM 1.5 Solar Simulator (100 mW#ralibrated with an ILT 1408L photometer.

The structure of the final devices was made of: ITO (80 nm)/PEDOT:PSS (100 nm)/active layer
(150 nm)/Al (50 nm). The solar cell spectraspense was measured using &G Spec Il
Modularized Solar Cell Spectral Test System (SevenStar Optics, Beijing, PRC). Layer thickness
was measured using a FTPAdvances FTRa&8im Thickness Probe (Sentech GmbH, Germany)
equipped with the FTPEXxpert sofive.
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CHAPTER VI: SYNTHESIS OF A DOUBLE-CABLE WATER -
SOLUBLE COPOLYMER

1. Introduction
1.1 Overview

Among the different types of organic photovoltaic (OP\@gvices the bulkheterojunction
(BHJ) cells are the most attractive due to the possibility to combine easy processability with high
final efficiency. In detail, ithe BHJ architecturthe active layer isisuallycomposedy a physical
blend between an electr@ho n o r (-d®ripugated polymer) and an electracceptor (EA,
usually a fullerene derivative) material. The mesueof this architecture ishe generation o&
phase separation that does alidw an ideal transport of charges and affects consequently the blend
morphology and its thermal stability, with final efficienligpiting factor. Moreover, the miscibility
of the two components is also an essential factor to be considered.

Inordertoobain optimized and enh apreparda desublecablet ur e
material in whichthe electronacceptor group (EA) is dirdgtlinked to the end of the side chains of
the polyconjugated backbonby chemical modification of the polymeric stture> However,
earlier studies have proved that the content of the EA group, e.g. fullerene, should be appropriate to
obtain a good solubility in common organic solvents combined with an efficient collection of
electrons during charge separatfon.

Moreover,the electrordonor unit (ED)should be selectedith suitablecharacteristicsvith the
aim to obtain aralcohoksoluble polymef® Finals o | u b i lconjugatedopblymérin polar
solventscan be achieved and tailored by linking phosphine grbipsa hydrophilic ionic moiety
to polymer side chainTherefore,a doublecable polymercould combine both solubility in more
green solvents with a reduced distance between the units bearing side chains functionalized with

ionic moiety (tributylphosphi@) and an acceptor group (fullerene).
1.2. Aim of the chapter

In order to synthetize the new alcohotsduble doublecable poly{[3-(6-
tributylphosphonium)thiopheiteromideco-3-(6-fullerenylhexyl)thiophene}  (P[(T6buPBr)-co-
(T6F)]), theregioregular poly[6-hexyl)thiophene] (PT6Br) obtained through GRIM Method
was postfunctionalized in two steps obtaining apolymerwith both a Go-fullerene moiety
(electroracceptor unitland an ionic phosphonium groyplectrondonor unit) at the endof a

hexamethylenic side chailhe reduced distance between the EA and ED materials could lead to an
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improved morphology and photoconversion efficiency of photovoltaic deviegsloiting the
excellent solubility inpolar solvent®f phosphinesubstitute polythiophenébased materials.

The structural propertiesere investigated by spectroscopy techniqués-NIMR, *C-NMR,
3p.NMR, FT-IR, UV-Vis), thermogravimetric analysis (TGA), differential scanning calorimetry
(DSC), X-ray diffraction (XRD), atomic foce microscopy (AFM) and external quantum efficiency
(EQE). The final materials were tested as active media in organic solar devicasegrepth
halogenfree solventsesulting inecafriendly photovoltaic cedl.

This chapter i s aence afdha pctive thyerpsaucttre am the hotovdlthicu
performance of watesoluble polythiophenb a s e d sol ar cell so M. L a
Marinelli, Y. Ziai, E. Salatelli, F. PierinRolymers 2021, 13, 1640.

The atomic force microscopy (AFM) and texnal quantum efficiency (EQEneasurements
were carried out in collaboration wifrof. Filippo Pierini of Department of Biosystem and Soft
Matteri Institute of Fundamental Technological Research, Polish Academy of Science (Warsaw,
Poland).

2. Results ad discussion
2.1. Synthesis

The adopted synthetic route involves several steps, such as the synthesisgafregular
polymeric precursor, polyf86-bromdexyl)thiophene] (PT6Br) from 2,5dibromo3-(6-
bromohexyl)thiophene (2,5BT6B?f as previously iscussedn Chapter Il

In order to improve performance of final devicdyigh value of regioregularitgf polymeris the
first key point to improve the final optical and conductive prapsrof the photoactive material.
For this purposethe regiospecific GRIM (Grignard Metathesfsf polymerization method was
adopted to obtaitheregioregulaprecursoiPT6Brwith a high grcentage of HT linkages (95%).

Br Br. (H /\/\F{" = [ H

\ i 5
(CHy)s (CH2)s (CHa)e Tributyl B (CH,)s (CHa)s
1. Mg (0.25 , THF Phosphine
M 01825 59) IS f §y ~_Phosehine WA
B g nH 2. Cgo (0.25 eq), toluene Br Sm S nH Toluene Br Sm S nH
and DMF
PT6Br P[(T6Br)-co-(T6F)] P[(T6buP*Br)-co-(T6F)]

Schemel. Synthesis of the watesoluble doublecable copolymer P[T6bUBr)-co-(T6F)].

