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CHAPTER 1 INTRODUCTION

1.1 | -CONJUGATED POLYMERS

Conjugated polymers (ICPs) are organic polymers that conduct electricity. Such compounds me
have metallic conductivity or cae kemiconductors. Conductive polymers are generally not
thermoplastics, i.e., they are not thermoformable, but, like insulating polymers, they are organic materie
They can offer high electrical conductivity but do not show similar mechanical ptopates
commercially available polymers. The electrical properties catubedinsing the methods of organic

synthesis or by advanced dispersion techniques.

Conjugated polymens their semiconducting or lessductive forms are widely used in the
organic electronield for applications such as lightitting diodes [1], thfiim field effect transistors
[2], and bulk heterojunction salals (BHJ).

I -conjugated polymers are of relatively recent interest when, back in 1977, professors Alan .
Heeger, Alan G. MacDiarmid and Hideki Shirakawa found that polyacetylene, properly treated, showe
conductivity comparable to a metal; this discovery was awarded with the Nobel Prize in Chemistry il
2000 (Fig. 1).

(‘,

4’.} /
i

A. ). Heeger A. G. MacDiarmid H. Shirakawa

Figurd. Winnersfthe Nobel Prin€€hemistity 2000.

Polyacetylene (PA), with its two structural isomers, is the simplest conjugated organic polyme
(Fig. 2).
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A e Y G e N

frans-Polyacetylene

NI NI

cs-Polyacetylene
Figur@. Isomeric structures of Polyacetylene

PA was synthesized as a conjdgadéymer with high molecular weight, high crystallinity and
regular structure in 1958 when Natta et al. [3] polymerized acetylene in hexane ySi{@RH{EHs
initiator. For long time PA was considered of poor interest due to the impossibiiiginiig a
processable polymer regardless of the method of polymerization: in fact, it could be only obtained as
black powder, infusible, insoluble andiaars t a b | e . Only at the beginni
this kind of material was raisedhmsy studies made by Shirakawa et-@].tfat prepared flexible and
high quality films both of the aubuissomer and of the silvieanssomer, in presence of ZieglerNatta
catalyst and they also developed different techniques for controlling thetwaten the two isomers

in the final product {8].

However, both product showed poor conductivity, i.e#&Q'@/m for cisPA and 18LF S/m
for trandA. Shirakawa noticed that IR spectra of PA film exposed to bromine or chlorine vapors,
showeda significant decrease of trasmittance, that increased back after the complete alogenation of tf
polymer, a fact that suggested unusual electronic properties of this product. The collaboration witl
Heeger and MacDiarmid was crucial for the studies titaed/the Nobel Prize in Chemistry in 2000:
until 1977they studied the electronic properties of PA exposed to iodine and bromine vapors [8] an
treated with arsenic pentafluoride [9], measuring conductivity values rangiritpft®3/én, which

are tyical values of metals.

Increasing the conductivity of this material up to 18 orders of magnitude, depending on the
treatment used, allows to control its electronic properties from insulating material to semiconductor, til
metal. These discoveries andciresequently studies on the mechanisms of this behavior, led to the
development of thespal | ed O0synthetic metal sé, named oI
The opportunity to combine processability, lightness, versatility, reliability ofipoohategials with
the properties of conductive and seamductive materials, which are crucial for modern electronic and
optical fields, led, from the 80s, to an intense study of conductive polymers; the main are (Fig. 3

polyparaphenylene (PPP), padlgphenylenesulfide (PPS), polyparaphenylenevinylene (PPV),

4
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polyaniline (PANI), polypyrrole (PPy), polythiophene (PT), polyisothianafene (PITN) and
polyethylenedioxythiophene (PEDOT).

1O 101 107 10

PPV PANI
(o) 0
]\ / \ / \ / \
N S S S
ll'l n " n n
PPy PT PITN PEDOT

Figur&. Structure of some conjugatsed polymer

Polyacetylene is the polymer which shows higher conductivity, but its high sensitivity to air anc
moi sture make it not suitable for practical u

polymers.

Other products are more airkdegboth in neutral and electconductive forms. They show

lower conductivity, usually aroundSitn, which is however sufficient for many practical applications.

Nowadays, the studies are mainly focused on the analysis of the structures and electroni
properties of these polymers, on the development of synthetic routes which can lead to a better contrc
on their properties, on the synthesis of functional polymers where polymeric backbone properties ar
associated with lateral groups in the side chains #malraechnological applications. These polymers
can be used from antistatic covers and energy storage systems to sophisticated electronic devices suc
transistors, organic light emitting diodes (OLEDSs), solid state lasers and modified selexta® elect

and sensors.

1.2 ELECTRONIC S TRUCTURE OF CONJUGATED POLYMERS

In common polymers, the electronic structure of the atomic chain forming the backbone of the
macr omol ecul e, c dypesbonslst Bhe lagh enlergysgapy B3 vy O taldde e n b
anttbond | evel s, makes these materials electric

radiation. For example, in polyethylenethe 43 i s about 8 eV.
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Instead, conjugated polymers consist of a continuous network of close duwishldHm PA
backbone is composed ofbpy br i di zed carbon atoms, each of

p.orbital is overlapped with the nearest otherpb i t al , | -ymeddublegopond.o a t he

This kind of structure causes the formatiorp aftates delocalized throughout the whole

pol ymeric chain that create two bands, <call ed

number of conjugated double bonds increases (Fig. 4) [10].

5 e e Bl
ﬁ o s esheirie
S T 7
4 ot A= | %
84 _H_ -H_ /
A =
- 4 /
= 4 W+
N Z
N=2 N=3 N=4 N=5 N=6 ... “

Figurd. Schematizatbmalence and conduction bands model.

The ener gy -bgoanpd i bnegantibeneting I§8els.H 3) , tends asymp

limit value which is lower thag.E D , expl aining the absorption
of visible light. The small value gf£ 5 ) -4 €\Ais rdsponsible for the semiconducting characteristics

of conjugated polymers (Fig. 5).

A - Mg F
< COMJUGATED POLYMERS > =
. I 1 v
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Figur®. Conductivity comparison between conjugated polymers and some conventional materials
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The polymeric chains can be easily oxidizestlaced, generally by means of charge transfer
with dopant molecules. This processslamathe formation of charged species with sufficient mobility
to obtain high conductivity values.

In traditional semiconducting materials, the atom coordination thouadgnt bond leads to
the formation of a rigid three dimensional structure in which the excited electronic states are constitute
by excess or lack of electrons.

Instead, in ICPs, that have mono dimensional structure, the excited states are connected wit
backbone distortions. Two classes of polymer can be distinguished: the onesathtirtgenerate
excited state with ground state andaegeneratpolaronandbipolarorexcited state, as described in
the following paragraphs.

1.2.1 Systemswith degenerateground state

Polyacetylene (CHin itstrangorm, which is the most thermodynamically stable, is the model
for this class of polymers. Charge carriers, generated from the doping process, lead to a charge trans
from the polymer towards electron acceptor (A), where the macromolecular chain acts as a polycation
in presence of Aspecies. Similarly, with an electron donor (D), the polymer acts as a polyanion in
presence of Dspecies. Chemical compensation has been demonstrated tBhbilimgoping process

is reversible and can also be made with an electrochemical process.

In trangCH),, if bonds length were equal, the repeating unit would be a CH group and the
polymer would behave as an almost mono dimensional metal with a halhdfleddfctrons. However,
this system is unstable among the dimerization distortion, krideverkssdistortionere the movement
of the contiguous CH groups towards each other determines the alternating formation of shorter
(partially double) andiger (partially single) bonds, lowering the system energy. Single and double bond:
can be interchanged for symmetry, without energy variations. Therefore, two state at the lowest ener
A and B, possessing two different bonding structures, can exisin3itien from one form to another

is described by the dimerization parameter, as follows:
0o Q Q
wheréQQ eQ indicatehe bond lengther double and single borespectivelyThe energy

of the two states is function of the dimerization paramete@)(Fig



Part 1Polythiophenes Chapter 1: Introduction

E(u)

Phase B

NN TN

Phase B Phase A

Figuré. Structure andrgp diagram for the two phases of PA.

This degeneration in two levels leads to the existencelimie@sriopological excitations (bonds
alternation border domainswlitgnwhich seems responsible of many of the properties of Pgalittre
proposedd r t hi s polymer [ 11] is a odefectd i n the

with phase B having different bond alternation (Fig. 7).

Neutral Soliton

Figur& A neutral soliton separates phases A and B.

The existence ofthelso t on | eads to the formation of a
is collocated exactly in the middle of the gap between valence and conducting bands (Fig. 8a). The dop
with electroracceptors determines the formation of positive charifed $oorroccupied state, Fig.

8b) while doping with electrdionors is obtained a negative charged soliton (double occupied state, Fig.

8c).

+ — I
iz % 72

Figur8. Energy levels diagram for a) neutral, b) positive and ¢) negative soliton.

From the chemical point of view, neutral solitons are equivalent to a radical with no charge anc
spin of 1. Charged solitons, instead, dondot h

by means of a potential difference generating the cwoitgucti
8
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Finally, it should be noted that during the doping process, a couple of defects, in the form of
solitonantisoliton, is always formed. The separation energies of this couple have been studied by J.
Bredaset al[12]. The results show that, at lewels of doping, charges released in the macromolecular
chain determine the formationpafiaronigpe charge carriers and not only of charged solitons. With the

increase of doping, tpelarores/olve, leading to the formation of charged solitons.

1.22 Systems with nordegenerate ground state

As PA, all ICPs have two resonance structures: aromatic and chinoid (e.g. polythiopagne, Fig.
However, these two forms are not isoenergetic, because the chinoid form has higher energy ar

consequently detemmeis the presence of a riegenerate ground state (Fig. 9b).
) b) E(u)
fN NN NN

I Phase A: Aromatic

U W W i W
:(S)—A?—Q—Q—Q— Phase B

Phase B: Chinoid

Phase A

Figur®. a) Aromatic and chinoid forms of polythiophene and b) energy diagram of the two configurations.

In these polymers, the existence of a single state lo¢cheeohiddle of the energy gap between
3 and 3* bands is not possible. The faisolitoed de
and they appear to be o0confinedd6é. This confin
the solitorantisoliton couple, of some rings in the chinoid form and therefore in higher energy state
(Fig.10). Therefore, a compromise must be created between the energy separation of the defects and

extent of relaxation of the lattice induced by them.

Figuel0 Soliteantisoliton couple of polythiophene

When an electron is removed from the polymeric system or added through doping, a unit callec
polarois formed, which introduces one state of bonding and one antibonding b@atnergy gap.

Polarons can be positively or negatively charged and have sport/e@ewgl. for PT, Fig. 11)
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a)

I

b)

14

Figurdl a) Positive charged and b) negative charged polarons with their energy diagrams.

From the electronic leggboint of view, we are in a similar situation to thedared? A with low
level of doping. But, differently framang?A, in other ICPs the formation loifpolarondignions or

dications with zero spin) is observed (Fig. 12).

Although the formationofai pol ar on i mpl i es a higher def ol
more favored than the formation of two polarons [13]. The high deformation, derived from the presence
of the bipolaron, determines a further increase of thieomaling level abowbe valence band (Fig.

12), making the ionization processes easier.

PN SN N TN T T A N —

s s s s s s s s s —
Tz
b)

TN N o o o NN -

s s s g7 T vsT s s S i
b

Figurd2 Bipolarons with a) positive and b) negative charge with their corresponding energy levels for polythiopl

Charges of the bipolarons are very nedfand they are localized for PT, PPy and PPP, on an

average of five rings.

With the increase of the doping |l evel, sev
band with high energy. The conductivity of ICPs could come from the motion af lEpeéaronic

entities across the macromolecule.

1.3 CHARACTERIZATION OF C ONDUCTIVE POLYMERS

As for many others polymers, ICPs can be characterized through different analysis technique
[14], such as:

10
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cyclic voltammetry, which allows to know redox pregess

optical characterization, for electrochromic application;

1
)
1 nuclear magnetic resonance for structural analysis and orientation of the chains;
1 gel permeation chromatography, for the molecular weight analysis;

1 Raman and FIR analysis, for the identificatiof the vibrational motions;

)

differential scanning calorimetry and thermogravimetric analysis for the identification of

glass transition, menlting and decomposition temperature;

=

electroluminescence measurements for the possible use in PLEDs;

1 X-ray diffration for determining the crystal structure.

1.4 APPLICATION OF CONJUGATED POLYMERS IN THEIR
ELECTROCONDUCTIVE DO PED STATE

In these kind of applications, ICPs can be used in substitution of metals for their better properties,
for the easier processingfor problems connected with toxicity or environmental pollution. It is
possible to use directly these products for their conductivity or exploit the variation of physical propertie:

of the material when the doping process occurs [15, 16].

1.4.1 Conductor cevices

The most obvious application of ICPs is their use as conductors, combining high conductivity

with the excellent mechanical properties and high lightness of plastic materials.

In the modern technology, a remarkable request for transparent comrdisitorBue to their
high molar extinction coefficient, conjugated polymers are transparent only as thin films, but blends witl
insulating polymers allow to obtain a good optical transparency without a significant decrease c
conductivity. The easy progiag of polymeric materials allows to obtain antistatic covering and

homogeneous fibers also in blends with other polymers.

1.4.2 Raadar application

Radar detecting consists in determining the position, direction and speed of an object from the
analysis athe signal obtained by reflection of a magnetic radiation which invests the object itself. The
coverage with a doped conductive polymer lead to the absorption of more than 50% of the incident
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radiation and the reflected part has such characteristicetbjdtt is not distinguishable anymore,
making it completely invisible at radar controls. This property generates a remarkable interest, especi:

in the military field, for the production of shield systems.

1.4.3 Corrosion protection

The current corrosn protection systems, especially in the marine field, use sacrificial metal
electrodes which oxidize in place of the substrate determining a high environmental impact due to toxi
metals release. Also coating with epoxy resins is widespread, butdnoablerpecause a little break
immediately exposes the substrate to oxidation. Coatings with conducting polymers having oxidatio
potential lower than the substrate, in addition to act as physical coverage, can be easily oxidized inst
of the substrateven in case of cracks. Moreover, conjugated polymers, in the doped state, are completel
insoluble, so the coating continues to resist eliminating the problem of environmental spread
Alternatively, conductive polymers with higher oxidation potentiti¢hsubstrate can be used too. In
this case, the polymer reacts with the material to be protected determining the passivation of the expos

surface.

1.4.4 Batteries

The field of accumulators of electricity [17] is one of the first in which ICPs havatrdésoon
a high commercial impact. In batteries, a cathode and an anode are present which are respectively redt
and oxidized in a reversible manner thanks to the presence of a support electrolyte that separates the t
electrodes and acts as ions sdorcthe redox reaction balancing. ICPs can be employed as cathodes
offering ease of manufacture, processability and low weight.-pivhyumeric batteries are interesting;

the reactions that take place are:

12
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charge
+ g :

L +e —/——— i

discharge

charge

Y o+ |
polymer << ) oxidized polymer
discharge

charge
Ly —/— Li + oxidized polymer
discharge

Y = ClO;, BF} etc.

Similarly, charggischarge reaction take place when astiiition is electrolyzed using Zn and
polythiophene (PT) as negative and positive electrodes:

charge
Znl,+ PT SN Zn + PT doped with iodine
discharge

1.4.5 Catalysts

The doped surface of an ICP constitutes a hybrid material that cam &e @éeterogeneous
catalyst supported on a polymeric matrix which can be used in many industrial processes such as 1
conversion of alcohols or olefin oxidation. The dispersion of the catalytic specie using the doping proces
and the chemical bond tieformed with the carrier prevent the release of the catalyst itself. Moreover,

the possibility of easily varying the doping level allows to efficiently modulate the catalytic activity of th
system.

1.4.6 Electrochromic cells

ICPs show different optigadoperties both in the neutral and in the doped state. Doping can be
made electrochemically determining thealledelectrochromic Etfsxttochromic windows are based

on this principle. Generally, one electrode of conducting polymer, a proparanaesectrolyte and a

13
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counterelectrode are sandwiched together. The application of a difference of potential between the twe

electrodes induces the doping of the polymer and, consequently, a variation of its color.

1.4.7 Sensors

Conjugated polymers effthe possibility to combine the interaction with an analyte with an
observable response since this process usually determines a variation in the polyconjugated backb:
conformation resulting in a change of its optical or electrochemical propeetie®dtioe possibility

of using ICPs as sensors [18] where polymer structures provide a higher sensitivity than molecular on:

ICPs based sensors exploit different schemes. Conductimetric sensors record a variation of th
polymer conductivity, in the neltor doped state, using a pair of electrodes. Instead, potentiometric
sensors measure the variation of the potential of the system and only require the immobilization of th

polymer onto an electrode. Optical sensors, such as colorimetric or flucatsTrencs.

Unmodified ICPs are neselectively sensible to pH and to many analytes as organic vapors,
oxygen, nitrogen oxides, ammines, hydrazines, moisture, various ions and cytochrome C. Th
functionalization with polyalkylether chains, crown etheeezarcrown ethers allows to obtain specific
selectivity for cations; with pyridimesed ligands, metals can be detected; chiral substituent exhibits
enantioselectivity towards chiral dopant ions; metalcyanide, metalporphyrin and calixarene give hic
ionchromic response. Furthermore, simplelaasg interaction can be exploited for the determination
of cations or anions or for the development of biological sensors for the recognition of proteins, DNA

or RNA sequences and enzymes.

1.4.7 Controlled releaseaapplication

Inorganic or biological ions can be selectively released by polymeric systems through the
application of a controlled potential. A simple device and its working schemes are reported (Fig. 13).
conducting polymek, with an oxidation potentiBh.y, is electrodeposited on a substrate with a mobile
countefion X'. A second polymds, with an oxidation potentiak&higher than A, is electrodeposited
on theA film using normobile counteion Y". The system results then exposed, frofB gige to the
electrolyte solution. During the complete reduction (Fig<1li8a)leaves the device andyas fixed,
the charge balance is achieved only by from the input of dtafrom the external solution of the
electrolyte. The selective oxidatbA calls back again in the internal layer (Fig. 13b) while with the

oxidation ofB, M* is freed once again (Fig. 13c).

14
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Figurd3 lorselective transport by aactieetniyer.

lons transport as a function of thegutal is an interesting system of drugs dosage in biological
systems. Cycling the potential with Eaox < Egoxit is possible to distribute anions and receive cations,
while in the return cycle, with.< E < Egox0nly anions are released or onlpeatiEa.x < Esox < E.

1.5 APPLICATION OF CONJUGATED POLYMERS IN THEIR
NEUTRAL SEMI -CONDUCTIVE STATE

Non-doped conjugated polymers are semductors whose energy gap is depending not only
by the chemical constitution of the backbone, but also by the ofative substituent bonded to the
main chain. Consequently, ICPs properties can be widely modified by means of an appropriat

functionalization [19,20].

1.5.1 Polymeric Light Emitting Diodes (PLEDS)

The studies made by Friezichl[21] on the PP eleotuminescence have opened a new field for
the application of ICPs in technologies exploiting this phenomenon. Electroluminescence can be easi

defined as the generation of light induced by electric excitation.

In its simplest type, a PLED consists imgle layer of electroluminescent polymer sandwiched
between two electrodes, one of them transparent to the light produced during electroluminescence effe
(Fi g. 14) . This electrode in wusually thés ano
constituted of a layer of indium/tin oxide (ITO). The cathode, which generates electrons, must be
composed of a easily oxidizable material such as Ca, Mg or Al.
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Al, Ca cathode
| ® ®
@ thin layer of conjugated
CC) O® © | polymer
5 ® —
®
® | ®
ITO anode
plastic or glass
substrate

A

hv

Figuré4. Schematic structure of a single layer PLED.

Uptoadeer mi ned threshold voltage, current do
rapidly with increasing of applied voltage. Opposite charge carriers, holes and electrons, are injected
the conjugated polymer layer respectively from the anode aradhiode. Vacancies are generated in
the highest occupied molecular orbital ( HOMO)
the | owest unoccupied molecular orbital (LUMO
a potentiallireshold that must be overcome in order to insert charges in the polymer clearly exist. The
process can lead to the formation of excited states of singlet or triplet of which only the first one decay

with a radiative process with light emission.

0

V-0,
LUMO /
7* band Po

AEe @
P1 g —> hv

@ AEh HOMO

Anode Semi-conductive Cathode
polymer

(eV)

Figurd5 Diagram for siteyer PLED bands.
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In conjugated polymers, positive charges have higher mobility so electroluminescence mainl
develops near the cathode. In this area, unfortunately, the probability of nonradiative charge:
recombination is higher with consequently decrease of device efficiency. To overcome to this
disadvantage albiyer system can be used; in this system, an electrons carrier layer is inserted, betwe:

the cathode and the polymer.

The frequency of emittedHigs nearly equal to the difference between the potentials of oxidation
and reduction of the polymer and, since it is possible to synthesize a wide range of polymeric structure
multicolor display can be obtained.

1.5.2Photovoltaic cells

Photovoltaic dis allow the transformation of light radiation into electric energy and can be then
considered as the opposite of a PLED. Unfortunately, theipdat®d charge generation, needed for
the working of the device, has an extremely low efficiency becHtiBs #tre electretonors if subject
to photoexcitation. If an electraceptor molecule is available in the close area, charge separation occurs
due to photo induced electronic transfer. In this case in the conjugated backbone a configuration o
stable barge storage is formed: a highly mobile and delocalized positive polaron. Fullerene molecules a
highly effective as electraoceptors. It is then possible to imagine a bilayer photovoltaic cell where a
layer of fullerene is inserted between the polgmerthe cathode, improving considerably the

photovoltaic efficiency and the photo induced current.

1.5.3 Field effect transistors (FET)

FET are electronic devices that are crucial in modern electronics, because they are present, f
example, in the compus chips. A FET in formed by one semi conductive layer on which are deposited
two electrodes: the one is a dispenser of electrons (source) and the other retrieves charge (drain). T

are separated from each other and from a third electrode (gate)dnyric diyer (Fig. 16)
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gate electrode

drain - source

electrode \\ dielectric gate // electrode

I 0O

single crystal of

conjugate polymer

Figurd6. Schematic structure of a FET.

If no voltage between source and drain is applied, the device is in its insulating form (OFF). FET
becomes conductive (ON) when a voltage is applied betweerasdulcan electrodes through the
organic semiconductor. The third electrdagate, allows, through small voltage variations, to control

the concentration of generated charges in the polymepwitbiplesimilarto old thermoionic valves.
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CHAPTER 2:POLYTHIOPHENE AND ITS

DERIVATIVES

Between the conducting polymers, polythiophene (PT) is very interesting and studied thanks
its high air and moisture stability both in the neutral and the doped states. Moreover, the relative ease
functionalize the heterocycle ring allows to synthesize a wide range of derivatives, employable in differe
fields.

2.1 POLYTHIOPHENE

PT is mub studied for its high conductivity {Il@0 S/cm) and its high stability [1] (until 350°C
in air and up to 900°C under inert atmosphere in the neutral state) which derives from the high redo:
potential (B = 0.70 V). Its completely insolubility even atdow | e c ul ar  w estadgilgt s ,
interactions, limits the processability and consequently industrial applications. In the following
paragraphs, the main preparation methods of PT will be indicated since they can be applied also to
soluble derivates. These preparations aim to the obtainment of a polymer in which the thiophenic rings
are bonded exclusiv¢ by the & plokagstieadtn she deereaseucs eectrdnic

delocalization and consequently of every property derived from there.

Thetwo main techniques for PT synthesis and its derivatives are electrochemical and chemice

polimerizations.

2.1.1 Electrochemical synthesis

Polythiophene can be synthesized by both cathodic and anodic polymerization [2]. In the first
case the electroredioct of (2bromo5-thienyl)triphenyl nickel bromide in acetonitrile is used. The main
disadvantage is that the polymer formed is in the neutral state leading to the quick passivation of tf
electrode resulting in low thickness of the film that does netlek@@ nm. This method is the only

possible when anodic corrosion susceptible electrodes are used.

The anodic electropolymerization, a more ¢
catalyst and allows to obtain an already doped polymericefitity dn the electrode. The thickness of
this film is easy tunable and it is possible to charactesiaghe process of growth of the polymer
through electrochemical and/or spectroelectrochemical techniques.
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The process begins with the formatiorclodrged species on the surface of the anode by
monomer oxidation. The required stoichiometry is two moles of electron for each mole of monomer and
a slight excess of charge used for the doping of the polymer. The first step consists in the oxidation c
the monometo radicaication. As the electronic transfer reaction is quicker than the monomer diffusion
in the solution, a high radical concentration is maintained near the electrode. The second step involv
the coupling of two radicals for the formatiéma @ihydro dimer dicathionic which evolves at dimer
with the loss of two protons and riaromatization that constitutes the driving force of the process (Fig.
17). Due to the applied potential, the dimer, which is easier oxidizable than the mononeeteds conv
to radicatation. The coupling between a radiaabn and one monomer and the subsequently
riaromatization leads to the formation of the trimer that starts again the cycle until the oligomer become
insoluble and precipitates onto the surfacbheokkectrode. However, some of the steps are still not

completely clear and are currently subject to different interpretations.

2@ @%{S‘;} (3D o

+* H +

AYWAWANE.

S S S

Figurd?7. Mechanism of thioplestepolymerization

Polymerization conditions greatly affeetths t r uct ur e and t he proper
crucial the usage of anhydrous, aprotic, poorly nucleophile, with high dielectric constant and potentiz
stable (~1.42.3 V/SCE) solvents, such as acetonitrile, benzonitrile, nitrobenzene ancdepropyle
carbonate. Low temperatures allow the preparation of PT with higher average conjugation lengtr
because the-Afbomdsi emaoh defects is minimizec
noble metal (platinum or gold) or of ITO covered glasasthe polymer can settle permanently on it.

The deposition can be both potentiometric and galvanostatic, taking care not to use a too high potenti
since it can lead to polymer degradation.
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2.1.2 Chemical synthesis

The first chemical syntheses [3] ofW&Fe reported in 1980 from two research groups, both

based of the polycondensation ofdisomothiophene with transition metals as catalysts.

The Yamamoto procedure (Sch. 1a) involves the reactiomibir@pothiophene with Mg for
the formation of theorresponding Grignard reactive in the 2 and 5 positions and its subsequently
homocoupling catalyzed by nickel(bipyridine)dichloride.

Lin and Dudek used a similar procedure (Sch. 1b) using instead Rdf@cacicetylacetonate)
or Ni(acac)r Co(ace) or Fe(acag)

{ \ Mg/THF
a) Br / \ Br - //—\>~—
S Ni(bipy)Cl, | S N
f \ Mg/THF / \
b) Br / \ Br - / \ —
S M(acac), S

M = Pd, Ni, Co, Fe
SchemePT synthesis according to a) Yamamoto and b) Lin and Dudek

2,5dihalothiophenes can be polymerized by dehalogenative polycondensatidrbasdud Ni
catalysts (Sch. 2)

xﬂx Mg o Zn i {//—\\1

S cat. Ni® S Jn
X=Cl,Brol

Schen2eDehalogengpiolycondensation

Wudl and his collaborators prepared the iodomagnesiumiodothiophene starting from the
2,5diiodiothiophene in diethylether and, by the Ni(dpp@dp = 1,2diphenylphosphinopropane)
catalyzed homocoupling in hot arg/sobtained the corresponding polymer (Sch. 3a).

A new procedure from Yamamoto (Sch. 3b) lead to a quantitative yield in PT -from 2,5
dibromothiophene, Ni(cod) (cod = cyclooctadiene) and triphenylphosphine in hot
N,Ndimethylformamide (DMF).
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Sugimoto, inst&l, proposed the oxidative polymerization that allows to obtain PT by direct

oxidation of thiophene with ferric trichloride (Sch. 3c).

1. Mg/Et,O/reflux

a) |
2. Anysole
Ni(dppp)Cl,
100°C, 5h
i\ Ni (Cod )2/ PP h3 ‘.f' ,-‘f \ "\I‘
by Br—4_ J—br Na”
S DMF, 60°-80°C, 16h S,
¢) Lo gl
S CHCl, S

=

SchemePT synthesis acctrding/udl, b) Yamamoto and c¢) Sugimoto.

2.2 G-ALKYL FUNCTION ALIZED POLYTHIOPHENE S

The insertion of alkyl chains in the 3 position of the thiophenic ring, allows to reduce the
intrinsically insolubility of PT in a very effective way, since {atkyljghiophene]s (PATS) thus
obtained possess good solubility inmom organic solvents, such as GHCH.Cl, THF, xylene,
toluene, anisole, nitrobenzene, benzonitrile and nitropropane, even at high molecular weights. This kir
of functionalization slightly lowers the conductivity of the polymers, without affeatprattieal use.

The first chemical synthesis of PATS, a polycondensation with organometallic derivatives, is reported t
Elsenbaumest al[4] and puts in evidence that a good solubility can be obtained with an oligomethylenic
chain with at least fourrban atoms. PATs preserve the high stability of PT together with an excellent

filmability allowing the preparation of homogenous arsta@etiing polymeric films.

By introducing a substituent in the 3 position of thiophene, the repeating unity becomes
asynmetrical and the 2 and 5 positions are no longer equivalent. This results in the possibility to obtail
different regioisomers where the thiophenic unities can be concatenated headt&ild(HTp2 n d ) |,
headhead (HH-28 bond) anxd thdadin)m,thé pogsibiliy, of fdur triads linkages
(Fig. 18).
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TN N \sﬁ \S/ s \5/7
TT-HT TT-HH
Figurd8 Possible tsadPATS.
2.3PATS SNTHESES

Generally, with common syntheses techniques PATSs with different concatenation are obtained

but regioregular syste can be prepared through opportune synthetic strategies.

2.3.1 Electrochemical polymerization

The electropolymerization ofakylthiophene [5] is obtained in condition similar to those
described for thiophene. Obviously the electrochemical behak®nairiomer must be preventively
studied through cyclic voltammetry, with very low monomer concentration to avoid polymerization, in

order to determine the optimal potential value to be used in the polymer synthesis.

2.3.2 Crosscoupling polymerization with metals as catalysts

In the first synthesis of this class [6], aliy8o-3-alkylthiophene (Sch. 4a) is treated with one
equivalent of Mg in THF producing a mixture of Grignard reactives. Then a catalytic amount of
Ni(dppp)Clis added and, by Halogénignard coupling, a polymer consisting of oflyi@kage, which
has random regioselectivity is formed

PATs can be synthesized fromdiddo-3-alkylthiophenes, through coupling with nickel (0)
(Sch. 4b) in similar condition to those used for PT preparat®ronihdifference consists in the
reaction times that are higher for PATs, for which the use of the more reactive diiodothiophenes is
preferable instead of dibromo derivatives. The polymerization mainly ocebré by&oup |l i ng
obtained product hasghi rate of HHTT linkage. This is probably due to the oxidative addition of Ni

in the 5 position of the monomer, which is the less sterically hindered.
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Another technique provides the polymerization by dehydrohalogenation of
2-haloger3-alkylthiophene with madthalide such as Al©F FeC{ (Sch. 4c) which leads to products

with very low metal impurities, high molecular weights and regiorandom concatenations.

Finally, the method proposed by Cuatialuses the polymerization of-BjS(chloromercury)
3-alkylhiophenes using copper powder and catalytic amount efrPaf@idine (Sch. 4d). Also in this

case, the method isndét regiospecific and | ead
R R
Mg/THF ’—\T
a1 - TN
S Ni(dppp)Cl, st 1,
R R
/ . an
7\ Ni(cod),/PPh, 7
b) X=X - g
s DMF, A s,
X =Brorl
R R
/7 \\ FeXgor AlX, !ir\ﬁ\\
c) Lo X . g~
S nitrobenzene or CHCl, S N
X =ClI, Brorl

/—\( Cu/PdCl, ,7\_\\
d)  CHg—4_ “—HgCl - Ng”
S pyridine, A S n

ScherdeCrossoupling polymerization with metasésas cataly

2.3.3 Oxidative polymerization

With this technique [7] PATs can be obtained by reaeikgtiBiophenes with FeClvhich

acts both as polymerizing agent and as dopant for the polymer (Sch. 5).
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n Y+ 2nrecy . W+ 2nFeci, + 2nHCl

-n

R [ /R'y+
/ ‘( h \"\““'\
oY + 2y FeCl, —~__— [FeCl]}, + yFeCl
S S
n L

-n

O<y<n; generally y =0.33n
SchemeOxidative polynagion with FeCl

The used reaction medium is a solvent in which the oxidant is insoluble, suchasGCHCI
in order to keep the coordination vacancies active, that makes it a Lewis acid. In fact, in solution it i
transformed in K€l dimer withoutfree orbitals. Ferric chloride is used in a fourfold molar excess
respect of the monomer to be polymerized because it is consumed also to farmheRaCleacts
with HCI that is evolved during the reaction. A vigorous flow of inert gas is kepttmanrdiel oxygen
presence which can interfere with the polymerization mechanism and, at the same time, to remove tt
HCI evolved.

The proposed mechanism of the reaction (Fig. 19) begins with the formation of the thiophenic
radicaication which evolves tetlienylradical (more stable by 1.456 kJ/mol thareRylradical). The
coupling with another thiophenic monomer molecule in the position with higher electronic density (2
position, which has 0.0122 ue atomic charge higher than the 5 position) andqisngybse
riaromatization, by loss of a proton and further oxidation, leads to the formation of a dimer. The latter

is oxidized again and the cycle starts again allowing the growth of the macromolecule.

cr

HCI

Figurd9 Proposed mecharfiexidative polymerization.
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Thanks to the weak inductive effect of the alkyl substituent in the 3 position of the heterocycle,

the synthesis process results regioselective, leading to a polymer with HT concatenation of about 75%

This technique, whenropared to those previously described, is particularly easy and convenient
because it ensures good yield and high molecular weights in a short period of time (generally 1 hot
working at room temperature and using cheap antbxiorreagent such as theritetrichloride;

furthermore, the obtained polymer is in its electroconductive form.

Recent developments of this technique [8,9] inclutreditiprecipitation of Fe€through the
addition of a saturated solution of the oxidizer agentdN@Ho CCl where the salt is not soluble.
The ferric trichloride precipitates in a finely dispersed, high reactive form that allows the synthesis c

polymer with lower molecular weight completely avoiding the formation of insoluble products.

2.4REGIOREGULAR PATS SYNTHESIS

Regarding-8inctionalized polythiophenes, two kinds of regular concatenation can be defined:
HH-TT and HT. A product belonging to the first class of polymer can be easily obtained by oxidative
pol ymeri zati on bot h -dekyl2a-fthdepbhede, anedaf a TTtdimer,tthatiisa a
4, 4 0 d i-b#tHioghgre eSch26).

FeCl,

FeCl,

SchergeSynthesis of a-HHregiegular PAT starting from a) HH dimer and b) TT dimer.

The syntheses of HT polymers are generallydifficalt, but more studied and used because
this kind of configuration ensures higher mean conjugation lengths and, consequently, better electron
properties. Heterocyclic rings, in fact, pretearecolpanar orientation which can be obtained with
alnost only HT concatenations, for which torsional angles of eBlybgtween the rings have been
calculated [10]. HH bonds, instead, show a deviation from coplanarity of about 40°, a too high value fo

the correct orbitals overlapping, leading to a steuetith low conjugation length throughout the
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backbone. PATs with high HT linkages content are generally synthesized starting from alkylthiophen
monomers where the 2 and 5 positions are functionalized with different groups that can react throug!

couplingreactions.

2.4.1 RiekeChen polymerization

Rieke zinc (Zn*) reacts with -2libroma3-alkylthiophenes to obtair(lBromozincR-bromo
derivatives (Sch. 7) without the formation oim@tallation product [11]. The intermediate can be
polymerized with Ni(qge)Cl in refluxing THF for 4 h, obtaining a PAT with 98.5% of HT linkage.

Ni(dppe)Ch
THF

R
Brzn— ™~ s ~Br

Br— g~ Bl e

SchenfeRieke&Chen polymerization.

The rate of regioregularity is strongly influenced by the kind of both metal and ligand used, sinc:
with Pd(PP¥) a egiorandom polymer is obtained while with N{P&hPd(dppe)Clare observed
respectively 65% and 70% of HT linkage.

The method is quite versatile because, thus reactive, the organozinc compounds can be employ
al so in the pr es eetores cabnyl roupsAnitries and tompoantsewdth akid
chlorides.

2.4.2 Stille coupling polymerization

Iraquiet al[12] and Lér®orteet al[13] employed this kind of coupling for the synthesis of
regioregular PATSs using, respectivalyd@ and zbromo-3-alkylthiophenes (Sch. 8). The halogenated
monomer in the 2 position get selectively lithiated in the 5 position with lithiumdiisopropylamide (LDA)
at-40°C. The obtained product is directly converted to tributylstannyl derivative by reaBtigdn@th
at -40°C. The latter intermediate is stable and can be purified with the most common preparation
techniqgues before its polycondensation with Pg(PRading to the desired polymer with a
regioregularity never less than 96% of HT linkage.

29



Part 1: Polythiophenes Chapte: Polythiophene and its

derivatives

—/ 1. LDA, THE —

S\ 2. Bu;SnCl J/aR \ Pd(PPh,),

SchenBeStille coupling polymerization.

Higher yield can be achieved by heating and only with long reaction time that, from the 18 hours
for iodo-derivatives, it can take up to 72 hours wHenrado3alkylthiophene are employed. Thenea
of the solvent influences only the weight features of the product. In THF, for example, only short
oligomers are obtained while with more polar solvents a considerable increase of the molecular weight
observed.

It is important to underline that ooé the advantage of this procedure is the possibility to
synthesize a stable organometallic intermediate that can be easily purified from the impurities, be
concatenations in the final polymer to be avoided; this procedure is also scarcely redstimangwar
functional groups.

2.4.3 Heck coupling polymerization

Sevignonet al.[14] recently developed a method involvigd@3-alkylthiophenes. The
monomer reacts with a catalytic amount of Pd¢Oéaguimolar tetrabutylammonium bromide and an
excess foK,COs;in DMF at 80°C (Sch. 9), allowing to obtain with high yields regioregular oligomers
constituted by a mean of 15 repeating units.

—

R R
// \ Pd(OAc),, DMF 1\
&Sﬁ ' K,CO3, NBu,NBF L

SchereHeck coupling polymerization.

The same procedure, applied dor@no-3-alkylthioplenes, leads to similar results with the

advantage of employing a simpler synthesizable monomer starting from less toxic and expensive reage

2.4.4 Suzuki coupling polymerization
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Also in this case, ai@lo-3-alkylthiophene is employed; the latter igyealstained by the
corresponding-alkylthiophene with powdered iodine and yellow mercury oxide in acetic acid at room
temperature [15] (Sch. 10). The following step involves the lithiation in the 5 position of the intermediate
obtained, with LDA a#40°Cand subsequently quenching with trimethylborate. The boron ether, which
is hydrolyzedh situo form boronic acid, is directly converted in a stable ester when it reacts with an
equivalent of 2;8imethyl1,3propanediol. The obtained boronate is stadecan be purified with
common techniques. Its next polymerization, catalyzed by Rd(@ag¢ated at reflux for 16 hours in
a mixture of THF, water and ethanol, leads to the desired polymer with a good yield, high molecula
weights and with 9697% of KHdncatenations.

R R
- — 1. LDA, THF
"l.’ \"'\:"‘-..I | 2, HgO f-"’ll.‘"; \"-\I"\I 2. B(OMeb
g~ AcOH SN 3. H', Hy0
4. 2,2-dimethyl-1,3-propanediol
Na,SO,, Et,0
R R
_0 /\ A\ Pd(QAc),. KyCO3 [\

~ N A VY - [ \

~/ B S/\ ' THF/EtOH/H,0 L s J
7 { n
e

Schemé@. Suzuki coupling polymerization.

As for the Stille coupling, the possibtlitypbtaina stable organometallic intermediate, easy to
purify and compatible with many functional groups, constitutes adyeedage.

2.4.5 McCullough polymerization

This kind of polymerization [16] is based on the use of the Kumaedzoopisy) catalyzed by
Ni(dppp)Ch. A 3alkylthiophene is brominated in the 2 position with bromine in acetic agitherh
lithiation inthe 5 position takes place, using LDAI@TC, and the subsequent formation-lofdno
3-alkyt5-bromomagnesium thiophene by reaction with ether.MgBO°C. The reaction mixture is
warmed te5°C and then, the catalyst is added and the mixtureseésldt) react at room temperature
for 18 hours (Sch. 11). In this way polymers having at least 98% of HT concatenation, are obtained wi

good yields.
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R R
— ( 1.LDA, THF
/B Br; Q Y\ 2. MgBry « OEt
\S/ AcOH S/ TBr 3. Ni{dppp)Cl,

Scheméd McCullough polymerization.