Starting from PT6Br, theynthetic routanvolved two postfunctionalization reactionéScheme

1). Thefirst onerelatesto a Grignard reaction on a specific amount of units (0.25 eq) of side chains
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and the reaction othe intermediate withfullerene (Go), according to the procedure previously
developedby my research groupThe resultingdoublecable copolymeric precurs®{(T6Br)-co-
(T6F)] presents 7% fullerene content, a percentage idatat compromise the final solubility of
material

The obtained product was then phsictionalized with tributylphsphine under reflux
conditions in toluene for 5 hours, a reduced timeompared tdhatreported in literaturan order
to prevent any loss ofdgfrom the side chainsFinally, the dtained copolymeP[(T6buPBr)-co-
(T6F)] presentedboth ionic and fullerene moieties and its main characteristics were determined

from values obtained from GPC analysis of precursor (Table 1).

Table 3. Polymers characteristics.

Reaction lonic group Ceo Mn

Yield (%) content (%mol)* content (Yomoly* (kDa) PDI

PT6Br 21 - - 14.9° 1.15°
P[(T6Br)-co-(T6F)] 85 - 7 17.6° 1.15°
P[(T6buP Br’)-co-(T6F)] 78 93 7 29.1° 1.15°

2 Determined byH-NMR; ® Determined by GP@hromatography Calculated from the molecular mass of the
corresponding polymeric precursor.

The low average molecular weight obtained for PT6Bolymeric precursor, x= 61- is due to
polymerization mechanism, during which the system becomes hetemge thus limiting the

chain growth.
2.2. NMR Characterization

All the synthesizegroductswere characterized byH-NMR and **C-NMR spectrometry to
evaluate their chemical structure and purity degree.

In detail, '"H-NMR spectrum ofthe doublecable precursor copolymer P[(T6B)-(T6F)]
(Figure 1, blue linekxlearly shows the characterispeaks- singlet peak at 7.41 ppm and broad
multipletat 3.56 pprascr i babl e to the full er enepogitiondadd on a
Cso, respectivelyi that are only present when the fullerene is directly linked to the side &hain.
the ratio of thesignals at 3.56 and at 3.45 pprrelated to G,Cso andCH,Br, respectively a 7%

fullerene content can be estimated for the precusoolymer.

111



Figure 1. '"H-NMR spetra of P[(T6Br)-co-(T6F)] (left) andP[(T6buPBr)-co-(T6F)] (right). Asterisk: solvent
resonance(pyridine-ds). Inset: expansion of the aromatic region.

The occurrence of thesubsequentpostfunctionalization with tributylphosphine to give
P[(T6buPBr)-co-(T6F)] wasalsoverified by *H-NMR, as well as’P-NMR spectroscopyin *H-
NMR spectrum (Figurél, green line) the broad multiplet at 2.75 ppim ascribableto the eight
methylenic po t o n s- a n d-pokltibn to the cationic phosphine grouporeover,the total
absence of signal ascribable t®r moiety evidence the total substitution reaction with
phosphonium grouypwvhich typically occurs when phosphines are used as nucleophgentsas
previously verified

Indeed, when*C-NMR spectra ofPT6Br, P[(T6Br)-co-(T6F)] and P[(T6bufBr-)-co-(T6F)]
(Figure 2 are compared to each otharfurther confirmation that the pefsinctionalizatiors took
place is obtained.
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Figure 2. *C-NMR spectra oPT6Br (a), P[(T6Br)-co-(T6F)] (b) and P[(T6bufBr)-co-(T6F)] (c). Asterisk: solvent

resonancg(CDCl; andpyridine- ds).
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Moreover, thé'P-NMR spectrum of ionic copolyme?[(T6buPBr)-co-(T6F)] (Figure3) shows
only a signal aB7.84ppm that als@onfirms the complete absenoé unreacted tributylphosphine,
as previously verified byH-NMR.

90 80 70 60 50 40 30 20 10
ppm

Figure 3. *'P-NMR spectrunof P[(T6buPBr’)-co-(T6F)].

2.3. FTIR characterization

FT-IR spectroscopygaveanother confirm of th@ccurrenceof polymerization andgubsequent
postfunctionalizationreactions The main IR absorption bands of precursor polyniEr6gr),
doublecable copolymersR[(T6Br)-co-(T6F)] andP[(T6buPBr)-co-(T6F)]) and their assignments
are reported in Figuréand Table2.
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Figure 4. FT-IR spectra of PT6Black ling, P[(T6Br)-co-(T6F)] (blue lind and P[(T6bufBr)-co-(T6F)] (green

line).

TheFT-IR spectraof brominated derivativeshowpeaksat 641, 558 crit for PT6Br (black line)
and 644, 557 cthfor P[(T6Br)-co-(T6F)] (blue line),which arecharacteristic ofhe terminal-Br
atom inthe side chain.The desired podunctionalization with Go-fullerene in the side chains is
then confirmed byhe presence of the absorptions at 1428, 1181,&86P526 crit in P[(T6Br)-co-
(T6F)] and at 1427, 1180, 576 and 526 cim P[(T6buPBr)-co-(T6F)] (green line).