The described procedure is particulanig-consuming and laborious and requires to work with
high purity products and cryogenic temperatures. McCullough himself recently proposed an alternati
procedure [17] very simple, quick and cheap. Practically, it deals vdibran2gB-alkylthioplene,
easy to synthesize and purify, with an equivalentiigBHin refluxing THF (Sch. 12). In this way, by
Grignard reactive metathesis, a mixture of isomers is obtained with a predominance of the isome
metalated in 5 position. Despite the-oompleteegioselectivity, the addition of Ni(dpppiCtatalytic
amount allows to obtain the desired polymer only after 2 hours of reflux, with yield of about 70% and
99% of regioregularity.

R

Y CH5MgBr

/! \
// \\
Bl”'"'-}\s/\'Bl’ THF

*
Ni(dppp)Ch
Br THF

Schem@ McCullough new paymnteesis

2.5PATS CHARACTERIZATION

PATs, and more generally, PT derivatives are characterized by all of the most common polymer;
analysis techniques. Studies for the determination of particular properties can be associated to the latt
linked to a specific @®f these materials, such as the measure of conductivity, of electroluminescence o

solar cells efficiency.

Nuclear magnetic resonance, infrared spectroscopy avid Bl&orption play a crucial role in
the structural study of these materials and provaahy and useful information that can be easily

achievablen modernresearch laboratory.

2.5.1 Nuclear magnetic resonance (NMR) spectroscopy

The analysis dH and™*C NMR of PATs allows to determine, in addition to the structure, the
regiochemistry of theabkbone.
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As for 'H-N MR, the presence of four signals in
hydrogens belonging to the four possible triads, can be observed.-lmepglit{®phene) (P3HT), the
expansion of the aromatic region is reported as an exaple (Figsifhatk at 6.98, 7.00, 7.03 and 7.05
ppm are attributabte the HT-HT, TT-HT, HT-HH and TT-HH configurationsespectivelj18].

HT-HT

TT-HH

708 706 704 702 700 698 69 694 ”ppm
Figur@0. Aromatic regiotHaMR spectrum of polgkylthiophene).

Also the signal of meteyh i ¢ pr ot ons bonded to the a car
the kind of concatenation and it originates two signals, at 2.79 and 2.56 ppm for P3HT, the former i:
attributable to HT dyads while the other one to HH/TT dyads. Calculating thetvatierbthe relative
integrals of the two peaks, it is possible to determine, in a very easy way, the percentage of backbc
regioregularity.

The™®C-NMR analysis allows to record in the aromatic region, sixteen different signals, more or
less intense, atiutable, in groups of four, to the thiophenic carbons belonging to rings lihkedre
in the different four triads.

2.5.2 Infrared spectroscopy

The stretchingoftheB bond (weak intensity) which inv
ring and its oudf-plane bending (high intensity) together with symmetric and antisymmetric stretching
(medium intensity) of the C=C double bond constitutetthmcteristic bands of the macromolecular
backbone. In the case of P3HT the frequencies of these signals are abodt( 2055338 ci( ),

1510 cmi( .Q), 1460 cm( sem). The frequency of cof-plane bending of the-l& bond is affectedyb

the kind of backbone configuration and it slightly shifts toward lower energies for system with high
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regioregularity while the ratigl () between the intensity of the two bands attributable to symmetric and
antisymmetric stretching of the thiopher€@llows to evaluate the conjugation length that increases

as Yl .lowers [19].

2.5.3 UWVis absorption spectroscopy

PATs U\Vis spectra in solution show a maximum of absorption, with a high molar extinction
coefficient, that is collocated at about#40 and cor r e%* oamldesc tt roo rntihce t3r
pol yconjugated backbone. The wa isedneeateytwhh the f  t |
conjugation length of the polymeric chain and is influenced by the regioregularity of the gystem, by

nature of the solvent or mixture of solvents employed for the analysis and by the temperature.

The spectra of the polymer in film sd4&ate .
indicating the presence of a higher conformationalwnéeicompared to the solution, and a spectral

structuration with the clear evidence of three or four vibronic quantum.

2.60PTICAL PROPERTIES OF PATS

The word ochr omi smd me aVisspecttaldoehavimrdof af produet Bsi 0 n
a function of the vation of the chemicphysical boundary conditions. This behavior, in the case of
PATs and other PT derivatives, comes from the conformational mutation of the backbone, that
influences the mean conjugation length and consequently the entity of the gaqelgpeween HOMO
and LUMO, which is involved in the electronic transitions observable by visible light. A completely
reversible alteration in the system is made, from a configuration with high degree of disorder with lowe
mean conjugation length, nam® form,to a more ordered configuration and with higher mean
conjugation, nameglfornf20] (Fig. 21).

The A formwhose electronic delocalization is limited@&dlbophenic rings, evolves according
to a mainly interchain mechanism that involves tgroesgs whose interactions determine, with a

second order kinetic, an almost double mean conjugation lengttBféortihz1,22].
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Figur@1 Equilibrium between A dodv®

This behavior can be induced by a variation of tatope (thermochromism), pressure
(piezochromism) or by mean of solvent (solvatochromism). In the first two cases, the increase o
temperature or the decrease of pressure determine a freer rotation @obodd€ that link the
thiophenic rings with coreagently increase of conformational disorder which leads, by s UV

spectrum point of view, to a prominent ipsochromic shift of maxiumum wavelength absorption.

Solvatochromism is observed when asodvent is added to a solution of a polymer. The latte
progressively removes the solvent molecules from the polymeric chain that is allowed to assume a mc

coplanarcomfr mati on with a conse@guent bathochromic

UV-Vis spectra of P3HT in chloroform/methanol mixtures are reported as an example (Fig. 22).
By increasing of the mol af«rettshithis obseoved togdtherwight h a r
alwaysnore structured spectral profiles that derive from the high conformational order of the system.
Four vibronic transitions are clearly identifiable including the pure elecigprat @Bout 600 nm, that
shows an absorption value directly proportitmaéihe concentration of th® formn solution. An
isosbestic point is also observed, confirming the presence of only two/species)dB formin

equilibriumbetween them

35



Part 1: Polythiophenes Chapte: Polythiophene and its

derivatives
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Figur@2 Absorption spectra for P3HT i/ CHEDH mixtureatdifferent molar satficCHOH: a) 0.00; b) 0.2809; d)
0.50; e) 0.66; f) 0.80; g) 0.98.
The entity of the chromic effects is linked to the structural fgamoifeof the analyzed polymer:
the high percentage of regioregularity or the presémeeups in the side chains able to stabilize
coplanar conformation, effectively contribute to the increase of the planarization of the backbone. The
described phenomena, not only allow for an accurate study of the electronic structure of conjugate
polymers, but also are the base of the study of their possible application in the field of chromic sensor

based on the principle of chemical recognition.

2. 7AFUNCTIONALIZED POLYT HIOPHENES

The great versatility of the thiophenic ring made PATs only thnggiaimt for the preparation

of polythiophenes varA®updygi tsiubrsg.i tlun efdad tn, tih
an easy way, mo n o mefunstionhlieed foi exagnpleawitlk lyydroxyd &r sulfanis P
groups, acids, aneis, amino acids, or halides. Furthermore, also chiral substituents, aromatics rings, este
groups, ethers or thioethers, oxaethylenic chains, crown ethers, calixarenes, or porphyrins have be
included. The synthesis and the study of a great varietydoftprreported in the literature and

nowadays subject to study, derives from the need to prepare a specific derivative for a specific use. Tha
t o tfumaiondlization, it is possible to modulate and improve the properties of the polyconjugated
backbme so that the system has a specific characteristic that is particularly suitable for a specifi

application.
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The synthesis of such derivatives can be made, in the major of the cases, by direct polymerizati
of an appropriate monomer, using similar proesdo those described for PATs. But sometimes it is
possible to incur in a poorly reactive monomer that leads to a low yield for the desired product. In othe
cases, instead, some functional groups cannot be used because their reactivity towarmt® one or m
reactive involved in the polymerization is too low. These problems can be effectively removed with the

development of a new synthetic route, ngmsplolymerization functionalization.

2.7.1 Pospolymerization functionalization

The posfpolymerizatio functionalization (PPF) consists in the preparation of a reactive
polymeric precursor that is subsequently converted in the derivative of interest. The precursor polyme
has to be synthesized with high yield and high molecular weights through diredzgkdyr of an
appropriate monomer and must be soluble in the solvents that will be used in the next functionalizatiol
step. The choice of the reactive group is crucial: it must be quantitatively converted to the desire
substituent in order to avoid tf@mation of only partially substituted macromolecules, that would
unavoidably lead to copolymers. The functionalization of a polymeric precursor requires longer reactio
ti me that are ocompensatedd by t hecomsistsinjetra and

fractionation.

Finally, since the macromolecular chain is preformed, all the polymers which derives from the
same precursor will have the same kind of concatenations and the same mean polymerization degr

consequently, it will besgar to compare the properties just according to the present functional group.
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CHAPTER 3: CONJUGATED POLYMERS FOR THE

OBTAINMENT OF CONDUC TIVE PATTERNS THROUG H

LASER TRACING

3.1 INTRODUCTION

Conjugated polymers (ICPs) in their smnducting or less conductive forms are widely used
in the organic electronic fidior applications such as ligdmhitting diodesl], thinfilm field effect
transistorsd], and bulk heterojunction solar céllsNloreover, the lithographic patterning of conductive
polymer films has been successfully applied to various conjugatedspoyymeans of different
approaches such as photochenmckiced dopingd], photochemical polymerizatidh §nd reactive
ion etchingg]. In all cases, the crucial step for obtaining acceptable results was the choosing of both th
conjugated polymerdéthe right source of irradiation, generaljaX®ps, Ar ion lasers and KrF excimer
lasers . The conversion of polymers by laser irradiation from theicomoluctive form to the
conductive one has been reported for different conjugated acdonpogted polymers such as
poly(bisalkylthioacetylene)s (PATACS), [polyimides (PIs)9], and polyvinylchloride (PVC)J
Among the latter, disubstitutpdlyacetylenes are very promising materials for potential applications at
the industrial and commerdelel. Indeed, they are soluble in some solvents and can be prepared as thin
and homogeneous films with a good thermal and environmental st4biRATACs can be easily
filmed from their concentrated solutions on several surfaces like glass, r@mies, ard metals by

means of simple techniques such ascepiting, docteblading or drojrasting.

The most studied PATAC is poly{bisthylthioacetylene) (PATA); it can be easily
synthesized with good yields starting from dimethylthioacetytead\(it) catalyst in tetrahydrofuran
[12. The low temperature polymerization of acetylene leads to the prevalence of the cis isomer whic
converts to the thermodynamically more stable trans isomer at high temperatures. This is also true fi
polyacetylersebringing thioalkylic substituents when the side chain is not a sterically demanding group
Poly(terbuthylthioacetylene), for examfl#,l¢ads to the predominance of the tisosier already

during the polymerization stdgd][

Disubstituted polyacetygikes with thioalkylic groups are sensitive to visible anddiffion;

when their thin films are exposed to a laser light of suitable wavelength and intensity they can be eas
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and rapidly converted from the insulating to the conductive form, keepgingladtrical conductivity

for long times also in presence of oxygen, moisture or aggressive atmosphere.

Today, many techniques are employed to cast active polymer layers (films) onto stiff or flexible
substrates with the aim to cover large areas witbokivand high speed. The generated patterned
polymeric structures can be the active components of orgaretfditidransistors (OFETS}Y,
organic light emitting diodes (OLED$§ [and organic photovoltaics (OP\A] [exploiting, in turn,
the polymeisemiconductingl§ or conducting properties (when nanoscaled composites are formed
[19), their transparen&( or lightabsorbing propertie8]] and their thermal stabiliBZ] or reactivity
[23. The most studied technique is calledaotlll (R2R) oreel to reel coating4 which is compatible
with many deposition systems, an important feature considering that each system has its strengths &

weaknesses and can present some applicative restrictions.

The continuous deposition techniques which ar@atdie with R2R coating are: gravure
printing, flexographic printing, rotary screen printing, knife/slot die coating, inkjet printing and spray
coating.

A very exhaustive and recent review exploring in detail all of these systems is reported in Re

[29. A concise overview of polymer thin film devices obtained using R2R techniques is reported in Table
1[262728293031,323334353637,3839404147.
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Tabld. Overview of reported polymer thin film applications using R2R techniques.

Processng method Applications Comments
Gravure printing Active layers for OPV [26,27], High speed (up to 15 m/s)
OTFT [28], PLED [29] Different substrates (PC, PET, glass)

Less expensive
Requires a pigatterned printing form

Flexographic printin¢ Loudspeaker[30] Works well on paper
Expensive
Requires a pigatterned printing form
Screen printing Silver electrodes for OPV [31] High speed (RSP)
(flat bed) Simple and less expensive
Rotary screen printir Requires a pigatterned mesh
(RSP) Stepwise proceska( bed)
Knife coating OPV (all layers) [32], PLED  High speed (up to 200 m/min)
Slot die coating [33], EC [34] Less expensive

Wide applicability (premetered
coating system)
Inkjet printing OPV [35,36], PLED [37] High resolution
High speed (up to 75 mim
No premanufactured printing for

required
Expensive
Spray coating Active layers and electrodes Simple and less expensive
OPV [38,39], photodiodes [4' Not very uniform coating
EC [41]
Lightinduced Active layers for OPV [42] Simpé and effective
thermocleavage High speed
Quite expensive
Requires a prepatterned mask for
photonic sintering system and a suit
polymer
Lasefinduced Potential applications: OPV, High speed
thermocleavage TFT, PLED Inexpensive

Simple and effective

No premanufaared printing form
required

Requires a suitable functional polyme
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This work mainly aims to find the best operating conditions for thpdtieeming of PATAC
Me films by means of commercial, lightweight, quite inexpensive diode lasers operatipticat low
powers (lower than 1W), with the aim of bringing these techniques one step forward toward the
industrialization of the process. Prepared samples have been deeply characterized-I®; uBihg FT
Vis spectroscopy, optical microscopy, and SEM/EDBIg&dor in situ elemental analysis. Moreover, an
attempt has been made to substitute PAV&Qvith a thiophenic polymer bearing a thioalkylic side
chain. The properties and the applicability of the polythiophene derivative have been evaluated, showil
thatthe latter is an easier obtainable polymer with better characteristics in terms of solubility, filmabilit
and optical transparence as compared to the acetylenic polymer.

3. 2EXPERIMENTAL

'H- and**C-NMR were recorded on a Varian Mercury Plus spectrdd@®eMHz) using TMS
as a reference. HR spectra of the monomers (pure liquids) and polymers (films) were carried out on
Ge disks using a Perkin Elmer Spectrum One spectrophotometer. Raman spectra were recorded usi
polymer films on glass slides aR&nishaw RM 1000 instrument with an excitation wavelength of 785
nm. Molecular weights were determined by gel permeation chromatography (GPC) using polystyrer
standards and THF as an eluent on a HPLC Lab Flow 2000 apparatus equipped with a PL Gel MXI
colunn and a Linear Instrument BXs detector model UVAZ00 working at 263 nm. Elemental
analyses were performed by Redox Laboratory, Monza, Italys Bpéctra were recorded using a
Perkin Elmer Lambda 19 spectrophotometer. Polymer solutions on Hetbs# Qugntz cuvettes were
prepared using spectroquality solvents stored under molecular sieves, with a polymer concentration
about 7x10 molxI*, while films on quartz slides were cast from either chlorobenzene {FAY&C
THF (PSBu) solutions (c0®molxI?).

Thermal analyses were performed on a TA Instruments DSC 2920 in a nitrogen atmosphere an
on a TGA 2050 in air at a heating rate of 10°C/min. Electrical measurements were performed in air a
room temperature using a Keithley 2101 electrnoiieteed films) and an Alpha Lab teraohmeter
(pristine films). The reported values were the means of some measurements performed on different pa
of the same sample as well as on different samples. In all cases the differences did {88t ex{ceed 2
the final value. Electrical conductivity of the taseed samples was also examined in th8(R2C
range by means of a {pdate controlled by a Pt100 thermocouple. The laser sources were a Wicked
Lasers Spyder Il Arctic class 4 diode laser, operatifgran and a Wicked Lasers Spyder Il Krypton,
class 4 diode laser, operating at 532 nm, both with a nominal power of 750 mW. The effective power ¢

laser beams on the polymer surface was measured with a Coherent FieldMax Il laser power mete
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Samples wemounted on a computeontrolled positioning system (Thorlabs L490MZ) and moved on

a plane perpendicular to the focused laser beam using two Thorlabs MTS TDCO001 controllers. SEN
analyses were performed on a Carl Zeiss EVO MA10 SEM apparatus, equipped BMS
microanalysis probe. Optical 2D and 3D microscopy was performed using a HiftOOKPigital

Microscope.

3.3MONOMER SYNTHESIS

3.3.1 Synthesis of-@uthylthio )thiophene (TSBu)

10.01 g (61.2 mmol) obBomothiophene in 56 ml of anhydrous diethiyér were stirred at
78°C under Ar atmosphere and added dropwise with 40 ml of a 1.6 M buthyllithium scluéixana.n
The mixture was stirred-&B8°C for 30 min, added with 2.06 g (64.2 mmol) of sulfur and stirred for 40
min at the same temperatulfter heating to 0°C, 16.77 g (0.122 mol) of bromobutane were added and
the mixture was stirred overnight at room temperature. 50 ml of aqueous 1M HCI were then added ft
the reaction mixture and the organic phase washed with both a saturated sHaHQ©Oo{3x150
ml) and distilled water to neutrality, dried over M@g®@ concentrated. The crude product was purified
by column chromatography (silica gpemtane/nheptane 1:1) to give 4.13 g (24.0 mmol) of pure TSBu
(40% yield).

3.2.2 Synthesis 0P, 5dibromo-3-buthylthiothiophene (2,5BTSBu)

A solution of 1.22 g of dWromosuccinimide (NBS, 6.88 mmol) in 7 ml of -N,N
dimethylformamide (DMF) was added dropwise to a solution of 1.18 g (6.80 mmol) of TSBu in 7 ml of
DMF. After stirring for 6h at room tegrarature, 1.59 g (8.95 mmol) of NBS in 9 ml of DMF were added
dropwise and the reaction mixture was stirred for 24 h at room temperature. The mixture was ther
poured into 450 ml of distilled water and extracted vaéntane (3x150 ml). The collected miga
phases were washed with 2x300 ml of a 5% kil4GlQtion, then with water to neutrality, dried with
MgSQ and concentrated. The crude 2,5BTSBu was purified by chromatography (silieatgag)n
giving 1.59 g of pure 2,5BTSBu (70% vyield).

3.4 POLYMER SYNTHESIS

Elemental analysisuHsS], Calcd: 40.64 C%; 5.12 H%; 54.24 S%. Found: 41.22 C%; 4.98 H%;
53.80 S%.
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34.1 Synthesis of Poly[(@nethylthio)thiophene] (PSMe

1.6 ml of an aqueous solution of E€Cb 16 M) was added dropwise to a solutio.622 g
(2.31 mmol) of sodium dodecylsulfate (SDS)-ametl8yIthiothiophene (TSMe, 0.200g, 1.54 jmmol
10 ml of distilled water and 3 ml oftH (35% vol). The mixture was stirred for 6 h at 50°C under Ar
atmosphere and filtered on a Teflon septurd (@pore size). The recovered polymer was diluted
with 100 ml of distilled water and poured into a dialysis membrane (100 nm average pore size) which w
immersed in a beaker and washed continuously with a gentle flow of distilled water. After hgo weeks t
polymer solution was concentrated, giving 0.100 g (51% vyield) of PSMe

34.2 Synthesis of Poly[(@uthylthio)thiophene] PSBu J Oxidative

polymerization

A solution of 0.200 g (1.16 mmol) of TSBu in 12 ml of CH@las added in 20 min to a
suspension of @53 g (4.64 mmol) of Fe€ln 10 ml of CHC}. After stirring for 40 min at 20°C
under a gentle flux of Argon, 20 ml of freshly distilled THF were added to the reaction mixture. The
resulting mixture was then poured into 150 ml of a 5% HCI solution in meltlzad filtered on a
Teflon septum (0.26m pore size). The recovered polymer was washed several times with methanol
and dried, giving 0.311 g of PSBu (40% yield).