Besidesthe appearance of the bands at 2956, 2927, 2869, 4d&1379 cilin P[(T6buPBr)
-co-(T6F)] spectum - ascribabldo thetributylphosphoniungroup - as well as the disappearance of
the bands related to-Br stretchingevidencethe completepostfunctionalizationof the polymeric
precursorMoreover, the presence of bands at 1427, 1%86,and 526 cihascribable to fullerene
linked to the side chairaso in cationic doubleable copolymespectrumis a further confirnthat

the second substitution rteatbetuni;n on copol ymer
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Table 2 Main IR absorption bands (¢hof polymers

PT6Br P[(T6Br)-co-(T6F)] P[(T6buP Br’)-co-(T6F)] Assignmens
3058 3053 3052 g - b thiop
- - 2956 Oasi CHz (phosphonium group)
2923 2018 2927 Gas-CHp- (side chain and
phosphonium group)
2852 2849 2869 Osym -CH,- andi CH3
1508 1509 1514 Oas-C=C- thiophene
-CH,- deformation
1434 1452 1461 (phosphoni u@m ¢
C=C thiophene
- 1428 1427 fullerene
- - 1408 OP-CHxR

-CH; deformation

- - 1379 :
(phosphonium group)
1259 1257 1228 g C-C thiophenethiophene
- 1181 1180 fullerene
1089 1099 1096 Ui CH thiophene
9 C-H thiophene 2, 3,5
800 826 808 trisubstituted
725 722 721 rocking-CH,-
641, 558 644, 557 - g C-Br aliphatic
- 562, 526 576, 526 fullerene

g = stretching;o = out of plane bendingii = in-plane bending.
2.4. Thermal properties

The thermal stability of polymeric precursor and dotdable copolymers was determined by
TGA under oxidizing atmosphere (air), at a heating scan of 10°C amid up to 600°C (Figurs).

1004 PT6Br
P[(T6Br)-co-(T6F)]
P[(T6buP*Br-)-co-(T6F)]

B804

60

Weight (%)

40

20

0 200 400 600
Temperature (°C)

Figure 5. TGA thermograms of hom@ndco-polymers.
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While in the TGA curve oPT6Brthefirst main weight losses can be ascribed to theiefion
of 1 Br group side chainsand degradation of macromolecular backlhdoethetwo copolymers the
weight changes can be related to different logsesfullerene and phosphonium pendant groups)

In detail, the copolymeP[(T6Br)co-(T6F)] showsa thermal behavior quite differerfitom its
respective precursor PT6Band this nght be ascribed to the steric hindrance of fullerene linked to
the sidechain. Indeed, even though a small weight loss at around 155°C is shown in the
P[(T6buPBr)-co-(T6F)] sample,it is possible to observe twmain weight losses instead of the
three observed in thmpolymericprecursor The synthesized samples, howevery ina considered
stable enough to be used as photoactive mat@mni@isganic photovoltaic devicetue to their high

degradation temperatures (~ 2880°C)

Table 3. Glasstransition (Tp), melting (Ty,), crystallization (T) and initial decomposition ] temperatures of

polymers.

Ta(*C)* Tg(°C)” Tm(°C)® Tc(°C)"

PT6Br 282 55 164 95
P[(T6Br)-co-(T6F)] 260 77 148 86
P[(T6buP'Br)-co-(T6F)] 296 27 - -

3 Calculated by onset point on first inflectionTGA curves ” Determined by DSC analyses

The DSC analysis was carried out under nitrogen atmosphere with a heating ramp of 18°C min

from -20°C up to 200°C and the relative curves are reportégyure6.

04

| [PT6Br
| | P[(T6BD)-co-(TEF)]
| | PL(T6buP"Br)-co-(T6F)]

Heat Flow (W/g)

Temperature (°C)

Figure 6. DSC curves of homaand cepolymers.
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All polymeric samples show an endothernfiexure at low values ascribable to the glass
transition temperature g, a value that decreases when the tributylphosphonium group is linked to
the side chain.

The presence ofwo different side chamdetermines the decrease of melting and crystallization
temperatures in comparison with PT6Br values (Table 3). In detail, an amount of 7% of fullerene
has a small effect on firgtrder transitions whiléhe presence oibnic side chain moiety93%)
deternines the absencef melting and crystallization peaks in DSC cunfeP[(T6buPBr)-co-

(T6F)].
2.5. Optical properties (UWis characterization)

The optical properties of PT6Br and-polymersP[(T6Br)-co-(T6F)] and P[(T6buPBr)-co-
(T6F)] were analyzed by UWis spectroscopy both in solution and in solid state, by-gesting
their solution onto quartz slides. Thewmrmalized absorptiogpectra andssignments are shown in

Figure 7and Table 4.

—— PT6Br film CHCI,

— P[(T6Br)-co-(T6F)] film CB

— P[(T6buP Br)-co~(T&F)] film McOH
= = = P[(T6buP Br)-co-(T6F)] film H O

1.0+

——PT6Br in CHCI, (10° M)
i —— P[(T6Br)-co-(T6F)] in CB (10 M) 0.9
—— P[(T6buP Br )-ca-(T6F)] in MeOH (10” M)
= = = P[(T6buP Br)-co-(T6F)] in H,0 (107 M) 0.8+

0.7 4
06 0677

0.5+

=)
»

0.4+

Absorbance (a.u.)

0.3+

Absorbance (a.u.)
o
I

(=
w

0.2+

0.1+

0.0
T T T T 1 T T T T T y 1
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Figure 7. UV-Vis spectra of homopolymend doublecable copolymerm solution and in thirfilm by drop-casting
from different solvents.