IH-NMR (CDCl, 400 MHz, ppm)d: 7.40 (s, 1H); 7.37 (s, 1H); 7.20 (s, 1H); 2.82 (t, 2H);
1.60 (m, 2H); 1.43 (m, 2H); 0.93 (t, 3H).
13C-NMR (CDCl, 400 MHz, ppmyk: 134.0, 132.3, 112.8, 110.9, 35.0, 31.5, 21.8, 13.6.

FT-IR (Ge disk, crrt) 3101, 3057, 2956, 2927, 2869, 1521, 1463, 1377, 837, 746, 716.

34.3 Synthesis of Poly[(duthylthio)thiophene] PSBud GRIM procedure

2.10 ml (2.10 mmol) of a 1M solution of methylmagnesium bromide-littylether was
added to a solution of 0.688 g (2.08 mmol) of 2,5BTSBu in 12 ml of anhydrous THF. The reaction
mixture was refluxed for 1h under stirring arttbua gentle flux of Argon. 11.85 mg (0.022 mmol) of
[1,3bis(diphenylphosphino)propane]nickel(ll) chloride (Ni(dppp)Cl2) were then added and the mixture
was refluxed again for 2 h. The mixture, cooled down to room temperature, was filtered on a Teflor
sepum (0.45mm pore size). The recovered polymer was washed several times with methanol and driec
giving 0.200 g of regioreg8Bu (57% yield).
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Elemental analysis: [§H10S2]n Calcd: 56.42 C%; 5.92 H%; 37.66 S%. Found: 57.03 C%; 5.55
H%; 37.42 S%.

3.5 RESULTS AND DISCUSSION

PATACGMe and PATACEt (poly(bisethylthioacetylene) films require only a laser exposure to
become electrically conducting materials, without the need of doping or other treatment. In fact, if the)
are irradiated with an excimer lagelt (8n) or argon ion laser (488 nm), they can change their electrical
conductivity by 16 orders of magnitude (frodtb0LG Sxcm?) if the radiation is correctly focused on
the film surface and of the suitable intendHy Ih fact, on the one handa@otintense laser radiation
can lead to polymer pyrolysis (graphitization process), with the consequent formatimmatictne
carbon residues, while, on the other hand, if the radiation intensity is too low (or the tracing speed to
high) no conversiotoward the more conductive form is observed. The right conversion conditions
reported in literature for the use of ahlaser are well described: 200 mW of power and 13 mm/sec of

scan speed for PATAEL, leading to a specific electrical conducts)ityf@ Sxcrrt, while for PATAE

Me it is possible to reach 4 Sx%dm using 300 mW and 15 mm/sé&4.[During the laser exposure, the

color and morphology of PATAC dramatically change, passing from the yetmwisiof the
untreated sample to the bhleck of the laser exposed films, also exhibiting an irregular and porous
surface probably determined by the emission of gaseous reaction products. The conversion of PATA
samples starts with the generation of free radicals whose concentration reaklzslith@eaemains

almost constané§. This process can be considered a photopyrolysis of the polymer, leading to the
formation of unsaturated structures with an extegdgstem mainly made o $iybridized carbon

atoms partly linked with sulfur. The outflow of gaseous products during the conversion process (mainl
sulfides and mercaptanes) and the insolubility of the final treated polymer suggest that thetéaser is able
both splitoff thioalkylic side chains and determine a partial antémtrachain croséinking. This

process can reduce the conformational mobility of the backbone, making the polymer more prone t
assuming planar conformations with a more extermtgdgation, thus leading to enhanced charge

mobility and better electrical conductivity.

In view of the foregoing, the first examined polymer was the RNEARbught from Aldrich
Chemical Co. This sample had.®M000 gxmol, a polydispersity indek115 and a DPof about
34 repeating units. #4-NMR in CDC} is shown in Figure 23.
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Figur@3 'H-NMR spectrum of PATIE.

The presence of only one peak, fairly broad and centered at 2.50 ppm, is clearly evident.

This sigal is ascribable to the thiomethylic protons, while its broadness is due to the presence of
different proton chemical surroundings since commercial PIEALa mixture of sterecisomers. The
elemental analysis of the polymer was in good agreement extbettied structure. In Figure 24 the
FT-IR spectrum of PATA®/e in film cast from chloroform on Ge disk is shown before and after the

laser tracing with blue lader(445 nm).
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Figur@4 FT-IR spectra of PATM@ befolef{ and aftérightlaser treatment.
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In the spectrum of the pristine polymer, the signals ascribable to its chemical structure were

clearly evident:

2984, 2916 cmCH; antisymmetric and symmetric stretching;
1664 cm: C=C stretching;

1430 cm: CH; antisymmetric deformation;

1308 cm: CH; symmetric deformation;

= == =4 -4 -2

645 cmt: SCH; symmetric stretching.

The evolution in the intensity of the latter signal, which can range from 715 t§4630comld
be evidence of the effectiveness of the laser tréalmtact, its transmittance sensibly increased after
the exposure to the coherent light (Figure 25).

A

850 800 75
Wavenumbers (cm-1)

Figur@5. Detail of the R spectra of PATMe before (a) and after (b) laser exposure.

Figure 26 shows the Raman spedttenconverted and converted PATNE films.
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Figur@6 Raman spectra of PATIE before (left) and aftdrggghexposure.

Before laser exposure, the film spectrum showedlm@anbaseline and a high level of noise;

this was due to the high reflective surface of the pristine polymer, giving a lot of scattering of the re
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laser radiation (785 nm) used to record the spectrum. In any case, two peaks could be found at 1554 &
708 cnt; the first signal was ascribablééartphase vibration of the C=C double bonds, since polyenes
usually show an intense absorption in the-1800 crmi range, whose intensity may also be related to
their extension of conjugatia@Y]| while the signal around 700'cmuld be related todhGS stretching

of the 3SMe groups. After laser exposure, the latter signal could not be found, while the peak arount

1300 crm could be ascribed to thephase vibration of the-C bonds in polymeric chains.

The U\LVis spectra of PATA®e in film on quidz slides are shown in Figure 27.
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——— Traced
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Figur@7. UV -Vis spectra of PATMe films.

The polymer exhibited a netructured profile, with a maximum absorption wavelength at 315
nm. The film was homogeneous and devoid of macroscgragatgs and was obtained by dissolving
PATAC-Me in chlorobenzene. The absence of any evident peak at the lower energies evidenced that tt
polymer had a high energy gap, (Rrobably determined by its reduced conjugation length, as a
consequence of tisgeric hindrance due to the presence both of the thiomethylic substituent on each C
atom of the backbone, and of the 1stereoregularity of the sample. The spectral behavior changed after
laser conversion since the inhomogeneous broadening of the spgecteared slightly while the

absorption at the lower energies slightly increased.

The solvatochromism of PATA@e was examined in CHQ®olvent)/CHOH (nonsolvent)
mixtures. In Figure 28 the spectra of the polymer in pure chloroform (methanol otioiar @.80)
and at the higher nesolvent molar fraction (methanol molar fraction: 0.99) are shown. A further

increase in the nesolvent concentration inevitably caused the precipitation of the polymer.
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Figur@8 Solvatochiem of PATAMe.

PATACMe was completely insensitive to the-sawent additions, since the presence of the
thiomethylic substituents strongly reduced the rotational mobility of the polymeric backbone even whet
the polymer was almost completely devoideo$olvent molecules. Unfortunately the solvatochromic
behavior of the laseonverted PATA@/le had not been examined since the exposed polymer is

insoluble in common organic solvents.

PATAC-Me was then dissolved in chlorobenzene (5 mg in 2 ml) antitioa,seonicated for
30 min, was deposited by doctor blading on 10x2.5 cm glass slides. Samples were heated at 80°C for
and cooled down to room temperature. The conversion was made by means of Wicked Laser portab

diode lasers, Artic (blue light, lo\peak powel, nax445 nm) and Krypton (green light, 1 W of peak

power,| max 532 nm). The effective power of the laser radiation on the polymer surface was measurec
using a Coherent power meter while the laser beam was well focusedahalkdsstae of 3.7 cm.

The exposure of the polymer was performedblsi@e using a Thor Labs computentrolled
positioning system which allowed for both an
during irradiation. Samples were moved or-yhglane from left to right using different scan speeds,

by tracing a series of paralletdtlong traces. The system was set so that the laser irradiated the same
trace only once. The polymer film thickness, measured by means of a Burleigh Vistd &%l use
profilometer, ranged from 1 to fth and was influenced both by the adopted deposition technique
(doctor blade, spin coating or drop casting, the latter giving thicker films) and by the possibility to mak

multiple depositions.
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Under the same opdarag conditions (laser power, scan speed, and sample thickness), the Artic
(blue) laser was more effective for the PANVEEonversion than the Krypton (green) one, being able
to make the traces visible also from the opposite side of the sample. Ehpsdbably ascribable to
the higher absorbance of PAT-Me at 445 nm than at 532 nm.

The best sample conversion was obtained using the Artic laser at a scan speed wfth cmxs
an effective power of 600 mW. Figure 29 shows an image of a partia®Affaceile film (optical

microscope, magnification: 50x).

Figur@9. Optical microscope image of a partially traced filiheof PATAC

In the lower part of the image, traces are clearly visible. The polymer morphology notably chang
after the conversion, passing from a smooth surface, even if crossed by some cracks ascribable to
glassy nature of the film, to a rough, dull, and less homogeneous surface. Traces Hde a worm
appearance and a porous structure, probably catlsedbiflow of gaseous reaction products. Laser
converted paths had an average widthmirc@nd a mean depth ofr®. The laseinduced conversion
of PATAGMe using the blue laser was undoubtedly effective, since the pristine polymer conductivity

was aound 10* Sxcm' and, after exposure, the value increased greatly, up to 80 Sxcm

Figure 30 shows the SEM micrograph of a traced sample of RAeLAGths are clearly evident
on the left side of the image.

50



Partl: Polythiophenes Chapter 3: Conjugated polymers for laser tracing

—t ) -y “‘Méﬂl&"" e

Figur80 SEM miagraph of a PATME film after laser tracing.

Figure 31 shows the topographic microanalysis of the latter sample in relation to the C and ¢
elements recorded using an Endigpersive spectrometer (EDS) probe.

Figur@1 EDS pographic microanalysis of the film reported in Fig. 30. Left: Carbon, right: sulfur.

Since the concentration of the element is proportional to the intensity of white, it is evident that
in the converted pathways there was a higher amount of C anédmmuveiof S than in the unexposed
ones. In fact, C and S concentrations passed from 41 and 54% of the unexposed area to 75 and 20%

the laser treated portions, respectively, thus confirming the partial loss of side chains.

Even if PATACGCMe is a good adidate for electric and electronic applications, itsamoplete
solubility in common organic solvents is undoubtedly a great drawback. Concentrated solutions of thi
polymer can only be obtained in chlorinated or aromatibdilgiy solvents, such@dorobenzene or
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o-dichlorobenzene. Films prepared from these solvents are usually quite homogeneous even though tr
sometimes appear spotted, dotted or with some cracks. Moreover;B&$8l0tions cannot be cast

on transparent polymeric layers, suéteds PMMA, or cellulose acetate, since the solvent corrodes the
substrate and, in any case, the resulting film would be too fragile for a permanent adhesion to flexib
and bendable surfaces.

The synthesis of a new polymer which, at the same timephagated backbone and photo
cleavable side chains while being capable of giving homogeneous and elastic films, could be a first atter
at circumventing these problems. Polygylthio)thiophengPSMe) seemed to be a good substitute
for PATAGMe since it belongs to the ICP class and bears thioalkylic substituents.
3(methylthigthiophene was purchased from Atlantic Chemical Co. and subjected to an oxidative
polymerization procedure in water, usis@.tdnd FeGlas oxidizing agents and sodium dodéfatksu
as a surfactamt§. This method should be particularly effective in molecular weight control, generally
leading to low molecular weight polythiophenic fractions that are soluble in a wide range of organi
solvents; it appeared particularly suitablgynthesizing PSMe, since short side chains usually lead to
little-soluble polyalkylthiopherd§.

The polymerization reaction proceeded with an initiaboask color and the subsequent
formation of a black oil, without any trace of precipitatestAattempt to recover the polymer by
multiple extractions of the reaction products with halogenated solvents did not give satisfying result:
since the surfactant was found in both organic and aqueous phases. The polymer purification was th
performedby means of a dialysis membrane (100 nm pore size), which allowed the recovery of the
polymer without any trace of SDS and He€lhg detected. Contrary to expectations, PSMe was only
partially soluble in organic solvents, leading to inhomogeneoudtkndirns. Since its molecular
weight was not particularly high, as evidenced hy-MigIR spectrum shown in Figure 32, where the
chairend signals are clearly evident, its low solubility might be ascribed tesltoet teabstituent
inserted in the-Bosition of the aromatic ring.
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Figur82 H-NMR spectrum of PSMe

The NMR spectrum shows only one signal in the aliphatic rF&gidndt 2.65 ppm) while the
aromatic region is more complex, showing three signals ascrilthkleptotons of the ending
thiophenes (H4 at 6.97 ppm, H2 at 7.03 ppm and H5 at 7.3B@panfl one signal at 7.25 ppm,
bel ongi npotoh af the derdral thiophene units of polymeric chains. THe BEffalysis of
PSMe was performed on a thin ftast on a Ge disk (Figure.33)
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Figur&3 FT-IR spectrum of PSMe
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The spectrum was in good agreement with the expected structure, showing the following peak
(incm?) : 3 0M9 t(lMi €phedlle) ;; 228PF B@@ACEC) ; TP 369 0
(68CHssym. deformation); 10180Hsr oc ki ngH;2,3,8 26 s(udbs@ i t ut edS).t hi or

The U\AVis analysis of PSMe in solution (THF) and in film is shown in Figure 34.

10 x r~
f i
h \ —— PSMein THF
/ \ ——— PSMe fim
0,8 1
—~ 0,6 1
3
8
<
0.4
0,2 1
0,0 T T T T
200 300 400 500 600 700

Wavelength (nm)

Figur@4 UV -Vis spectra of PSMe in solution and in film.

The steric hindrance of the short gitain, the presence of HdeaeHead (HH) linkages and
the low molecular weight negatively affected the conjugation length of the polymeric backbone. In fac
evenifa evi dent bat howshas abservable sien gassingofrbm thehselutidn to the
sol i d st 1 mm), (hé Mm spectrum showed a maximum absorption wavelength (332 nm)
usually found in short thiophene oligom&a. [Similar results wee obtained using a different
polymerization procedure which involved chloroform as a reaction solvent and an excess of iror
trichloride as an oxidizing agdsd.[ This time, the purification of the polymer was easier but the latter

was, however, insoluble

Taking into account the previous results, a polyalkylthiophene (PAT) derivative with a longer
thioalkylic side chain was synthesized, namely -boiy{y&hio)thiopherjgPSBu). The monomer-(3
buthylthio)thiophendTSBu) was synthesized according to BEf starting from commercial 3

bromot hi ophene and using a 0one potd reaction
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Br Li SLi S(CHy)5CH,
{/ \S nBUL {/ \S Se {/ \S Br(CH,)sCH, 4/_\§
S Et,0 S Et,0 S Et,0 S
TSBu

Schem@& Synthesis of the monomer TSBu

TSBu was recovered with a good yield after purification and was firstly subjectadativen
polymerization initially with Fe@ CH:NO./CHClIs;, a solvent mixture usually giving a good control of
molecular weights as well as a low polidispersity ti#jeanf afterwards with Fe@l pure CHGl a
method that leads to higher molecwliaights 5. In spite of this, in both cases only short oligomers
were recovered, probably because the low oxidation potential of TSBu promoted the formation of low
moleculamweight stable specié§||

TSBu was then selectively dibrominated in thgo&tns of the thiophenic ring by means of
N-bromosuccinimide (NBS) in anhydrous MjiMethylformamide (DMF) by using an optimized
reaction procedure involving the addition of the brominating agent in two distinct steps at room
temperature. 2@ibromo3-(buthylthigthiophene (2;BTSBu) was recovered in a good yield (70%)
after chromatography column purification and exploited for organometallic coupling reactions using the
McCullough procedurg. This method is a useful and straightforward way to syatrezgbregular
Headto-Tail (HT) linked poly(&lkylthiophene)s through the magnesgiatogen exchange (Grignard
Metathesis Reaction, GRIM) with a preformed organometallic derivative and subsequent Ni(ll) catalyze

crosscoupling reaction (Schemg.14

S(CH,)3CH3 S(CH,)sCH3 S(CH3)3CH3
]\ NBS ]\ CHz;MgBr  NiDPPPCI, ]\
s DMF Br s” Br THF THF s” I,
2,5BTSBu PSBu

Schenid Synthesis of the polymer PSBu by using the GRIM reaction.

PSBu was obtained with good yield (57%) as a dark orange solid well soluble in common organ
solvents. Despite its quite low molecular weightl®D00, PDI=1.3it gave highly homogeneous and

freestanding films. Its elemental analysis confirmed the expected chemical structure.

Table 2 show the characteristiclRTabsorptions of the monomers TSBu andBZSBu and
of the polymer PSBu prepared with the GRIMgutore.
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Table. FT-IR absorption bandy @md relative assignments for T5Bs3a,8nd PSBu samples.

Assignment TSBu 2,5BTSBu PSBu
CH stretchi nhgdrofend)i ophene, 3103 - -
CH stretchi nhgdrogem)hi ophene, 339 3050 3057
C-H stretching (antisymmetric, methyl) 2953 2958 2956
C-H stretching (antisymmetric, methylenes) 2928 2927 2927
C-H stretching (symmetric, methyl+methylenes) 2871 2874 2870
C=C stretching (antisymmetric, thiophene) 1492 1501 1501
C=C streching (symmetric, thiophene) 1464 1464 1463
CHs deformation 1350 1387 1378
C-Br stretching (aromatic) - 992 -
C-H bending oubf-plane (2,3;&isubstituted thiophene) - 839 826
C-H bending oubf-plane (Zubstituted thiophene) 773 - -
CH; rocking 754 747 751
C-S stretching 686 647 714

The absorption at 3103¢m ascri babl e to the-hgbgemsiwahi ng
absent in 2;BTSBu and PSBu samples, as well as the band at'7Whicim was substituted by the
new absorption around®® cm'. Moreover, aromatic-Br stretching at 992 c¢nin the 2,5BTSBu
spectrum was completely missing in the polymer spectrum, whife geetChing mode was evident

in all the samples.

Table 3 shows thi#d- and *C-NMR data for both the examined roarers and the PSBu
polymer, together with the corresponding assignments obtained by comparing some selected referen
[5859606162.
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Table. *H- and*C-NMR signals (ppm) and relative assignments f&TBEBLaRISPSBU samples

Atom numbet TSBu
AH

2 7.11 (m)

3 -

4 7.00 (m)

5 7.32 (m)

6 2.82 (1)

7 1.60 (M)

8 1.43 (m)

9 0.93 (t)

*See Figure 35

AC

122.8

132.3

129.7

126.0

35.0

31.5

21.8

13.6

2,5BTSBu

AH

6.91 (s)

2.81 (t)
1.56 (m)
1.44 (m)

0.93 (1)

AC

111.6

134.7

133.0

113.5

35.7

32.3

22.4

14.3

PSBu

AH

7.37 (S)

2.81 (m)
1.56 (m)
1.43 (m)

0.93 (m)

Figur&5 Adopted atoms numbering for NMR analysis.

The monomer 2;BTSBu wakcking in H atoms in the Zy6sitions of the thiophene therefore,
its polymerization was only confirmed by the shift of the signal ascribable to the thigphteme id
a lower field. Moreover, the absence of the thio@@Hegroup prevented the detenation of the

percentage of regioregularity of PSBu in terms of configurational dyads. However, the presence of on
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one signal in the aromatic region of th&l MR spectrum of the polymer suggested that a high degree

of regioregularity was achievedyfé 36)

"' Ul |
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i
L e UL

1 5 '
ppm

Figur@6. 1H-NMR of PSBu prepared using the McCullough procedure.

This was also confirmed by the presence of only four aromatic carbon sign&is-NivRe
spectrum (Figure 37). The obtained results once agaimedniie easiness and versatility of the

McCullough GRIM reaction for obtaining regioregular functionalized PATS.