About spectra of polymerin solution, the maximum absorption wavelendthaf) at ~ 4®-460
nm is ascri¥babkéetbrohiec transition that typi
main chainl n copol ymer precursor spectr um, itdéds p
absorption profile at ~330 nm, that also influences the optical behavior of ionitymepoin
different solverd (water and methanol).

The spectra of both doubtable copolymers in the solid state shawdifferent behavigr
evidencing a broader profile than homopolymer PT6Br. Besilesyulky and hindering nature of
the fullerene uniténserted in the side chainwhose absorption contribution is clearly evident also
in this casé involves a rather strong blghift of thel ax Of the thiophene system f&{(T6Br)

co-(T6F)] if compared to its precursor
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The subsequenpostfunctionalization withtributylphosphineto give P[(T6buPBr)-co-(T6F)]
results in a more blushifted absorptionmaximum. This behavior may be ascribed to the
enhancement of steric hindrance of lateral side chains (93% of tributylphosphonium) groups
combined with different solvents used fdepositions.Nevertheless, the broader profiles of two
copolymers and the wide range of absorption makes them attractive materials-@leoptanic

applications.

Table 4. Maximum absorption wavelengths of polgms insolution andhin films.

Amax Solution
Solvents Amax film (nm
10°M (nm) (nm)
PT6Br Chloroform 457 538
P[(T6Br)-co-(T6F)] Chlorobenzene 339, 456 340, 496
. Water 342, 468 343, 471
PI(TEbUP'Br)-co-(TEF)]  \iothanol 333 450 334 465

2.6. Xray diffraction

The X-ray diffraction (XRD) profiles of thé®T6Br and of the two copolymerB[(T6BI)-co-
(T6F)] andP[(T6buPBr)-co-(T6F)]in film are shown in Figurs.

[ntensity (a.u.)

A

T T Y T J T Y 1
0 10 20 30 40

2 theta (deg)

Figure 8. X-ray diffractograms of PT6Br (black ling?[(T6Br)-co-(T6F)] (blue line and P[(T6buPBr)-co-(T6F)]
(green ling.

Samples exhibit the (100) reflection ascribable to the side chain lamellar distance and the
corresponding high order reflection (200), while the third order reflection (300) is only present in
PT6Br and P[(T6Bkco-(T6F)] diffractogramgTable 5.
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Table 5. Structural parameters of samples.

, Planes :
Low-angle High-angle On plane Th stacking Crystallites

Sample diffractions diffractions chains distances mean size
(degrees)  (degrees) distanceqA) A) (L) (nm)

5.34, 10.82;
PT6Br P 22.68 16.5 3.92 15.6
P[(T6Br)-co(T6F) 0 %‘fg; 2251 17.9 3.% 6.74
P[(T6buP'Br)-co-(T6F)]  4.34;871 2161 20.3 4.09 5.33

The weak peaks at wide angles superimposed to the broad amorphous halo correspond to the on
plain chain distances. The lamellar spacings and the planes stacking distances range from 3.92 to
4.09 A and 16.5 to 20.3 A, respectively. The crystallites main sizeqla | cul at ed usi ng
relation’® - indicates the presence of some microcrystalliomains in the essentially amorphous

phase of the examined polymeric films.
2.7. Photovoltaic properties

Water/alcohokoluble doublecable polymer P[(T6buUBIr)-co-(T6F)] was tested as photoactive
layer for the building up of solar device and companrét its copolymeric precursor P[(T6Bcp-
(T6F)]> Photovoltaic properties were investigated by adopting the device configuration
ITO/PEDOT:PSS/photoactive layer/Al in which copolymers were tested a&ingle material
Photovoltaic performangeaarameterare shown in Table.6

Table 6. Shortcircuit current density §3), opencircuit voltage (\b¢), fill factor (FF) and power conversion efficiency
(PCE) oftested solar cell

Sample Jsc(MAcm?)? Voc (V) FF  PCE (%)
P[(T6Br)-co-(T6F)] 10.4 0.67 055 355
P[(T6buP'Br)-co-(T6F)] 8.51 0.61 0.60 3.11

2From J/V curves.

Current densityoltage curves shown in Figuree¥idence that both doubtable copolymers
are characterized by a high phatorrent ascribable to the presence of the fullerene group
chemically linked to the polyconjugated backbone, thus avoiding {#egeeration and aggregation
phenomena usually obsed when the electron acceptor molecule is only physically blended with
the electron donor polymer. This result is particularly promising since, with the proposed approach,

electrondonor and electreacceptor moieties can be collected within a single nahtghich, at the

120



same time, can be applied to different surfaces avoiding the use of toxic -@nviconmet

friendly solvents.

J(mA cm'z)

-12 T T T T T T T T T T T T T 1 0 T T T T 1
00 0.1 02 03 04 05 06 07 300 400 500 600 700 800

V (Volt) Wavelength (nm)

Figure 9. Current densityoltage(J/V) for the cell tested under AM 1.5 osen illumination(left) and EQE spectrum
(right) of P[(T6Br)}co-(T6F)] (blue line) andP[(T6buPBr)-co-(T6F)] (green line)

EQE spectra oP[(T6buPBr)-co-(T6F)] andits copolymeric precursor P[(T6Bcp-(T6F)] are
reported in Figure .9Both the obtained curves show tfeature peaks and the quantum efficiency
(EQE) profiles follow the trend observed in the absorption spectra of copolymers in thin film,
suggesting that the harvested photons over the whole absorption spectrum can contribute to the final
photocurrent. Theobserved EQE values (EQE ~70%) indicate an efficient charge collection
when the electromcceptor material (fullerene) is directly linked to the eleettonor main chaif.
Moreover, the introduction of ionic moieties in side chains allow to obtairomiging material

with a goodsolubility in green solvents.
2.8. Morphological analysis

The morphological features of the active layers made[fy6buPBr’)-co-(T6F) were analyzed
by FESEM and AFMtechniquegFigure D).