Figur&7. **C-NMR of PSBu prepared using the McCullough procedure.
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The high solubility of PSBu in common orgariesats made it possible to perform its\U¥
analysis in different solveanhd norsolvent mixtures. Figure 38 shows the solvatochromic behavior of
PSBu in dimethylpropyleneurea (DMPU)/methanol and tetrahydrofuran (THF)/methanol at increasing

nonsolventmethanol) molar fractions.

A(a.u.)

400 500 600 700 800
Wavelength (nm)

0.00
0.29
0.50
- 0867

0.91
0.98

A(a.u.)

400 500 600 700 800

Wavelength (nm)

Figur&8 Solvatochromism of PSBu in DMPU/MeOH (top) and THifel@m@Hincreasing methanol molar fractions.

In both cases, the solvatochromic transition from the solvated to the less solvateatioonform
was clearly visible, resulting in the solution color change from dark red to violet, without any trace o
macroscopiaggregation being detected even after many days. Hudveanh effect was more evident
in the DMPU/ Mgus>*H 2s6y sntne,m f(rlokm 501 t o 52u=1Am) t
nm, from 505 to 522 nm) while the polymer showed a clearly evident por@cetesmsition (k)
around 604 nm, al so visibl e |wmoffhepogmesspdctvadynt s .
progressive additions of the ramivent as well as the presence of theaBsorption without any
addition of MeOH indicateti¢ tendency of PSBu to assumeavd#red conformations even in good
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solvents, probably because the side chains possessed a high abdsgembédfeven in the solvated

state. This can be a very important feature for the obtaining of concenltitet sif preordered

planar PAT chains; they are particularly useful for the preparation of homogeneous thick films which ca
be used either for the laser writing process or for the building up of bulk heterojunctions (BHJ) solar

cells. PSBu spectrum lretfilm state is shown in Figure 39.
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Figur&9 UV -Vis spectrum of PSBu in film.

T h 6 0kPSBuU in film (538 nm) is very similar to that recorded in solution of pure solvents,

thus indicating the presence of the same conforselution and in the solid state.

PSBu was then dissolved in THF (5 mg in 2 ml) and the solution was deposited on 10x2.5 cm
preventively cleaned glass slides using the doctor blading technique. The obtained sample was anne
for 3h at 80°C in air, ging very homogeneous films with a thickness in-1Bar range. The best
tracing conditions were obtained using the Krypton green laser, operating at 532 nm, a wavelength ve
cl os e nkobPSBlhie filmk with a scan speed of 3 cm/sec and an effective power of 600 mWw,
leading to a mean specific conditgtiof 5x10¢* Sxcm®. The adopted tracing speed is slower than in
PATAC-Me experiments, probably because this time the longer side chain is more difficult to eliminate
from the substrate, and the final conductivity lower than for the polyacetylenved®&88t, however,
is a very interesting material, since it is easy to synthesize and gives very homogeneous thick films wt
are completely devoid of macroscopic aggregates. Moreover, PSBu is able to increase its specific elect
conductivity by 8 ders of magnitude, reaching values comparable to those obtained in doped PATs

[63 but without any detrimental effect of moisture and oxygen on its time performance.
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PSBu films are essentially amorphous and more elastic than those obtained usiMePATAC

s the former can be easily applied also on flexible substrates, such as PET, cellulose aceta
polyvinylalcohol, and polyvinylchloride.

Figure 40 shows an optical microscope image of a traced sample of PSBu and the correspondit
3D elaboration.

- L

.b'v'.
A
A

Figire40 Optical microscope images of traced PSBu films. Top left: 50x, right: 400 x. Bottom: 3D elaboration, 50%

Moving from left to right, the untreated portion of PSBu film is clearly evident and is followed
first by two tracegbtained with the green laser operating at reduced power (60 mW), and then by two
more traces produced with foptiwer laser (600 mW). In all cases, the tracing speed was 3 cm/sec. The

3D image clearly shows homogeneous traces without any apparemblets or

Figure 41 shows the SEM image of a traced PSBu film. The image covers an area of about 2x

mm and clearly shows five parallel traces. The elemental microanalysis shows a sulfur content decrea:
from 37 to 21%.
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Figurdl SEM image of a traced PSBu film (left). EDS microanalysis relative to sulfur on the same film (right).

The IR spectrum of the traced PSBu sample showed the same main absorptions of the pristins

polymer at 2927, 2853, 1515, 1462, 825 and 75Thenbad at 714 crh(n C-S) is absent, thus
confirming the partial loss of the side chains after the photopyrolysis procedure YFigure 42

T (%)
j

850 300 750
Wavenumbers (cm-1)

Figurd2 FT-IR spectrum of a PSBu film. a) untraced b) traced.

The thermal behavior of unespd PATAGMe and PSBu has been examined by means of DSC
in inert atmosphere with a heating scan of 10°C/min. Thermograms are shown in Figure 43.
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Figurd3 DSC thermograms of PAMACleft) and PSBu (right).

Two secondrder tansitions (J) were found at 42 and 80°C for PATKE and PSBu
respectively, and two fimtder transitions ¢ at 131 and 166°C. After 200°C the two polymers started

to decompose.

The TGA analyses of the two polymers were recorded from 25 to 6004@e@ating scan of
10°C/min in an oxidizing environment (air). PATME showed a twphase weight loss: the first,
starting around 200°C, was compatible with the loss of a thiomethylic and methylic group while the
second, over 400°C, was due to the akbbogtlete oxidation of the residual polymeric backbone (Figure
44). The PSBu behavior was more complex, showing an initial weight loss at around 200°C and ascriba
to the loss of a methylic group, a second loss from 250 to 500°C compatible withothiadoss
SCHCH.CH. residue and a third one over 500°C due to the cracking of the polymeric backbone.
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Figurd4 TGA thermograms of PATMEleft) and PSBu (right).

The electrical conductivities of PATMeé andPSBu were alsoaxined in th93453 K
(20180°C) thermal range, far enough to arrive at their decomposition temperature.

The obtained results are shown in Table 4.
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Tablé. Electrical conductsjigf PATAGMe and PSBu at differentaemgser

Temperature s PATAC-Me s PSBu

(K) (Sxcm®)  (Sxcm)
293 80 5.0x1(7
313 80 5.2x10
333 84 5.2x 1
353 88 5.5x 10
373 01 6.1x1(7
393 95 6.3x107
413 105 7.1x1@
433 105 7.2x1G
453 107 7.6x10

In the examined range the specifiedoativity is subject to small changes, thus reflecting the
pol ymersd ther mal stability in the examined t
observed slight increasesokith temperature may indicate that polymers followed the typaabbeh

of inorganic semiconducto&]

3.6 CONCLUSION

In this work we have successfully examined some conjugated polymers trying to find the bes
conditions for their laser tracing, with the aim of increasing their electrical conductivity. Itugelin fact,
known that some ICPs can enhance their charge mobility, when irradiated with laser light at the suitab
power and wavelength, by a photopyrolysis phenomenon which involves the partial letmiof side
substituents. The lagesiced polymers arel@lto reach more planar conformations and then higher
conjugation lengths since the macromolecular backbone becomes subjected to a lower degree of ster
crowding.
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The first polymer examined belonged to the class of substituted polyacetylenes and wa:
commercially available as dimethylthioderivative (PAT&CAfter an accurate gt of both the film
deposition and the tracing conditions, we obtained pathways with an electrical conductivity similar t
some metals by means of very simple proceduresinigubke use of portable and inexpensive laser
pointers. However, PATARe films were rigid, fragile and brittle. In order to overcome this problem,
we substituted the latter with the newly synthesized regioregular PSBu, a thiophenic polymer bearing
thiobutylic side chain, easily obtainable and able to give very homogeneous, flexible thick films. The hic
solubility of PSBu in common organic solvents, together with its flexibility, allowed for its deposition not
only on glass or metal rigid substrateslisoton plastic surfaces, thus leading, after laser exposure, to
electrical conductivities comparable to those obtained with the best doped PATSs films, but with a highe

environmental and time stability.

PSBu films are thus very promising materialsefq@réparation of integrated circuits on rigid or

flexible substrates by using the simple and rapid laser tracing technique.
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CHAPTER 4:USE OF

POLY(B—I\/IETHYLTHIO )THIOPHENE BLENDS FOR

DIRECT LASER TRACING AND BULK

HETEROJUNCTION SOLA R CELLS

4.1./NTRODUCTION

The need for flexible, lightweight, easily processable new materials for electronics has pushe
research toward the synthesis of organic mat
semiconductors in their own applicatields. Organic semiconductors, such as conjugated polymers,
are promising candidates for this replacement, as demonstrated both by the number of paten
applications in 2013 (more than 100 on polythiophenes) and by the growing number of newly launche
companies and existing manufacturers of materials or devices that have added organic photovoltaics
their portfolio.

In this context, polythiophenes are intriguing materials which have now been studied for a long
time thanks to their electric and electrgnoperties. In fact, in the charged (doped) state they are very
effective conductors of electricity, while in the neutral (undoped) state they are mainly employed il
optoelectronic devicefor the construction of organic light emitting diodes (OLE®g)oltage field
effect transistors and bulk heterojunction (BHJ) solar aetlsn devices such as optical filters, signal
modulators and polarization rotators. Agkydstituted polythiophenes (PATS) are very soluble in
common organic solvents and ba easily filmed and processed using a number of different techniques,
e.g. spincoatirid], doctor bladind@?], screen printin@], inkjet printing4] and roHto-roll methodsj],

making them very interesting materials from an industrial standpoint.

Structurally, PATs belong to the class of conjugated polymers the precursor of which is
polyacetylenéPAc. PAc shows electronic characteristics similar to those of PATSs; recently some
researchers have reported that PAcs functionalized with a thigraipliPAeSR) are photosensitive
polymers§]. In fact, thin insulating films of P&& can be traced by laser operating at suitable speed,
power, and wavelength leading to electroconductive patterns on the fiim7Auffaisedpproach is
particularlyntriguing since it makes it technically feasible to obtain high resolution patterns for electronic

circuits while strongly limiting the number of processing steps and chemicals required. In fact, the lin
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patterning of an insulating polymeric matrixlageasinduced photopyrolysis process makes it possible

to rapidly develop custom conductive circuits from a schematic drawing, by using simple CAD (compute
aided design) systems to drive the laser s8lurd@iious advantages are evident: over comedntio
inorganic conductors (metals, oxides, silicon), since no multiple etching and lithographic steps at
required to obtain the final circuit, and over the most synthesized conjugated polymers, as no redc
processes are necessary to make the polymettisentlues avoiding the wktown problems of time

and environmental stability.

But conjugated polymers are also intensively studied for other technological applications. In fact
in recent years, conjugated polyshdiesrene mixtures have been widelgstigated for use in organic
solar cells. Bulk heterojunction (BHJ) polymer solar cells have been reported using either poly(f
phenylenevinylene) derivati@sgoly(3alkylthiophene)40,11], or lowbandgap polymer$Z13] as
electrordonors combined WitPCBM ([6,6phenydlC6Xbuthyric acid methyl ester), a soluble fullerene
derivative, as the electron acceptor thus creating the photoactive blend. In the standard architecture, t
photoactive blend is sandwiched between a glass covered with indiiche (ITO¥, acting as the
anode, and a cathode made of avovkfunction metal (usually Al). The light incident on the BHJ cell
through the ITO electrode is mainly absorbed by the conjugated polymer, thus leading to the creation ¢
bound excitons (holesggtrons couples). If the polymer and fullerene components arsqgragated
on a nanoscale length, the excitons can split into separated electrons and positive holes, which &
transported along PCBM and conjugated polymer toward the metal and id@eelespectively, thus
generating the photocurrent and photovoltage

One factor that strongly limits the efficiency of this kind of cell is the low exploitation of the
sunlight due to the narrower absorption band of the absorption spectrum of théecopggaer in
comparison to the solar spectrum; however some strategies have been adopted to overcome tr
limitation, in particular the synthesis of low kgagl polymerslfl, 15, 16] and the preparation of
polythiophenes containing chromophores in theebala 17, 18].

Therefore, the aim of this work is to synthesize a regioregular polythiophenic derivative
functionalized with thiomethylic groupsamely the poly{®ethylthio)thiophene (PTSMeand to
study its electrical behavior before and afterttasarg. For this purpose, PTSMe was blended with
regioregular poly®exyl)thiophene (P3HT) to overcome its poor filmability caused by its incomplete
solubility in organic solvents. The obtained blend showed a wider absorption spectrum than convention:
P3HT and was employed for the preparation of BHJ solar cells. The assembled cells were full
characterized from the morphological and electronic standpoint and their performances was compare

with a reference cell made of only P3HT.
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4.2 EXPERIMENTAL

4.2.1.Synthesis and polymerization

Scheme 15 outlines the experimental route from monomer to polymer.

SCH, SCH,
{/ \g NBS, DMF [\
S Br s~ TBr
TSMe 2 5-BTSMe
SCH,
CH,MgBr, Ni(dppp)Cl, /\
~ s
THE n
PTSMe

Schené& Synthesis of the monoBIEBRI® and polymer PTSMe

4.2.2Synthesis of the monomer Z:8ibromo-3-methylthiothiophene (25
BTSMe)

2.73 g (15.4 mmol) ofFbromosuccinimide (NBS) in 15.5 ml of Mlishethylformamide (DMF)
were added dropwise@nder stirring and in an inert atmospheoea solution of 2.0 g (15.4 mmol) of
3-methylthiothiophene (TSMe, Atlantic Chemical GA) bh 15.5 ml of DMF. The mixture was reacted
for 6 h at room temperature. 3.02 g (17.05 mmol) of NBS in 17.1 ml of DMF were added dropwise anc
the mixture was reacted for another 24 h at room temperature and under nitrogen. The reaction mixtur
was therpoured into 500 ml of an aqueous solution of NaCl and the organic phase was extracted witf
4x150 ml of Apentane. The collected organic phases were washed with a 5% solution af NaHCO
(2x300 ml) and with water to neutrality. The organic phase was tthamdiitencentrated at reduced
pressure thus giving the crude product, which was purified with column chromatography (SiO
heptane) leading to 3.19 g of pureBd,SMe (72% yield).

'H-NMR (CDC}, ppm)d: 6.91 (s, 1H, H4); 2.55 (s, 3HCH

FT-IR (Ge diskcnt'): 3051rf C-H, thiophenéo-hydrogen); 2966 C-H, antisymmetric methyl);
2875 ( C-H, symmetric methyl); 1508 €=C, antisymmetric thiophene); 146&€EC, symmetric

75



Part 1: Polythiophenes Chapter 4: Blends for laser tracing and BHJ SC

thiophene); 1368 (symmetric deformatiog) (391 16 C-Br, thiophenic); 84@¢ C-H 2,3,5trisubstituted
thiophene); 690 (C-SM9.

4.2.3Synthesis of the regioregular poly¢gethyithio)thiophene (PTSMe)

4.2 ml (4.2 mmol) of a 1 M solution of methylmagnesium bromide-butthyl ether were
added to a solution of 1.20 g (4.16 mma@)®=BTSMe in 25 ml of anhydrous THF. The mixture was
refluxed for 2 h under stirring and under Ar atmosphere and then 24.83 mg (0.0458 mmol) of

Ni(dppp)Cl were added and the reaction refluxed for 1 h more. The mixture was cooled down to room

temperaturegpoured into 40 ml of methanol and filtered on a Teflon septurm{0.gére size). The
recovered polymer was washed several times with methanol and dried, resulting in 0.320 g of PTSMe
% yield).

'H-NMR (CDC}, ppm)d: 7.26 (s, 1H, H4); 2.49 (s, 3H,CH

FT-IR (Ge disk, cr: 3059r§ C-H, thiophend-hydrogen); 2957 C-H, antisymmetric methyl);
2853 ( C-H, symmetric methyl); 1511 €=C, antisymmetric thiophene); 146Z€C, symmetric
thiophene); 1369 (symmetric deformation)CH14 (rocking G 823 ¢ C-H 2,3,5trisubstituted
thiophene); 716 (C-SMgq.

4.2.4Preparation of the PTSMaP3HT blend (PB)

120 mg (0.94 mmol) of PTSMe and 60 mg (0.36 mmol) of regioreguldrepgliti®phene)
(P3HT, 92% HT, Mn=32 KDa, PDI=1.18), previously synthesigied the same procedure used for
the preparation of PTSMe, were dissolved in 10 ml of; @HMlom temperature and the obtained
solution was sonicated for 10 min. The solution was then filtered over a Teflon septomp@.€0

size) and concentratddeduced pressure producing the PB blend.

4.3MEASUREMENTS

'H-NMR were recorded on a Varian Mercury Plus spectrometer (400 MHz) using TMS as a
reference. FIR spectra of the monomers (pure liquids) and polymers (films) were obtained on Ge disks
using a Brkin Elmer Spectrum One spectrophotometer. Molecular weights were determined by gel
permeation chromatography (GPC) using polystyrene standards and THF as an eluent on a HPLC Lz
Flow 2000 apparatus equipped with a PL Gel MXL column and a Linear Indthiivées detector

model UVIS200 working at 263 nm. WXis spectra were recorded on a Perkin EImer Lambda 19
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spectrophotometer using polymer films on quartz slides cast from chloroform solutiod$/jca. 10
Cyclic voltammetry (CV) was performed on al&it®GSTAT 30 (EcoChemie, The Netherlands) with
a three electrode system in a solution of 0. LINPBuin CHCN, at a scan rate of 50 mV Bolymer
films were coated on a Pt plate electrode3bygrdipping the electrode into the corresponding solutio

(5 x 10* M in CHC}) and then drying, obtaining films of the approximatively same thicknéss (0.4

mm). A Pt wire was used as the counter electrode and an aqueous saturated calomel electrode (SCE

the reference electrode.

Electrical measurementsrevgerformed in air at room temperature using a Keithley 2101
electrometer (traced films) and an Alpha Lab teraohmeter (pristine films). The reported values were tf
mean of five measurements performed on different parts of the same sample as weltdteoemti
samples prepared using the same experimental conditions. In all cases, differences did not exceed 59
the final value. The laser source was a Wicked Lasers Spyder Ill Arctic class 4 diode laser, operating
445 nm with a nominal power oD48W. The effective power of the laser beam on the polymer surface
was measured with a Coherent FieldMax |l laser power meter giving an effective power of 600 mW\
Samples were mounted on a compedatrolled positioning system (Thorlabs L490MZ) and nooved
a plane perpendicular to the focused laser beam by using two Thorlabs MTS TDCO001 controllers thu
making it possible to control both the tracing speed onytiptaxie and the lassample distance for
the correct focus of the beam on the sample suwhite operating on theaxzis. Films thickness was
measured using an AFM Burleigh Vista 100 as a profilometer. SEM analyses were performed on
Phenomworld ProX SEM apparatus, equipped with an EDS microanalysis probe. AFM of the blend
was performed on Burleigh Vista Atom Force Microscope equipped with a giliciole tip and
operating in a neocontact tapping mode. Optical 2D and 3D microscopy was performed using a Hirox
KH-7700 Digital microscope.

4.3.1ITO/PEDOT/PB.PCBM/AI solar cell assembly

ITO glass (Delta Technologies, Stillwater, Minnesota, USA; 2.5 x 2.5 cm;-4ate-TCiB7)
was first cleaned in an ultrasonic bath using-Bbaoring glass detergent in deionized water. ITO glass
was then rinsed sequentially in double distilled water, &ugr@md acetone reaching a final resistance
of 6 Wisq. PEDOT:PSS (Aldrich Chemical Co.) was diluted 1:1 with isopropanol and deposited by
doctor blading (DB) on top of the cleaned ITO glass using a Sheen Instruments Model No. S26567-
(film thickness ab®&0 nm). Anhydrous chloroform was used to prepare solutions of P3HT or PB and
PCBM (1:1 weight ratio), which were deposited by DB on the PEDOT:PSS layer. After baking films in

a vacuum at 130°C for 30 min, the active layer film thickness measured s AHBdutv100 nm.
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Lastly, to create the OPV devices, 50 nm of Al was thermally deposited under a vacudmuoftég 10

by means of an Edwards E306A vacuum coating apparatus equipped wititagedoachanical
vacuum pump Edwards 2 E2H2 and with a sélectiffusion pump or turbmolecular pump. The
currentvoltage characteristics were measured using a Keithley 2401 source meter under the illuminatic
of a Abet Technologies LS 150 Xenon Arc Lamp Source AM1.5 Solar Simulator, calibrated with an ILT
14006BL photometer.