By observingthe obtainedimages, the active layer of the singhaterial based cell obtained
using the synthesized doultable polymer is extremely flat and does not show any mmro
nanoscale defect or tendency to form aggtes. The results collectading these highesoluton
imaging techniques confirm the absence of phase separation and the outstanding uniformity of the
P[(T6buPBr)-co-(T6F)] structure and justify the photovoltaic performances obtained with this
sample. The uniformity, stability, and absence of impedestireveal an enhanced hierarchical
nane and microstructuration of the singheaterial doublecable layer driven by the proposed
chemical structure optimization, which tise keyfor the development of highly efficient single

material organic photovoltagolar cells.
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A) B) 0)

Figure 10. Morphological structure of the active layer surface of the organic photovoltaic clENE(A-B) and
AFM topographical images (C) &(T6buPBr)-co-(T6F)].

2.9. Conclusios

A new doublecable donoiacceptor polythiophene derivativeassuccessfully synthesized using
an easy and effective pegsblymerization approach ona regioregular poly[36-
bromohexylthiophene)] (PT6Br) by means of a Grignard coupling reaction witfulreneand
the subsequently substitution with tributylphosphine grdupe successful anchorage g ® the
PT6Br backboneand the complete functionalization dfie remaining bromide moieties/ere
confirmed by spectroscopy analysis, which @Bowedto deermine the substitution degree.

The final material showed good solubility in water, as well as methanol, and was successfully
used as a singlmaterial photoactive layer in organic photovoltaic solar cells. The copolymer
sample showed good photovoltgioperties, confirming the pivotal effect of the chemical structure
on the electronic characteristics of the photoactive blend. Indeed, the EA group directly linked to
the polythiophenic ED backbone can reduce the distance between the two electroattivis,sy
making possible an effective exciton dissociation and a fast chrarggport to the electrodes. The
suggested synthetic approathleading to a single copolymeric electrdanor material which
contains both watesolubilizing groups and electreatceptor moieties at the same tiin@rovides
a simple and versatile architecture for the construction of efficient éammeptor intramolecular

polymers.
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3. Experimental section
3.1. Materials

Tributylphosphine (97%)ullerene (Go, 98%),N,N-dimethylformamide (DMF, 99.8%), toluene
(C/Hg, >99.9%), diethyl ether (ED, >99.5%), and chloroform (CHEI 99.099.4%) were
purchased from Sigma Aldrich Chemical CoHaptane (99.4%)was purchased from VWR
Chemicals (France). Methanol (MeOH, >99.8%as purchased from Honeywell (Germany).
Magnesium (Mg)was purchased from Merck (Germany). Diethyl ether and Ti#fe freshly
distilled beforeuse to remove the stabilizer whil# ather materials were used as receivedl
manipulations involving moiste-sensitive reagents were performed under argon atmosphere in

flame-dried glassware.
3.2 Synthesis of watesoluble doublecable copolymer

3.21. Synthesis of poly {®-bromohexyl)thiopheneo-3-(6-fullerenylhexyl)thiophene]
(P[(T6Br)-co-(T6F)]) by postfunctionalization of PT6Br

103 mg (0.420 mmol) of PT6Br and 2.6 mg (0.105 mmol) of Mg were added into 5.0 mL of
anhydrous THF in a first reaction system. The mixture was allowed to react under reflux for 2h,
under stirring and in an inert atmosphere. &gbently the system was cooled down to room
temperature and the reaction mixture was transferred to the second reaction system containing 1.0
mL of DMF, 100 mL of anhydrous toluene and 114 mg (0.158 mmol) of fulleres@’ ke mixture
was left to eact atroom temperature for 22under vigorous stirring. After the reaction time, 1.0
mL of a solution of NHCI 2.0 M was added to quench the reaction mixture. The crude product was
extracted with a haléaturated solution of NaCl (2 x 100 mL) and washed wittillds water until
neutrality. The organic phase was dried under vacuum and the obtained solid was recovered with 50
mL of CHCL and slowly added to 350 mL ofhreptane. The dark brown precipitate was filtered on
a PTFE membrane (0.45m pore size) andiried, giving 104 mg (0.357 mmol, 85% yield) of

copolymer.

'H-NMR (pyridine-ds, ppm): a 7 H4),57.41 (s,,1H, EHH), 3.97hbm, 2H,
CH,Cso), 3.45 (bt, 2H, @,Br), 3.01 (bt, 2H, Th@,), 1.881.66 (bm, 4H, E,CH,Br +
CH,CH.Cso), 1.541.32 (bm, 2H ThCH,CH,), 1.321.12 (bm, 8H, (E€l,),CH,CH,Br +
(CH2)2CH,CH,Cq).

13C-NMR (pyridine-ds, ppm): Ui 143.13 Ceg), 134.99, 122.96 (Thiopher®), 60.05 CHCso),
32.03 CH.Br), 29.20, 22.89 (aliphati€Hy).

FT-IR (KBr, cm?): 3053, 2918, 2849, 1509, 145p428, 1384, 1257, 1181, 109826, 722,
644, 557, 562, 526.
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3.22. Synthesis of poly{[3-(6-tributylphosphonium)thiophene]bromiae-3-(6-
fullerenylhexyl)thiopheneXP[(T6buP Br)-co-(T6F)]) by postfunctionalization of P[(T6Bkco-
(T6F))

100 mg (0.323 mui) of P[(T6Br)co-(T6F)] was added to 0.57 mL (2.27 mmol) of
tributylphosphine dissolved in 5.0 mL of toluene in a thmeek flask, under inert atmosphere. The
mixturewas left to react at 90°C foh&under stirring.

The system was cooled down to roormperature and the supernatant was removed. The dark
brown-reddish solid was recovered in 30.0 mL of MeOH, washed with diethyl ether and dried under

vacuum, giving 121 mg (0.252 mmol, 78% vyield) of ionic copolymer.

'H-NMR (pyridineds, ppm) : U 7 H&)A47.47 (s, 1H, BHH), 3.56Hbm, 2H,
CH2Cs0), 3.07 (bm, 2H, ThB2(CH,)sCs0), 2.92 (bm, 2H, ThB(CH,)sP"), 2.79 (bm, 2H, ELPY,
1.941.82 (bm, 8H, HCHys + CHyCHxCsp), 1.821.12 (m, 12H (CHy):CH.P* +
(CH2)3CH2CH,Cq0), 1.040.81 (bm,9H, CHa).

3C-NMR (pyridine-ds, ppm): Ui 143.11 Cs), 134.97, 122.95 (Thiopher®), 60.12 CHCeo),

28.59, 27.95, 24.42, 24.34, 24.30, 24.25, 24.19, 23.96 (alipBatiy, 19.37 CH.P"), 18.90
(P'CHy), 13.80 CHs).

IP.NMR (CD:OD, ppm): U 37.84.

FT-IR (Ge, cnt): 3052, 2956, 2927, 2869, 1514, 1461, 1427, 1408, 1379, 1228, 1180, 1096,
808, 721, 576, 526.
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3.3. Methods

'H-NMR, *C-NMR and®*P-NMR spectra were recorded on a Varian Mercury Plus 400 (400
MHz) spectrometer at roortfemperature using TMS as internal standard in deuterated solvents.
Chemical shifts are given in ppm.

FT-IR spectra were taken on Ge or KBr disks using a Perkin Elmer Spectrum One
spectrophotometer.

The molecular weight was determined by gel permeationncaitography (GPC) using THF
solutions on a HPLC Lab Flow 2000 apparatus equipped with a Rheodyne 7725i injector, a
Phenomenex MXL %m mixed bed column and an RFZX301 KNAUER detector. The calibration
curve was recorded using monodisperse polystystarelards.

UV-Vis spectra were collected by using Perkin Elmer Lambda 19 spectrophotometer using either
around 1¢ M polymer solutions in spectroquality solvents in Suprasil quartz cuvettes (1 x 1 cm) or
films on quartz slides drepast through the use Bfoctor Blade.

Sample decomposition temperatures were determined by using a TA Instruments Q600
thermogravimetric analyzer (TGA) by heating from 30°C to 600°C with a ramp of 10°€imin
oxidant atmosphere (air). DSC analyses were conducted by using mstidments Q2000
differential scanning calorimeter (DSC) by varying the temperature #imto 200°C with a
heating and cooling ramp of 10°C rliin a nitrogen atmosphere.

X-ray diffraction data were recorded at room temperature by using a Quik 1.5406 A)
radiation source (Philips PW 1050) and a Br&ggntano diffractometer (Philips PW 1710)
equipped with a graphite monochromator in the diffracted beam. Ghange between 2.0 and
90.0° was scanned by 881 steps of 0.1° with a counting time off@b each step. The XRD
characterization was carried out on polymer films on glass slides deposited by using Doctor Blade
(~ 100 nm of thickness) and after an annealing treatment by heating sample films at 120°C for 45
min under vacuum.

Field emission scammg electron microscopy (FEEM) was performed by using a FEI Nova
NanoSEM 450 microscope at an accelerating voltage of 10 kV and a working distance of about 4
mm. Samples were covered with a gold layer (8 nm of thickness), using a SC7620 Polaron mini
sputer coater (Quorum Technologies Ltd., Ashford, UK) before performing the electron
microscopy imaging. The sample surface topography was evaluated with an atomic force
microscope (AFM, Ntegra, NMDT) equipped with a silicon cantilever (HA_NC, NMDT, tip
radius of 10 nm and spring constant of 12 N/m). Measurements were performed incarsaicti
mode with a resonance frequency of around 150 kHz and a scanning rate of 0.5 Hz, while the size

of the scanned sample was 2.75 um x 2.75 yum per image.
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3.3.1. Solarcells

The ITO glass substratef2 c¢cm, surface resistance 21 q/ sq
10% wt aqueous solution of HCI and heated at 60°C for 10 min, in order to obtain an area of 1.5 x 1
cm covered by indium tin oxide. The glass was tbleaned using distilled water;opanol and
dried with a nitrogen f | o-ethylerfediomythiophene).palystyreaen c e 1
sulfonic acid (PEDOT:PSS, 2.8 wt% dispersion in water, viscosity 20 cps) was diluted 1:1 v/v with
2-propanol, enicated for 15 min using an ultrasonic bath (Elmasonic S 30H), filtered on a Gooch
G2 and the resulting solution (viscosity 12 cps) deposited over the previously treated ITO glass with
the doctor blading technique using a Sheen Instrument Model S26B66Vihd only a small (0.5 x
1 cm) area uncovered at the opposite side of the previously etched area. The PEDOT:PSS film was
heated in a Buchi GK80 glass oven at 120°C for 90 min under vacuuri® (hénHg).