4.4 RESULTS AND DISCUSSION

Polyacetylenes functionalized with thiometdcSMe) or thioethyli®AcSEt) groups were
the first photosensitive polymers examined for laser patterning applications. In fact, they were able t
increase theelectrical conductivity by many orders of magnitude (up to 16) when exposed to a correctly
focused laser radiation of a suitable wavelength (351 or 488 nm) without need for a chemical doping. T|
best conditions for the tracing of PAc derivatives wéee djfficult to find but, when the system was
correctly setip, conducting traces became insoluble in common solvents and insensitive to humidity,
chemical vapors and high temperature. When exposed to a coherent light source, these polymers unde
a phdopyrolysis process, with the partial loss of the thioalkylic substituent, which leads to the formation
of unsaturated backbones mainly made up bi/bpdized carbon atoms which are only partly linked
with sulfur substituents in side chali$ [This pocess leads to an extengdexystem delocalized over
the polymeric chain with an enhanced main chain mean conjugation length (MCL), which explains th

higher electrical conductivity.

In this work, we tried to substitute PBle[2( with an easier syntlesgile polythiophenic
derivative, i.e. poly(Bethylthio)thiophen@TSMe), which possesses a photosensitive functional group
and a polyconjugated backbone, similar to the acdtgteste polymer, but also shows an increased
solubility, filmability and enenmental resistance in the fitaced pristine stat8ince regioregularity
is a fundamental prerequisite for obtaining PATs with high electron n&dhiRy $Me was prepared
using the McCullough Grignard Metathesis (GRIM) polymerization procedunee ($ghevhich

generally leads to regioregular and soluble thiophenic pdners [

This procedure starts from a-8ibalothiophene derivative and leads to the obtainment of
functionalized polythiophenes with a good yield and a high degree of regiotagulah a simple
andeffective organometallic grayzhange (Grignard Metathesis) reaction. With this aim, the monomer
2,5dibrome3-(methylthigthiophene (2;B8TSMe) was prepared through the dibromination of TSMe
with N-bromosuccinimide (NBS) in anlgus N,Ndimethylformamide (DMF). The halogenation
conditions were accurately optimized, providing for the addition of NBS in two separate amounts while
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operating at room temperature, thus leading to a satisfying yield (729BY8NM&5We tried also a

faster way, which consisted of thesigp addition of the entire amount of NBS and a reaction time of
only 4h at 60°C. This time, however, we observed a partial brominatiodCdi;timethe side chain.

The two bromine atoms in thepositions of 2, BT3Me were exploited for the organometallic coupling
involving the magnesidmalogen exchange (metathesis reaction) with a preformed Grignard derivative
(' reaction step), followed by a Ni(ll) catalyzed-cmgsling reaction ™reaction step), thus léagl

directly to the regioregular polymer. These two steps are consecutive and the polymerization is a simj

and fast ongpot process.

PSMe was then obtained as abrednish powder highly soluble in aromatic chlorinated
solvents (chlorobenzene andichiorobenzene) up to 30 mg/ml, but its solubility decreases to about 5
10 mg/ml in common organic solvents (GHTHF) at room temperature. This can be ascribed to
PTSMe short side chains, which are not able to produce a strong plastifying effed thagalyrher

main chain lengths, since its molecular weight was not particularly high (Mn=18.000, PDI=1.2).

Films of PTSMe cast on glass slides or PET foils show poor homogeneity, some dots, anc
brittleness and do not have good and permanent adhesiibier@mt surfaces. In order to overcome
this problem, we blended the prepared PTSMe with a previously synthesized P3HT sample prepare
with the same polymerization technique (GRIM procedure), since P3HT is well soluble in common
organic solvents, from whiit produces thick, homogeneous-fteading films, while its optical and

electrical properties have been well known for a long time now.

The polymeric blend (PB) was prepared starting from a 2:1 weight ratio (about 7:3 molar ratio)
between PTSMe andHPB The FFIR analysis of PB was performed on a thin film cast on a Ge disk
from CHC} solution (Figure 45).
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Figurd5. FT-IR spectrum of PB in film cast on Ge disk freolu@dCITheS®Me stretching band is evidenastttigka

The spectrum clearly shows the peaks ascribable to the presence of both polymers. Most of thel

are common to both the polymers but some peaks can be ascribed to each single structure. In detail, t
signals (in ci) at 3055r( C-H, thiopheneb-hydrogen), 2955 C-H, antisymmetric methyl), 2856 (

C-H, symmetric methyl), 1510G=C, antisymmetric thiophene), 145&8€C, symmetric thiophene),

1377 (symmetric deformation £Eind 820gC-H 2,3,5trisubstituted thiophene) are common to both

the polymers while the signals at 2926-H, antisymmetric methylenes) and 757, {Geking) are
characteristics of P3HT and that at l®&-&Me) is exclusive to PTSMe

'H-NMR spectrum of PB in CDgs$ reported in Figure 46.

5 40 35
Chemical Shift (ppm)

Figurd6 *H-NMR spectrum of PB in @EEIC} peak is indicated by an asterisk.
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Starting from the aromatic region, the peak at 7.26 ppm is ascribable to the thigppetantdf the

TSMe monomer and the fact that it is a singlet confirms that wedbtegégioregulRTSMe polymer.

The signal at 6.99 ppm is ascribable to the arométcdtons of the T6H moieties; this time also, the
spectrum confirms the high regioregularity of the P3HT sample, since the intensity of the peak
attributable to the HHT dyads is strongly prevalent over those belonging to the other kinds of linkages,
also visible at about 7.00 ppm. The singlet at 2.49 ppm is ascribable to the thiomethylic protons, whil
the triplet at 2.80 pprJH: a to the thiophene ring), the mulépat 1.73 ppmCH. b to the thiophene

ring), the broad multiplet in the £BA0 ppm rangeGH. of the central units) and, lastly, the triplet at

0.90 ppm-CHs) are due to the protons of the P3HT side chains. The composition of the blend can be
detemined by means of the normalized integral ratio of the signals at 2.49 and 0.90 ppm and
alternatively, by the normalized integral ratio of the two signals at 7.26 and 6.99 ppm. The rec
composition of PB was quite different from the starting ratio m¥ohmlymers. In fact, the final molar

ratio between PTSMe and P3HT was around 1:2 instead of the 7:3 feed ratio used. This can be ascrik
to the low solubility of PTSMe in common organic solvents which caused a kind of fractionation when

we filtered th&B solution on the Teflon septum.

However, PB was well soluble in GH@oducing homogeneous and glossyradrkims.

A (a. u.)

300 400 500 600 700 800

Wavelength (nm)

Figurd?7. UV -Vis spectra of polymers in film cast fyeol @BHgy.

Figure 47shows the UW:is spectraof the polymers in film cast from CHGblutions.
Regioregular P3HT showkacat 554 nm, corresponding to the first vibronic quantum, and an evident
shoulder at 595 nm, corresponding to the pure electronic transitiadd Evhich derives from the
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vibronic absorption of ordered P3HT crystalline regions in 2##n®TSMe shows only one peak at

415 nm, blushifted with respect to thea.«of P3HT and does not show any evident vibronic transition,
since short side chains are not able to interactheitiselves, thus giving more ordered main chains
conformationsgy. The spectrum of the blend shows a very large absorption region, starting at 350 nm
and ending at about 650 nm. The blend spectrum clearly evidences the main absorptions of its tw
componets: the PTSMe absorption maximum is now embedded in the spectrum and becomes visible
as a shoulder at 410 nm, while the transitions ascribable to the P3HT component are found at 599 ni
(Eoo), 546 nm (first vibronic quantum), and 488Inm) ( The broadl@sorption range of the blend can

be very useful for polymeric solar cells, since a wider light absorption in the visible region of the sole

spectrum can generate more excitons in the BHJ active layer, thus increasihthéhénal device
[26.
A fewdrops of PB solution (5 mg in 5 ml) in CH@re deposited on a quartz slide (4.0x4.0

cm) usinghie DB technique thus givindi@mogeneous 1rn thick film that was used for the laser
tracing procedure. The best tracing conditions were found at a/4 @acing speed, by making three
contiguous parallel lines with an wttece distance of 0.33 mm (Fig8e 4

Figurd8 Optical microscope image of a traced PB sample (x50). The film was cast from thg polymer solution in C

The obtained traces are clearly visible since the polymer surface changed notably after the laser expos
going from a very smooth, homogeneous surface to a rough, porous surface. This is also evident in tl

3D image and in the SEM micrograph offéigd9 and 50, respectively.
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Figurd9 3D image of PB traces on the polymer film castdhatio CHCI

Film porosity is determined by the outflow of gaseous reaction prathaitdy sulfides and

mercaptand®7] - which leges the polymer surface during the laser patterning.

1mm Electron Image 1

Figur&é0 SEM micrograph of a PB film after laser tracing. The polymer film was cast from PB solution in CHCI

The band at 716 chin the IR spectrum of PB, ascribable 48 §tretching2B, decreases in intensity
after the laser tracing, thus confirming the partial loss of the thiomethylic group after the photopyrolysis
procelure (Figure 51).
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Figur&1FT-IR spectrum (expansion) of a PB fithislofrée CH{Holution before and after the laser tracing pr&diddure. The C
stretching band is evidenced by an asterisk.

We observed that the resistance of the sample decreases as the number of contiguous trac
increases, rapidly reaching an asyimptue corresponding to about three lines. A droplet of an Ag
conductive paint (Ted Pella Inc., USA) was then applied to the two endscofi-tbieg3trace and the
resistance was measured with a Keithley 2401 source meter. We prepared five Barnrptedd?B
blend and measured their surface resistance, which weé dWith a very good reproducibility of

this value among the samples, with a deviation from the reported value of 3%.

The surface resistance of the samples before tracing wasl 21(°6%) and was measured
with a teraohmeter (Alpha Lab Inc., USA) using a two probe measuring system. Samples and probes w

carefully shielded from surrounding EMF with a Faadgyhomemade device.

We then prepared another series of samples uedsartte experimental conditions, i.e. by
depositing the CHEsolution of PB on a quartz slide using DB technique. This time, samples were
annealed for 2 h at 130°C under a vacuum (0.5 mmHg) by using a38chiadds oven before the
laser tracing. Eveitheir initial resistance was essentially unchanged (abow! 200°@%)), the final

resistance of the traced samples W2 R\V'sq. This time, the laser treatment of samples enabled a
resistance decrease of six orders of magnitude. It must be steedbe annealing procedure was also
performed on the previously traced samplesthisttime- it was ineffective, since no evident changes

in the final resistance values were found. In fact, the exposure to the laser light makes the traced polyn

goparently harder, more scratehistant, and insoluble in organic solvents, thus suggesting that the

84



Part 1: Polythiophenes Chapter 4: Blends for laser tracing and BHJ SC

exposed polymer no longer has the characteristics of a substituted polythiophene but rather those of
system of-conjugated C atoms. Fig&2shows theSEM micrograph of an annealed PB sample,

prepared by DB technique using PB chloroform solution, after laser tracing. Its appearance is near
identical to the unannealed film sample, because the laser exposure converted the polymer into wori

like dull traes, devoid of a fine texture, which are always apparently identical one to another.

1mm Electron Image 1

Figur&2 SEM micrograph of-ammealed PB film, cast from<0l@bn, after laser tracing.

Figure 53 shows the topographic microaralyshe sample shown in Figure 52 in relation to
the C and S elements recorded using an ahgpgysive spectrometer (EDS) probe.

Figuré3 EDS topographic microanalysis of PB film reported in Figure 8. L&ulfDarbon; Right:

In Figure 9 it is evident that the leesgposed polymer has a higher amount of C and a lower
amount of S in the traces, since the concentration of the examined element is proportional to the intensi
of white. More deeply, C and S concentraasaqa from 65% and 28% of the unexposed area to 68%

and 25% of the las&reated portions, respectively, thus confirming the partial loss of thiomethylic side
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chains. It is worth noting that this slight changes in the PB composition due to the laserigxposu
capable of determining such a high surface resistivity change.

Lastly, we prepared a new set of samples made of P3HT alone, in order to evaluate whether tf
laser treatment was capable of decreasing their electrical resistance. P3HT films teeérneydeposi
using a polymer solution in CEHGh this case, the surface resistance of these samples was the same
before and after the exposure to laser radiation i.e.VEXY) G 6%). This test confirms that the
electrical conductivity enhancement is asteilio the presence of the phsémsitive thiomethylic
groups, which are involved in a laséuced photocleavage which leaves the polythiophenic backbone
able to partially crosslink and, then, to rearrange in a more planar and more conjugatetepnformat
thus aiding the electroconductivity of the final mat2gal [

Figure 54shows the -¥ characteristic curves of solar cells which have the structure of
ITO/PEDOT:PSS/composite (photoactive polymer:PCBM)/Al. PEDOT:PSS acts as -a hole
transporting layehe photoactive polymer (P3HT or PB) as an electron donor, and PCBM as an electron
acceptor, while the Al electrode is the cathode of the solar cell and the ITO layer tBf.aRoele [
operational procedures followed for the preparation of cells areedescthe experimental section.

We used a polymer/PCBM 1:1 weight ratio since some studies have shown that devices with this rat
achieve the highest power conversion effici8tcy and the film thicknesses of the blend absorber
layers were each abd00 nm, in order to make the measurement of the photocurrent independent of
the thickness of the samples.

0

Current Density (mA/ch)

-10

0,0 01 0.2 03 0.4 0,5 0,6
Bias (V)

Figur&4. 3V characteristic curves for the prepared solar cells under AM 1.5 irradiation withG@nmitvéngjtfraflasun (1
calibrated solar simulator.

The device parameters: short circuit curr@nto@en circuit voltage 4y, Fill Factor (FF), and

power conversion efficiency (PCE) are summarized in Table 5.
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Tablé. Photovoltadzgmeters for the devices obtained using the two different photoactive blends.

Polymer e (MA/cm ?) Vo (V) FF (%) PCE (%)
P3HT 7.73 0.61 52.8 2.48
PB 8.58 0.65 56.7 3.16

The electrochemical behavior of the three examined polymers has been evéduatied per
cyclic voltammetry (CV) on their thin films cast on a Pt electrode fromsGl@ns (Figure 55). We
decided to characterize also a film of PSMe even if, as already mentioned, this polymer was not employ
as active layer for solar cells siscadihesion to the ITQlass coated with PEDEHASS was very poor

and prevented the homogeneous deposition of the Al cathode.

PTSMe P3HT
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Figur&5 Cyclic voltammograms of the polymer films on Pt recalieEs;iac&tbMtiBeusioin at a scan rate of 50tmV s

All voltammograms exhibited reversible oxidation and a quite good symmetry for the p
doping/undoping process, and this can be useful for practical applications based on the charge/dischart
process since the required pttd range needed for passing between neutral and doped states is limited.
The HOMO levels of the polymers were measured by CV, while the LUMO energies were calculates
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indirectly, taking into account that they correspond to the HOMO energies plusdherogriyy gaps

(Eopt) evaluated from the onsets of the-\U¥ spectra of the polymers in fiB3][ The obtained values

are reported in Tab& PSMe showed the lower oxidation potential, according to the edecioon
character of its thiomethylic sithaia directly linked to the thiophene rizd, [and the higher bandgap,
probably determined by disorder phenomenon like steric effects, cross linking or chain teB8inations [

Tablé. Optical and electrochemical propéhtissast fheam CHGblutions.

Polymer /:(?;e (nm) E, on (€V) ECset (V) HOMO (eV) LUMO (eV)
PSMe 520 2.38 0.18 -4.58 -2.20
P3HT 655 1.89 0.76 -5.16 -3.27

PB 655 1.89 0.55 -4.95 -3.06

In Figure 58s reported the band diagram with HOMO/LUMO levels of the ED polymers used
for the solar cells in relation with the levels of PCBM and the work function of ITO and Al, according

to Ref. 8.

3.27 eV :
TR e
AT 1 4915 ., -4.3 eV
P -5.16 eV £
mo Al
P3HT FPB -6.1eV
PCEM
hf
hv

Figur&6 Band diagram WidMO/LUMO levels of the ED polymers and EA PCBM in relation to the work functions of ITO an
electrodes.
PB sample showed an energy difference between its LUMO level and the LUMO of the EA
mo | e ¢ uuvokhighel tkan P3HT (0.69 vs 0.48 eV) and this can be favorable for the photoinduced
charge separation. | n {fua=x03,eVidthte mimiesen valie eequirad®p o r

overcome the binding energy of the excitons generated in organic semiconductor polyn3&yic films [
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38. The total photovoltage of the organic solar cells is ideally equal to the band gap value of the
conjugated polymer empéal in the lighibsorbing (active) layer. In the examined case, the theorical
values should be the same for P3HT and PB since they have the same bandgap (1.89 eV). However, tf
exists a loss factor related to the high exciton binding energy in oagemadsnavhich determines the

need for a LUM@.UMO Donor/Acceptor offset in D/A cells to polarize the excit@8, 4Q.
Practically, the LUMO offset should be large enough to obtain an effective and fast charge transfer ar
the loss factor is inversely proppi o n a | wwb \@luet This colldEexplain thecWalue of PB

slightly higher than that of the reference cell.

The factors limiting the PCE of polymeric solar cells include the low exploitation of the sunlight
mainly due to the narrower absorptiondoaf the absorption spectra in the polyconjugated materials
used in the photoactive layer, in comparison with the solar spectrum and the mismatch of the two spect
[41]. The increased efficiency of PB:PCBM solar cells compared to the reference ckllhmade o
normally used regioregular P3HT could be ascribed to the stronger absorbance of PB blend in the 35
500 nm range. Our results are very much in line with those reported in literature. In fac4. et al. [
reported that a series of solar cells pedpanth polythiophene derivatives functionalized with
bi(thienylenevinylene) side chains (WT¥), reached a maximum PCE of 3.18% under AM 1.5, 100
mW/cm?, with a 38% efficiency increase compared to that of the cells based on P3HT under the sam
operatie conditions. The enhanced performance was attributed to the increased absorption of (biTV
PTs) in the region between 350 and 45CG18mif fact, the s represents the maximum photocurrent
density produced by a solar cell under solar illuminationtaishuircondition. This current is directly
related to the external quantum efficiency (EQE) which depends on the absorption efficiency of the
photoactive laye44]. When the organic cells are made of a conjugated polymer and PCBM, a wider anc
more intese absorption spectrum of the photoactive blend can raise the PCE of the device acting on it:
photocurrent density. In our case, since the integrated intensity of\fieedp¥ctra of P3HT, PSMe
and PB in film are in a 1:0.95:1.57 ratio respectivetheahicknesses of the active layers in the cells
are almost the same (about 100 nm), the higher valgeloseived for PB (if compared with the

reference cell) can be ascribed to its more extended absorption range.

To analyze the morphology of soléiscee chose to use atomic force microscopy (AFM). Figure
57 shows the surface morphology of P3HT or PB and PCBM (1:1 weight ratio) photoactive blends. Film:
were prepared by casting the chloroform solutions of the polymers on ITO glasses using the DE
tedinique. The support had been cleaned beforehand using the same procedure used for the preparat
of solar cells. After the blend deposition, samples were subjected to the annealing procedure (30 min
130°C under vacuum) and the surface images wededegsing an AFM in a noontact (tapping)
mode in heightnodulated (HMM) and phaswdulated (PMM) modes.
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P3HT/PCBM PB/PCBM
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Figur®&7. AFM images of the examined blends (tapping mode, scale in nmgtopageggtiotiodulptease modulated images).
The blends were obtained by casting the polymer/PCBM solutid@sglasid€]

The AFM images of the surfaces of the two prepared films (100 nm thick) are quite different; in
fact the surface rms (remeansquare) roughness is 5.4 nm for the P3HT:PCBM film (with an average
18 nm diameter of grains) and 2.2 nm for PB:PCBM (average 11 nm diameter grains). The large bla
features in PMM, which correspond to bumps in topography (HMM), are ascribable 4acRPCBM
domains. The rough surface indicates a P3H®orgaliization in the blend, enhancing the ordered
structure formation in the film9. However, an excessively rough surface morphology can cause poorer
contact between the photoactive layer and thdlimmetthode4q, leading to a decrease in the V
values as the shunt resistance of the cell incgs&ufface roughness was found to be a critical
parameter also in polymer solar cells based orpinikfeti PEDOT:PSS layers, where irregular surfac
morphologies of the layers led to very poor device performance in tesrié aintl PCE4g.