A solution made by mixing 5.0 mg of P[(T6bWB?)-co-(T6F)] in 0.5 mL of methanol was
sonicated for 15 min and deposited by using Doctor Blade on the slide in order to cover the
PEDOT:PSS layer. The sample was then annealed in the glass oven under vacuommi) at
120°C for 45 min.

Finally, a thin fim of Al (electrode, 50 nm of thickness) was deposited over the polymeric layer
through a shadow mask using an Edwards 6306A coating system operating mmHy. The
active area of the cell was 1 x 1Zrfihe currenvoltage characteristics weneeasured in air using
a Keithley 2401 source meter under the illumination of an Abet Technologies LS150 Xenon Arc
Lamp Source AM 1.5 Solar Simulator (100 mW#malibrated with an ILT 1408L photometer.

The structure of the final devices was made of: [BO nm)/PEDOT:PSS (100 nm)/active layer
(150 nm)/Al (50 nm). The solar cell spectral response was measured uskHCaSpec Il
Modularized Solar Cell Spectral Test System (SevenStar Optics, Beijing, PRC). Layer thickness
was measured using a FTPAdvanEd@$adv2 Film Thickness Probe (Sentech GmbH, Germany)
equipped with the FTPExpert software.
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CHAPTER VII: DEVICE OPTIMIZATION THROUGH THE USE
OF INTERLAYERS

1. Introduction
1.1 Overview

In order to improve hole extraction and collection combined with an enhancentaetpofver
conversion efficiency RCE) of bulk-heterojunction BHJ) solar cells,polythiophene electrolytes
with different pendant cationic moieties can used as interlaysrbetween the photoactive and
cathode filmawith the aim tamodify theinteractions between layersiaterface’™®

Cationic conjugated polyelectrolyte (CPE) acts as an electron transporting layer (EThgiand
presence between active layer amklectodein a solar celcanmodify thedipole moment at the
interface’ The increase of polaritpeems tdmprove the final performance of the device dy
easiercharge transport and collectianth a reduced recombination due to the better charge carriers
mobility.*° Moreover, several recent studies report the usmojugated polyelectrolyteswhich
combine the presence of a delocalizgicconjugated backbone with pendant ionic groupss

promising cathode interface modifiéfs?
1.2. Aim of thehapter

In order toimprove photovoltaic performancemd to preparenore greenand ecefriendly
devices, three polythiophene derivativegere synthetized and investigated as interfacaionic
conjugated polyelectrolyte (CPE) laydos halogerfree buk heterojunction (BHJ) polymeric solar
cells, based on an alcoksdluble electrordonor polymer (poly[d6-diethanolaminchexyl
thiophengd) and a watesoluble electroracceptor fullerene derivative {&Ser). The insertion of
the CPE interlayer betweethe active layer and the aluminum cathode could leadhe
enhancement of power conversion efficiency (PCE) of the final device and optimization of the
morphology of the layers

The structural propertiewere investigated by spectroscopy techniqués-liIMR, *C-NMR,
3p.NMR, FT-IR, UV-Vis), thermogravimetric analysis (TGA), differential scanning calorimetry
(DSC), X-ray diffraction (XRD), atomic force microscopy (AFM) and extergahntum efficiency
(EQE). Finally, he final materials were tested aathode interlayersn organic solar devices
prepared with halogefree solvents

This chapter i <Effeats of waterdajcahal soflelendationicfpolyfhiophenes as
cathode interlayers for eddendly solar cellé D. Quadretti, M. Marinelli, ESalatelli, F. Pierini,

A. Zanelli, M. Lanzi, Macromolecular Chemistry and Physi@&)23 2200422
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The atomic force microscopy (AFM) and texnal quantum efficiency (EQEheasurements
were carried out in collaboration witrof. Filippo Pierini of Departent of Biosystem and Soft
Matteri Institute of Fundamental Technological Research, Polish Academy of Science (Warsaw,
Poland).

The electrochemical measuremer{t3V) were carried out in collaboration withational
Research Council (CNR) Institute for Orgnic Synthesis and Photoreactivity (ISOBplogna
(BO), Italy.

Thesynthesis opoly-[3(6-tributylphosphoniurshexyk1-oxy)thiophene]bromide (PTO6bUBY’)
and the respective synthetic resuktported in this chapter weperformedby Riccardo Zuppiroli

under the supervision of the author, or by the author herself.
2. Results and discussion
2.1. Synthesis

With the aim to prepare a completely €dendly photovoltaic device (photoactive blend and
interlayers), the electredonor material (ED) was synthesd through the podtinctionalization of
regioregular poly[36-bromohexyl)thiophene] (rrPT6Br) with diethanolamine (Scheme 1), giving
the correspondingoly[3-(6-diethanolaminchexyl thiophene] (PT6N(EtOH) as aneutralwater
alcohotsoluble polyme® The most commonly ED used in BHJ solar cells is {®ly

hexylthiophene (P3HT) but results to be insoluble in polar solvents.

HO
z OH
Br N—/_
Diethanolamine
7\ / A\
S n THF/DMF S
60°C, 48h
rmPT6Br PT6N(EtOH),

Schemel. Synthetic route to obtain PTEN(EtOH)

In case of interlayers, the synthetic approach followed was basepolgmerization of
monomers- in the same conditionsthrough oxidative reaction with FeCAnd subsequent pest
functionalization with the same substituent (tributylphosphine), as depicted in Scheme 2

130



/
B}P*\/\/

(CHz)gBr (CHz)sBr (CHz)e
f/ \f FeCl3/CH3NO, m PBus/toluene m
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T6Br rt/ 50° PT6Br PT6buP Br
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o] o] O o]

FeCly/CH;NO, PBug/toluene
s CHCls s” I 90°/24h s 7
rt/50'
EDOT-MeO6Br P(EDOT-MeO6Br) P(EDOT-MeQO6buP*Br)

Scheme2. Synthetic routes to obtainterlayersPT6buPBr’, PTO6buPBr and PEDOT-MeO6buPBr).

At first, starting from commercially available reagents thmonomers 3-(6-
bromohexy)thiophene T6Br), 3-(6-bromohexyil-oxy)thiophene (TO6Brjand 6-bromohexyil-
oxymethylEDOT (EDOT-MeO68B) were synthetizethrough several synthetic steps.

In detail, the monomer-@-bromohexy)thiophenewas synthetized by thegrotection of target
alkylic chain (1,6dibromohexane) with qmethoxyphenol group with subsequent crosspling
reaction with 3bromothiophene andrfally deprotectionas previously reported @hapter|.

With regard to the monomed-(6-bromohexyll-oxy)thiophene the synthese involved were
mainly the substitution reaction on dhéxandiol to obtain-bromo6-hexand'* and the subsequent
transetherification reaction withr@ethoxythiophene.

In case of @romohexyl-oxymethylEDOT, the synthesis involved the use of -1,6
dibromohexane for the transetherification reaction in situ with hydroxymef@T in presence of
tetrabutylammonium broite (TBAB).*

The synthetizednonomes T6Br,*® TO6Br andEDOT-MeO6Br were then allowed to react with
FeCk in dry chloroform for 50 minutes under inert conditioldtaining the corresponding
polymers PT6Br, PTO6Br and P(ED&MeO6Br). The choice to use aon regiospecific
polymerizationprocedureto obtain CPEs was based on thepose to preserve their solubility in

polar solvents, avoiding clustering or crystallization phenomena
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Finally, polymeric precursorswere posffunctionalized with tributylphospheat 90°C for 24
hours leading to the complete pdghctionalization ofsidechain substituents and giving an
optimal solubility of the resulting materials in polar solverits

Table4.Pol ymer sé characteristics.

\Ffi‘;a;t('% HT (%)® Mn (kDa) PDI

rrPT6Br 23 95 9.0° 1.3°
PT6N(EtOH), 35 9.9° 1.3°
PT6Br 56 85 9.8° 1.9°
PT6buP Br 97 17.9° 1.9°
PTOG6Br 45 68 23 18P
PTO6buPBr 93 41° 1.8°
P(EDOT-MeO6Br) 31 81 43  1.7°
P(EDOT-MeO6buPBr) 88 6.9° 1.7°

2 Determined byH-NMR; ® Determined by GPC chromatograpfgalculated from the molecular mass of the
corresponding precursors.
The average molecular weighiveredetermined through GPC analysis of the soluble frastion
of the synthesized precursor polymers (Table 1). The comparison betRdé&Br andPT6Br and
the other two polymers shows the obtainment of lower molecular weights for the latter, and this can
be ascribed to the presence of alkgxgups grafted on the thiophene ring. In this case, the
electrondonating effect of the oxygen stabilizesethradicals involved in the oxidative

polymerization thus favoring the formatiofishorter polymeric chairs
2.2. NMR characterization

All the synthesized products and polymeric materials were characterized by NMR spectrometry
(*H-NMR, BC-NMR, and®*'P-NMR for interlayers) to confirm their chemical structure.

Taking into account only polymeric precursors and correspondingfynasgionalized polymers,
i tos possi bl e t o veri fy t he success of S
tributylphosphinedr PT6N(EtOH) and CPEs, respectively.

Although different deuterated solvents were used, the comparison between rrPT6Br and
PT6N(EtOH) spectra (Figure 1) showshe effective substitution of bromide group with
diethanolamine due to the disappearance afasigscribable to the methylenic protons near the

halidegroup
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Figure 1.'H-NMR spectra of PT6Br (left) and PTEN(EtOH)ight). Asterisk: solvent resonane¢CDCl; and
CD,0D).
The analysis ofH-NMR spectra of cationic polythiophenes (Figure 2) shtwestotal absence
of methyl eni c p r-Brgroup svidéncing the suazessful ghsictiondlization of
precursors with tributylphosphine. In particular, the presence of a broad multiplet-&t 253@pm,
2.31:1.99 ppm, and 2.24 ppm, for BAUPBr, PTO6buPBr and P(EDOTMeO6buPBr),
respectively, can be ascribed to the eight methylenic protons near to the phosphine moiety, thus
confirming the substitution of bromide group.
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