All devices showed good reproducibility and stability in time in terms of final PCE: the cells
stored in vacuo, at room temperature, showed an averagaregipré% PCE decrease in the initial
value after 30 days. The best solar cell performance was obtained using the PB/PCBM system as t
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active blend. This can be ascribed not only to the enhanced absorption spectrum of this blend, whic
acts positively orsi generated photocurrent, but also to its very smooth surface and to the nanoscale
homogeneous separation of its components, leading to a high interfacial area of the electron dono
acceptor domains, which acts positively on the finah® FF, as comfmed by the data reported in

Table 1. The obtained results are very promising since they demonstrate that it is possible to produs
highly efficient active layers of polymer solar cells with good sunlight absorption by using a simpl
mixture of easily symgsizable polymers, thus avoiding the long and complex synthesis usually requirec

to obtain lowbandgap conjugated polymd&. |

4.5 CoONCLUSIONS

This work demonstrated the possibility to enhance the electroconductivity of some films made
of thioalkyliesulstituted polythiophene derivatives through laser light exposure. In particular, a blend
made of regioregular poly(@thylthio)thiophene (PTSMe) and pehg8yl)thiophene (P3HT) proved
to be an optimal solution for overcoming the incomplete solubilippantimability of the thioalkyl
substitued polythiophenic derivative alone. The blend used strategically combines the plastifyin
properties of the alkylthiophene polymer with the ability of the photosensitive polythiophene to increase
its electrical cwluctivity by means of a fast, simple laser treatment. This way, we obtained very
homogeneous polymeric films which were easily cast from common organic solvents and which prove
to be capable of increasing their electrical conductivity by aboutimed &fter tracing. The final
electrical conductivity of the conductive traces can be easily modulated by working on the blenc
composition, laser power, and tracing speed, thus making the preparation of integrated circuits faster a
simpler. We also demordéd that the performance of the BHJ solar cell prepared using the blend as
the photoactive layer is higher than in the reference cell made of P3HT alone, thanks to the wide
absorption spectrum and the more homogeneous morphology of the films obtaiR&HTPTSMe
mixtures. These results indicate that PTSMe and, in particular, its blends with P3HT, are promisin

multifunctional polymeric materials for application in electronics and in plastic solar cells.
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CHAPTER 5:SOLVENT LESS DEPOSITION OF

OLIGO - AND POLYTHIOPHENES FOR BHJ SOLAR

CELLS

5.1.INTRODUCTION

Organic semiconductors are particularly attractive for low cost electronic applications, especiall
when characteristics such as lightness, flexibility and inexpensiavenastominant role if compared
with electrical performances. Most organic semiconductors described in literature arebisephene
oligomers1,,3], homopolymersi,6] and copolymerd][ These materials have been effectively used for
optoelectroni@pplications such as either organic-digtitting diodes (OLEDSs) or organic solar cells
(OSCs)8,9] and for electronic applications such as organiefietd transistord ) or for laser tracing
aimed at obtaining conductive patterns on polymerlatinguhin films J1]. At present, a certified
power conversion efficiency (PCE) on the order58h has been obtained using polythiophenes as
active materials for the fabrication of OSCs with an architecture called Bulk Heterojunction Junction
(BHJ) L2. For this type of cells, the active layer is a blend of a polythiophene derivative (usually poly(3
hexyl)thiophene, P3HT314]) used as electralonor material and a high electadiinity molecule
(usually exfullerene or [6,6henyCs-butyric acid mayl ester (PCBM)). P3HT ensures high charge
mobility and, with the addition of selected additives, has been effectively used in the preparation of high
efficient solar cells by W&t printing 7.

Recently, some researchers have demonstrated thiéitpassobtaining thin, homogeneous
and well adherent films from a polythiophene derivative (i.e-(gaygfgloxyphenyl)thiophene]) by
means of the Matrix Assisted Pulsed Laser Evaporation tech@ligouenever, the molecular weight
of the evaporatgablymer was not determined. Wei el @ have reported on the deposition of P3HT
using an electrameam heated effusion cell and concluded that the chemical composition and structure
of the polymer was largely conserved, basing their assumptionERoandTXPS characterizations.
More recently, Kovacik et dl[investigated the deposition of some P3HT samples by vacuum thermal
evaporation (VTE) in depth, usitttfNMR, FT-IR UV-Vis absorption spectroscopy and GPC. They
observed both a strong reductio®3HT molecular weight during the deposition proceste@vesed
from 36000 to 1500 g/mol) and how some side chains broke away from the backbone. In a 2012 pape
[19, the same authors reported the thermal evaporation both of P3HT and eubStituid
polythiophene sample (PTh). The latter gave homogeneous films with a high degree of crystallinity
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without any evidence of chemical decomposition and made it possible to obtain some planal
heterojunction solar cells with improved overall photoconvef§iciency (+70%) if compared to
P3HT.

In view of the above, in this work we investigated the possibility of Vddpasiting two
thiophenic derivatives (a regioregular P3HT sample and a functionalized thiophenic octamer, OC”
Scheme 16) and the electaaceptor molecule g&ullerene) in order to obtain a final architecture of
the photoactive layer as close as possible to the BHJ type.

OCHj, OCHjs

dyodon
T

OCHs OCH;

Scheml@ St ruct ur e -eta@sthghéxild,, 2460:65080,, 236000: 6 6506600, 2 6 & O :odithidplbene2
(OCT).

(]}
e}}

We decided to examine the evaporation of both the most used and studied thiophenic polymer (P3HT
for comparison purpose and a previously syngtikesiigothiophen() in order to take advantage of

its higher volatility and the presence of methoxy groups in side chains. In fact, it is well known for
polythiophene that the introduction of alkoxy side chains on thiophene units makes an in@ease in th
coplanarity of the thienylene moieties all along the polymer side chain 2H38ible [

52 EXPERIMENTAL

All the solvents and reagents used for the synthesis were purchased from Aldrich Chemica
Company. NMR spectra were run on a Varian Gemini 30MEBHOFT-NMR spectrometer using
TMS as reference. #R spectra were obtained using a Perkin Elmer Spectrum O FT

spectrophotometer. Molecular weights were determined by size exclusion chromatogreglaji(&EC)
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to polystyrene standards on a HPLG Ebbw 2000 apparatus equipped with a Phenogel mixed MXL
column and a Linear Instrument-Wis detector (model UVAZD0) working at 263 nm, with THF being
used as an eluent at a flow rate of 1.0 ml/min. Th¥i8'8pectra were recorded with a Perkin Elmer
Lambda 19 spectrophotometer. Thermal analysis was performed on a TA Instrum@060T&a A
heating rate of 10°C/min under inert atmosphere (30 Nml/min)ofQyclic voltammetry (CV) was
performed on a Autolab PGS 30 (EcoChemie, The Netherlands)tiwn#leedectrode system in a
solution of 0.1 M BMPFs in CH,CN at a scan rate of 50 mV/sec. Oligomer film was prepared by
evaporating OCT on a ITO glass obtaining ar@®shick film. A Pt wire was used as the counter

electrode and SCE was used as theerefe electrode.

Solar cells were prepared according to the following procedure:-tii@d3 €ubstrate (area 1.0
x 1.0 cm, surface resistance\8q, Alphalab Inc., USA) was firstly etched on three sides by using a
concentrated Piranha solution, idesrto obtain a final 0.75 x 0.75*@rea covered by ITO. The glass
was then cleaned in a ultrasonic bath filled with a diluted solution (1% w/w) of a Roth detergent for
ultrasonic cleaners (RBBo) and subsequently washed several times with distilérd isopropyl
alcohol, acetone and, lastly, diethyl ether. It was then dried overnight at 70°C in an oven previously fille

with dry silica gel. The final surface resistance of the ITO layer on glasd/ses 15

The glass was then prepared for the W Edvering a small 0.25 x 1.0 cm area with insulating
tape on the side opposite to the previously etched area, in order to leave this small portion of conducti\
glass uncovered by the active layer. The final active area of the cell wasTh@actie layer was
evaporated by heating a tungsten boat (Edwards Co., USA) previously filled with a 1:1 (wt/wt)
polymer/Ggfullerene (99% pure) powder using an Edwards E306A coating system operatifig at 1x10
mmHg.The temperature of the boat was monitoredjusintalmec Elettronica Srl (Italy) temperature
controller equipped with a JulabelP® probe (Code No. 8981005) placed in contact with the

evaporation boat. The P3HTkLnixture was evaporated at B at a rate of about 10 nm/min,

while the OCT/ G mixture was deposited at 23%C at a rate of about 15 nm/min. Cells were annealed

at 130°C for 30 min at 20 mmHg using a Buchi-G&Ricro glass oven.

The layers obtained were characterized by AFM and then a 50 nm thick Al contact was deposite

using tle above mentioned apparatus.

The electrical parameters of the photovoltaic cells were measured at room temperature using
Keithley 2401 Source Meter and a Abet Technologies Solar Simulator (AM 1.5, 7 calBferted
with an ILT 1406BL radiometer pHometer.

The film thickness was measured by means of a FTPadvancedZ{&atech GmbH,
Germany) film thickness probe equipped with FTP Expert software. This apparatus was calibrated b
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measuring some reference films whose thickness was previouslyedetsing a Burleigh Vista AFM
system. The thickness of the active layer was 45 nm for P3ldmd G5 nm for OCT/ 6.

The described deposition procedure was also used to obtain the polymeric samples that hav
been chemically and spectroscopicallaciesized, using a glass or a quartz slide instead of the ITO

glass as a substrate.

X-ray diffraction data were recorded at room temperature by using gl GU6406 A)
radiation source (Philips PW 1050) and a Braydgano diffractometer (Philips PWLQ)7equipped
with a graphite monochromator in the diffracted beam.qdlifa@@e between 2.0 and 90.0° was scanned
by 881 steps of 0.1° with a counting time of 15 sec for each step. The XRD characterization was carrie
out on films on glass slides obtaibeth by casting OCT solution in CH@&hd by direct VTE of the

oligomer.

Poly(3hexylthiophene) (P3HT: Mn=32000, PDI=1.2, 92% HT) was synthesized from
commercial -Bexylthiophene using the Grignard Metathesis (GRIM) procedure described by
McCullough et al23, while the octamer was prepared according to the procedure described in a

previous work [20].

5.3. RESULTS AND DISCUSSION

The main purpose of this work was to find a fast and effective system to deposit the photoactive
layer onto the ITO substrater fine preparation of polymeric BHJ solar cells. We decided to use the
vacuum thermal evaporation (VTE) system applied on a thiophenic oligomer. There are only a fev
examples in the literature of Bulk Hetiroction (BHJ) Solar Cells made of evaporagethidiphenes.

In fact, the performances of devices made with oligomers are usually rather inferior relative to cells ma
with blends of polythiophenes and fullerene derivatives and this can be ascribed to the reduce
conjugation length of the oligomersl do the difficulty in maintaining a suitable and reproducible
Csdoligomer ratio in the evaporated bler@d].[ The first BHJ solar cells made with evaporated
oligothiophenes were prepared by Aso, Otsubo and H2%manfl showed a power conversion
efficiercy (PCE) of 0.4%.

The standard BHJ architecture (i.e. ITO/PEDRSIS/ED polymeEA molecule/Al, where the
electrordonor polymer is usually a polythiophene and the EA molecule a fullerene derivative) was
recently improved by Bauerle andvookers in a siexs of papers dealing with the preparation and the
structureproperty relationships of vacwpnocessed small molecules based OSCs. In particular, they

prepared some cells with planar heterojunction (PL) and bulk heterojunction (BHJ) architecture using
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mixture of Ggfullerene and a dicyanovisybstituted oligothiophene deposited by VTE as the
photoactive layer. The active layer was the central layer of the cell and was surrounded by many ott
organic layers in a complex but effective architecte@ Stdlcked Layer (SL). PLSL solar cells gave
efficiencies of 1:2.8% while BHJSL solar cells up to 52Jther stacked layer vacuum deposited

bulk heterojunction solar cells were made using dicyanovauyistiteited selenophetiophene co

oligomes (PCE up to 3.09927)), oligothiophenes incorporating benzothiadiazole units (PCE up to
2.76% 2829) and methysubstituted dicyanovirgdpped quinquethiophenes (PCE up to 63006 [

We can therefore conclude that conjugated thiophene oligomers Wittefinge length are versatile
photoactive materials for the preparation of heterojunction solar cells and worthy of further

investigations.

In this work, the first attempt to evaporate a conjugated polymer was made on a regioregula
P3HT sample. In facthis polymer, thanks to its high electronic molli}yif usually used as hole
transporting material in organic solar @flsahd represents a referenadopor material. Moreover,
we decided to study the VTE of a regioregular sample of P3HDBieaesearchers reported that this
polymer withstood the thermal evaporation process while largely retaining its chemical composition [15
The thermal stability of P3HT was preliminarily examined using thermogravimetric analysis (TGA) in al
inert (N atnosphere. The main weight loss was identified at around 400°C with a weight loss of 58%
while two very small shoulders in the baseline can beafanodnd 150 and 300°C (Fig. 58
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Figur®&8 TGA thermogram of P3HT and OCThitratgen.
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A thin yellow film of P3HT (70 nm thick) was obtained on a 2.5 x 2.5 cm quartz slide by
evaporating the polymer at a temperature 663%D after 4 minutes at a pressure of 1 %miiHg.
The VTE of P3HT was repeated many times in order tonoah amount of evaporated polymer
sufficient for its analysis. It is to underline that the deposition of P3HT was also attempted at lower
temperatures, as 350°C is quite close to the temperature at which the decomposition of the polyme
starts, but no édences of film formation were found. THENMR spectrum of the aporated P3HT

is shown in Fig. 3®gether with the spectrum of the pristine sample.

— e e
1

Figur&9 'H-NMR spectrum of P3HT. Up: evaporated polymer ré&iisdesehintii same polymer before vacuum evaporation
dissolved in CPCI

The spectrum shows the main signals ascribable to this kind of polymer, i.e. 7.00 ppm (thiophen
H-4); 2.8@2.35ppmCH.a t o t he t hi-101p ppe (centraLH,- ofghg side dhair9; 0.90
ppm ¢CHs) together with a plethora of signals which are hardly ascribable to the P3HT structure.
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Even when the P3HT was evaporated both under a controlled temperature, below the
decomposition temperature determined by TGA anadyslsunder high vacuum, the polymer
underwent a pyrolysis reaction, with the consequent possible removal of small fragments and moleculs
This hypothesis was also supported by the observation that the pressure in the Edwards evaporati
system chamber tesdl to increase during polymer evaporation. The evaporated P3HT was also
subjected to GPC analysis, which confirmed the partial loss of the polymeric structure of P3HT, giving
a M, of 1800 g/mol with a PDI of 3.5.

Since the attempt to evaporate the P3HIpEawas not completely successful, we decided to
use the oligomer as an active layer for the OPV cell. We then tried to prepare an OCT film using th
same evaporation procedure used for P3HT. The TGA of OCT is shown in Fig. 1 and highlights the
total stabity of this oligomer up to 400°C under inert atmosphere.

At 400°C a very rapid weight loss was seen, leaving only 26% of the initial weight of the sample

OCT was then evaporated operating at 2™ and 1 x 1®mmHg for 3 min. Even if the
thermogramsfadOCT and P3HT are similar, their deposition tempesatteayuite different probably
because their thermal decomposition was examined under a nitrogen flux while their VTE was performe
under high vacuum. A redange 80 nm thick film of OCT was obtaioerdhe 2.5 x 2.5 cm quartz
substrate. This time, the film showed metallic lusters and a very smooth and homogeneous surface.

'H-NMR spectrum of evaporated OCT (Fig. 60, up) showed a group of signals in the aromatic

region which can be attributed to thiepic protons according to the numeric system used in the Fig.60.
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Figuré0. '"H-NMR spectrum of OCT. Up: evaporated oligomer rediss@loaahirti@3¥ame oligomer before vacuum evaporatior
dissolved in CPCI
In detail signals at 6.94 and 7.00 ppm can be related to protons 2 and 7; signals at 7.02 and 7.(
ppm to protons 3 and 6; the signal at 7.13 ppm to protons 4 and 5, respectively, while the doublet at 7.
ppm to proton 1. At 3.32 and 3.37 ppm the signals asctib@fe- and-CH;pr ot ons a t o t
atoms of the ether groups are clearly evident, and at 2.78 ppm the triplet derivingGryrgtioeips
a to the thiophene r i ng-4.15@@amranbeesterh foommprdtons & thg n a |

central methylene unitstire side chains.
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The chemical identity of the evaporated OCT sample is also confirmed HYR isnBIysis
made by dissolving the deposited film in @&l by casting it on a Ge disk.

Frequencies and assignments of IR absorption bands of OCT caia listble 7, while the

spectrum is shown in Fig. 61 together with that of the pristine sample.

Table. IR absorption bands and relative assignments for evaporated OCT.

Assignment Wavenumber(cm™)
@+ Athiophene 3063
QsCHs 2979
QsCH: 2930
Q,mCH: 2859
Q@sCH:-O 2825
QymCH>-O 2806
QsC=C 1500
dcrCHs 1464
Q,mC=C 1444
QsC-0-C 1118
acnt hi oph. 789
rockingdCH.- 730
acnt hi oph. | 691

n = stretéhg;d =on plane bendjmgout of plane bending
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Figurél IR spectrum of evaporated (up) and pristine (down) OCT.

These findings comply with the expected structure of the vacuum deposited octamer.

The U\Vis spectra of OCin film on quartz slide are shown in Fig. 62.
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Figuré2 UV -Vis spectra of pristine and evaporated OCT (film on quartz).

The two curves are normalized to their maximum intensity. The pristine sample, cast from its
solution in chdroform, shows a structurpdr o f i | @ayat 3@di nm handawo lshoulders at 462 and

500 nm, corresponding to the second and to the first vibronic quantum, respectively.

The Bo(pure electronic) transition is hard to find since the spectrum does not show any evident

peak at lovenergies but the deconvolution of the spectrum profile allowed us to locate it at 612 nm.

The presence of clear absorption in theZ800hm range can be ascribed to the presence of high
i nter mojd esctudcaki g and i n dchanadgegateddBGe Ondhe basisoé n c e
kmax values, the mean conjugation | ength (MCL
the Jiang formul8T] and corresponds to about four thiophene conjugated units. TVis Bjectrum
of the evapated sample is quite different from the pristine one. In fact, the spectrum profile is broader
and .hkikredshifted of 56 nm. Moreover, the spectrum does not show any evident structure and its

onset is 584 nnE(opI: 2.12 eV).

The MCL of the evaporatedmple is higher than the pristine one and corresponds to about six
conjugated thiophenic rings: a good value taking into account that the oligomer is composed of onl:
eight thiophenic units. We can conclude that the pristine sample of OCT has kegsgtioaggnd
stacking in film than the evaporated sample; the latter, however, shows a higher conjugation length,

parameter which directly affects electron mobility over the polymeric ba@8bone [

The XRD patterns of OCT samples are shown in Fig. 63.
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Figuré3 X-Ray diffractograms of OCT films obtained by casting (left) and VTE (right).

Diffraction patterns display a set of strong peaks in the central regidiY {28°) and some

peaks of lower intensity in the remaininpnsgFor the cast sample, low angle peaks are fogrd at 2

2.49° and 5.00° (d=3.54 and 1.77 nm, respectively) and correspond to the (100) and (200) peaks obser
in poly(3octylthiophene3F. Moving to higher angles, three peakq at1®0.6°, 22.8°rad 28.0° (d=

4.52, 3.90 and 3.18 A, respectively) can be found. The latter have been previously ascribed to the (1:
(200) and (210) reflections of unsubstituted polythioph@ad.[The evaporated sample shows a
diffractogram with a less detailed ftnecture, with broader and less intense peaks according to a lower

degree of cristallinity, as already observed from-¥8d.8pectrum in film.

The electrochemical behaviour of OCT was evaluated by means of cyclic voltammetry. A film of
evaporated OCT oa ITO glass (55 nm thick) was examined and its voltammogram is reported in Fig.
64.
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Figuré4. Cyclic voltammogram of an OCT film obtained by VTE (1st scan).
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Unfortunately, the absence of any evident peak in the negativegkiasade it impossible to

onset

evaluate both the reduction potential of OEw () and its electrochemical bandgca;;)(The energy
of the HOMO level was estimated according to the following refé@#sh

OO0 Qw Q0 18

SinceO was 0.45 V, the HOMO level of evaporated OCTomMa85 eV and, sini@
was 2.12 eV, the LUMO level wa33 eV.

The HOMO level energy is very close to thadsird reference P3HH.@ eV, 44]) thus
indicating that OCT can be effectively used as an el@otronmaterial for organic solar cdl |

The bandgap of evaporated OCT (2.12 eV) is lower than that of P3HT [40] and this could favour
the final photocaversion efficiency of the deviég47).

BHJ solar cells were prepared by evaporating the etertayrmaterial (P3HT and OCT) and
the electroracceptor (6s-fullerene) at the same time, as detailed in the experimental section. The final
architecture athe cells was: ITO (100 nm)/Photoactive blend/Al cathode (50 nm) while the thickness
of the active layers made of evaporated P3&0fGOCT/Cs was 45 and 55 nm, respectively. The
active area of the cells was 0.25amm both devices were annealedvimcaum at 130°C for 30 min
using a Blchi GKIBO micro glass oven before the cathode deposition. I/V measurements were
performed at room temperature with a Keithley 2401A source meter operati2¢t theange. For
the photovoltaic characterizatiorg tells were illuminated with 70 mW/pamwer intensity of AM 1.5
radiation provided by an Abet Technologies LS150 Xenon Arc Lamp Source calibrated with an ILT
14006BL radiometer photometer. The recorded J/V curves under illumination are shown inhiteg. 65 w
photovoltaic properties are listed in Table 8.
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Figuré5. J/V curves under AM 1.5 illumination of the prepared cells.

Table. Photovoltaic properties of the assembled solar cells.

Property? P3HT OCT
Voc (V) 0.43 0.51
L. (MA/cm?)? 2.66 4.19
FF 0.22 0.40
h (%) 0.35 1.21

a) under 70 mW/Esimulated AM 1.5 illumination through the ITO electrode

Very promising results were obtained using teeagorated mixture of OCT{Cin this case,
the shapef the J/V curve was the same usually observed in this kind of deiedxild the power
conversion efficiency was notably higher than in the previously prepaned 11%(vs 0.35%)vhen
a photoactive blend of OCT and SWCNT in GM@k depositedylspinrcoating on the ITO glass and
was used as an active layer [20]. The PCE of the OCT cell is comparable with the values obtained w
PLSL solar cells (but lower than those reported for BHJISL solar cells) [26] prepared using VTE systen

Even if the oldined efficiency is not very high in absolute terms, OCT seems to be particularly
prone to evaporation by VTE in one single step together with fullerene, with a rapid and straightforwarc

procedure, without the need to prepare the electron donor/accdptmmsand also avoiding the
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deposition of the PEDOPSS buffer layer, the use of solvents and, above all, the deposition of many
layers as reported for the stacked layer solar cells. Moreover, the adopted deposition procedure w
particularly efficientjree no residues were found on the tungsten source. Therefore, the use of OCT
seems very promising in continuous coating systems using roll to roll (R2R) or reel to reel coatin
techniquesAP50.

Unfortunately, the good results shown by OCT were nohethtaihen the active layer was
prepared by the evaporation of the P3HJi@ixture. In fact, in this case the power conversion
efficiency was only 0.35% while a reference cell prepared using the same batch of P3HT and fullerene
chlorobenzene and spindged on a ITO glass, with a final architecture ITO (100 nm)/PEDOT (50
nm)/P3HT- Cso (50 nm)/Al (50 nm), led to a PCE of 1.10%. This is not surprising, since the VTE of a
polymer is harder than for an oligomer and then the polymer thermal degradatitwe canmaletely

avoided.

Fig. 66 shows the surface morphology of OGl#@d P3HT/G, blends made by thermal
evaporation of components on ITO glass and annealed at 130°C for 30 minutes.
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Figuré6. AFM images of OCT4Qeft) anB3HT/Ceo (right) evaporated blends.

AFM nontcontact tapping mode images allowed the surface parameters to be determined:
OCT/Cg roughness (nm) 0.40, diameter (nm) 12; P34 T@Gghness (nm) 0.66, diameter (nm) 16.
The OCT blend showed the lowest roeam square (RMS) roughness and average diameter of grains,
while the P3HT blend evidenced the highest roughness and diameter of crystallites, and this is probat
due to the presence of nanoaggregated fullerene. Moreover, the latter sample showeddim less
distribution of aggregates as well as the less homogeneous thickness of the polymeric layer and this 1
could be ascribed to the poor chemical resistance of P3HT to the evaporation deposition system.
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54. CONCLUSIONS

In this work we have sucdefly demonstrated that the VTE technique can be suitable for the
deposition of photoactive blends for the construction of polymeric solar cells. This deposition method
is very fast and effective since it facilitates the simultaneous deposition otdneptwents in the
blend and does not require the presence of a buffer layer, such asFPFER®Gbwever, this method
cannot be applied to the entire range of conjugated polymers. In our experiments P3HT, unlike &
tetrasubstituted octithiophene oligomer TP@vas damaged during the evaporation procedure, thus
leading to a final device with low photoconversion efficiency (0.35%). On the contrary, the low molecula
weight oligothiophene derivative made it possible to obtain a polymeric solar cell wititahie acce
efficiency (1.21%), notably higher than that showed by a sample prepared using conventional depositi

techniques.

The VTE system is compatible with continuous manufacturing processes and can be effectivel

used in the preparation of a number aftedaic or optoelectronic devices.
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CHAPTER 6: A REGIOREGULAR

POLYTHIOPHENE -FULLERENE FOR POLYME RIC

SOLAR CELLS

6.1/ NTRODUCTION

Organic photovoltaic (OPV) solar cells are devices based on either small organic semiconductir
molecules or conjugated polymers capable of converting sunlight into electrical power. They are prepar
by sandwiching a thin (from tens to a few hundred nanometers) film of an organic semiconductor
between two electrodes. In the usual geometry, the alexitdrom the top electrode (usually Al) and
positive holes from the bottom electrode (usually ITO which, thanks to its high transparency, allows fol
a good illumination of the phetative layer); however, an inverted geometry has also been reported, in
which electrons exit at the bottom and holes at tHé&,&#).The active layer, made by intermixing an
electroracceptor and an electrdanor material, is usually deposited either bycsgiimg a solution
of conjugated polymer/electron acceptor nubdean the ITO electrode or by vacuewaporating small
organic molecules on the same substrate. In the latter case, some active materials can be easily synthe
and purified, thus increasing the photoconversion efficiency, while the processingsspdgdaser
than for solutiofprocessed conjugated polynid@rén any case, OPV solar cells are very attractive
devices, being cesffective, lightveight and particularly suitable for being scalém a laboratory
scale (usually a few squareimetéers) to a commercial scale (many square meters) usiAagltoll
printing techniqug$]

Among the different possible techniques for fabricating OPV cells, bulk heterojunction (BHJ)
architecture has been studied intensively in recent yearsotentislpgo obtain high efficiency at low
costs. BHJ is essentially based ortabinuous network of an electtdonor (a conjugated polymer)
and acceptor (fullerene or its derivatives) in which the two components are separated at a micro
nanoscaléevel, with a high internal surface area where the ultrafast photoinduced charge transfer ca
occur; this way mobile holes in the donor phase and mobile electrons in the acceptor phase can |
generated. The carriers produced are then driven to the etebyrade cell internal field before they

recombine in the photoactive layer.
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The carrier generation and transport process is thmd@yanism which determines the main
parameters of the BHJ solar cell, directly acting on theistwittcurrent dengit(d), the fill factor

(FF) and then the final power conversion efficiency (PCE).

The morphology and microstructure of the active layer are thus of primary importance, even if
how to control them and at what degree of separation remain unclear,smuemise is required
between the need for a nanoscale separation (i.e. high interfacial area) for efficient exciton quenchir
and the presence of larger domains (macrophase separation) for both the efficient transport of charg
to the electrodes and iareased carrier lifetirj@

With the aim of producing optimal phase segregation between the donor and acceptor molecule
for charge generation while, at the same time, maintaining a continuous path in each phase for tt
efficient transport of electroaad holes, a number of strategies have been adopted. Among them, the
synthesis of donecceptor doubleable polymers appears particularly intriguing. In fact, this
architecture leads to the homogeneous distribution of the electroacpior (EEEA) domains, at
the same time maximizing the interface betweerjthienthese systems, the fullerene group is usually
linked to the conjugated polymer (CP) main chain (generally a polythiophene derivative, exploiting th
3-position of the thiophenic units)y means of either an aromatic substitoein alkylic spacer which
enhances the solubility of the final polymer by increasing the mobility of the EA group and, at the sam

time, electronically insulates the conjugated backbone frognattwer@atic mieculg9,10

Doublecable polymers allow for the optimized nanoscale phase separation of the EA/ED
domains whose length scale must be comparable to exciton diffusion dis2®aen(fid]) by
avoiding spontaneous phase separation; the latter is useallgim conventional BHJ blends, and is

caused by the very low entropy of mixing for high molecular weight pfZmers

On these bases, the making of a omolecul ar
polythiophene backbone may be constarsuitable alternative to the conventional BHJ architecture
of OPV solar cells; in fact, this system exploits the same ED/EA moieties while retaining the positive
electronic and photophysical properties of CP/fullerene composites but limiting phaisensapa
clustering phenomena. A drawback of decddiée polymer way to build polymeric solar cells is, indeed,
the more complex synthetic route necessary to obtain the fdllactiomalized monomers; this usually
makes the conventional BHJ architectbased on the simple mixing of the ED/EA components even

if on a nanoscale separatipreferable when final power conversion efficiencies are essentially the same.

In this paper, we report on both the synthesis of a new thiophenic monomer be&king th
fullerene at the end of a hexylic side chain, and the preparation of a soluble thiophenic copolymer usi
the same procedure used for the monomer on a reactive polymeric precursor. The synthesis employec
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particularly interesting since it involaesery simple and straightforward procedure based on the
Grignardcoupling betweew-bromoalkyderivatives ande¢&fullerene. The prepared copolymer was
widely characterized using IR, NMR, GPGM\/spectroscopy, and DSFGA thermal analysis. The
moleclar arrangement of its thin films was studied by AFM measurements. Lastly, the current
density/voltage (J/V) characteristics of the prepared solar cell were determined usuler one
illumination, in order to evaluate PCE when using the newly synthesidedadde copolymer as a
photoactive layer; these characteristics were also compared with those of a reference OPV solar cell m
with BHJ conventional architecture.

6.2EXPERIMENTAL

6.2.1 Materials

All reagents were purchased from Sigisiach ChemicalCo. and used without further
purification where not expressly indicated otherwise. All solvents used (HPLC grade) were dried an
purified by normal procedures, stored under molecular sieves, and handled in &reeoisture

atmosphere.

The reference polyméor solar cells, i.e. pohfi8xylthiophene) (P3HT), was synthesized
starting from dexylthiophene (T6H) purchased from Sigidach (CAS No. 16986-3, Product No.
399051) using the McCullough procedii8eregioregularity in HT dyads 96%, Mn 30.0,KIDA 1.2.

6.2.2 Measurements

'H NMR and*C NMR were recorded on a Varian Mercury Plus spectrometer using TMS as a
reference. IR spectra were taken on KBr pellets (model compound and alkyhhithgtesee
derivative) and Ge disk (thin polymer filmg)gua Perkin Elmer Spectrum One spectrophotometer.
Molecular weights were determined by gel permeation chromatography (GPC) using polystyren
standards and THF as an eluent on a HPLC Lab Flow 2000 apparatus equipped with a PL Gel MXI
column and a Lineardtrument UWis detector model UVAZ00 working at 263 nm. Mass spectra
were recorded on a Thermo Finnigan MAT95XP spectrometer. The elemental analysis of the prepare
copolymers was performed by Redox Laboratory, Monza, Ital§is dpectra were recorded a
Perkin Elmer Lambda 19 spectrophotometer using polymer films on quartz slides cast from o
dichlorobenzene (ODCB) solutions using the doctor blading (DB) technique (average thickness: 15

nm). A DSC TA Instruments 2920 was used for the thermalsapélyyse polymer by varying the
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temperature frorb0 to 200°C at a rate of 104 in a nitrogen atmosphere. A TGA TA Instruments
2050, operating in either an inert or an oxidizing atmosphere, was used to determine the decompositic
temperatures of thmolymer by heating samples from 30° to 900°C at a heating scan ratenaf’20°C

AFM measurements were made on a Burleigh Vista instrument {naamtachtapping mode using

high resolution silicemitride tips.

For the preparation of the solar cell§) glass (1x1 cm) was first cleaned in an ultrasonic bath
using a notloaming glass detergent in deionized water. ITO glass was then rinsed sequentially in doubl
distilled water, isopropanol, and acetone. PEDOT:PSS (Aldrich Chemical Co.) was diitited 1:1 w
isopropanol, filtered on a Gooch filter G2 and deposited by doctor blading on top of the cleaned ITO
glass (film thickness about 80 nm) by means of a Sheen Instruments S265674. The glass slide was b:s
under a vacuum at 120°C for 2 h using a Biicht&KRRicro Glass Oven. Anhydrous ODCB was used
to prepare solutions of COP2 (7, 10, 13, and I8Ifhgvhich were deposited by doctor blading on the
PEDOT:PSS layer. More concentrated solutions of COP2 in ODCB determined the formation of a dark
red pre@itate on the bottom of the vial. After baking films in a vacuum at 130°C for 15 min, the active
layer film thicknesses measured by AFM were respectively 80, 100, 150 and 180 nm. Lastly, to cre
PSCs, 50 nm of Al were thermally deposited under a vddiurb@®@ mmHg using an Edwards E306A
vacuum coating apparatus. The active area of the cell wag.0T2& correnvoltage characteristics
were measured using a Keithley 2401 source meter under the illumination of a Abet Technologies LS 1
Xenon Arc lamp Source AM1.5 Solar Simulator, calibrated with an ILBI48libtometer. The
reported PCE results were the averaged values obtained from 5 different devices prepared under t
same operative conditions. The spectral response of the solar cells wad os#ag a SCSpeclll
(SevenStar Optics, Bejing, PRC) incident photon to charge carrier efficiency (IPCE) setup.

6.3SYNTHESES OF MONOMERS

6.3.1 Synthesis of the model compoundfdllerenylhexane (HexH

Scheme 17 outlines the experimental route forgparption of HexF.
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Mg
H— (CHz)G'Br H— (CH2)6'MgBr
THF

fullerene-Cg,

toluene

Schen&. Synthesis route for the preparation of HexF

A solution of 0.837 g (5.07 mmol) ebrbmohexane in 6 ml of anhydrous THF was added
dropwise to 0.141 g (5.80 mmol) of Mg under stirring and in aatinesphere. The mixture was
refluxed for 5h, cooled down to room temperature, and then transferred via cannula to a solution of 1.2
g (1.69 mmol) of 4sfullerene in 400 ml of anhydrous takieand 2.30 ml of anhydrous
N,N-dimethylformamide (DMF). The dinmixture was reacted for 30 min under stirring at room
temperature and in an inert atmosphere. The reaction was quenched with a solution of 10mg of NH
in 10 ml of distilled water and then added to 200 ml of brine. The organic phase was washkstwith d
water to neutrality, dried with MgSénd concentrated. The crude product was dissolved in 50 ml of

toluene and precipitated by adding 100 ml of MeOH dropwise to the solution. After filtration on a Teflon

septum (0.4B6m pore size), 1.05 g ofdllerenylhexane (HexF) were recovered as a dark brown powder
(77% vyield).

'H NMR (400 MHz, CDG] A&) : 6 . 4H3, 3.45s(m, 2H, HECH,), @.60 (g, 2H,
CsdlCH.CH>), 1.921.45 (bm, 6H, central methylenes), 1.05 (t, 3k}, CH

3CNMR (100 MHz, CDG)  14&J.45 (2C, &), 153.91 (2C,«f, 147.45 (1C o, 147.42 (1C,
Coo), 146.90 (2C, ), 146.31 (2C,f), 146.25 (2C,qf, 146.15 (2C,qf, 146.00 (2C,qf, 145.78 (2C,
Cso), 145.65 (2C, o, 145.41 (2C 6§, 145.31 (2C,ef, 145.25 (2C,6, 14521 (2C, &), 144.77 (2C,
Coo), 144.45 (2C,6§, 143.22 (2C,of, 142.45 (2C+2C 4, 142.10 (2C,e§, 141.95 (2C,of, 141.85
(2C, G, 141.78 (2C,qf, 141.68 (2C,s§, 141.55 (2C,6,141.45 (2C,cg, 140.44 (2C,qf, 140.00
(2C, G, 137.2 (2C, @), 135.85 (2C ¢, 61.03 (1GecCH,), 41.82 (1C,dH5), 31.03 (LGHCHs),
29.98 (1C, CHl 26.93 (1C, G 22.88 (1C, G} 14.22 (1C, GIBH.).

| R ( K=B5p,:2921, 2850, 1428, 1384, 1182, 577, 526 cm

EIMS m/z (%): 807 (10) [Nl 806 (25) [M- H].

119



Part 1Polythiophenes Chaptei6: Regioregular RJs for polymeric SC

6.3.2 Synthesis of -g-fullerenylhexyl)thiophene (T6F)

Scheme 18 outlines the experimental route for the preparation of T6F.

(CHZ)G 'Br (CHZ)G -MgBI’

(S R

S THF S

fullerene-Cqq

toluene

Schem@& Synthesis route for the preparation of T6F.

1.24 g (5.07 mmol) of(8-bromohexyl)thiophene prepared according to JRef 6 ml of
anhydrous THF was added dropwise to 0.141 mg (5.80 mmol) of Mg under stirring in an inert
atmosphere. The mixture was refluxed for 5 h, cooled down to room temperature, and then transferre:
via canula to a solution of 1.22 g (1.69 mmol)sefullerene in 400 ml of anhydrous toluene and 2.30
ml of anhydrous N,Mimethylformamide (DMF). The final mixture was reacted for 30 min under
stirring and in an inert atmosphere. The reaction was quenthadalittion of 100 mg of N@l in
10 ml of distilled water and then added to 300 ml of brine. The organic phase was washed with distille
water to neutrality, dried with MgSfdd concentrated. The crude product was dissolved in 75 ml of

toluene and preauitated by adding 150 ml epantane dropwise to the solution. After filtration on a

Teflon septum (0.4%m pore size), 1.20 g of&@fullerenylhexyl)thiophene (T6F) were recovered as a
black powder with metallic lusters (80% yield).

IH NMR (400 MHz, OD®-d;, 4 7.21 (m, 1H, H5Th), 6.93 (m, 2H, H2Th+H4Th), 6.48 (s, 1H,
CoH), 3.45 (M, 2H,6H5), 2.85 (m, 2H, The), 2.60 (M, 2H,&SH.CH,), 2.061.25 (bm, 6H, central

methylenes).

13C NMR (100 MHz, ODCRY, AF 157.33 (2C,ef), 153.22 (2C, o, 147.55 (1G30), 147.33
(1C, Go), 146.80 (2C,s, 146.42 (2C,o, 146.22 (2C,s, 146.11 (2C,s, 146.00 (2C,&, 145.75
(2C, Go), 145.62 (2C,f), 145.45 (2C,o, 145.31 (2C,ef, 145.22 (2C,e, 145.00 (2C,of, 144.67
(2C, G, 144.45 (2C,s§, 143.18 (2C, ), 142.35 (2C+2C o, 142.10 (2C,of, 141.95 (2C,c§,
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141.85 (2C, &), 141.78 (2C,e§, 141.68 (2C,of), 141.53 (2C,6,141.43 (2C, e, 140.65 (2C e,
140.11 (2C, &), 139.92 (1C, ThC3), 137.28 (24, £35.98 (2C,&, 135.70 (1C, ThC5), 128.91 (1C,
ThC2), 125.85 (1C, ThC4), 61.22 G&CH,), 41.62 (1C,«=H>), 30.60 (1G3H;Th), 29.88 (1C, GH
29.60 (1C, CHj 26.20 (2C, G

| R ( K=B3d01,:3059, 2924, 2851, 1512, 1461, 1427, 1173, 766, 671, 576, 526 cm

EIMS m/z (%): 889 (35) [Nl 888 (60) [N+ H].

6.4SYNTHESES OF POLYMERS

6.4.1 Synthesis of PolyfBexylthiopheneco-3-(6-bromohexyl)thiophene]
(COP1)

1.02 ml of a CEMgCl 3.0 M solution in anhydrous THF was added to 0.80 g (2.45 mmel) of 2,5
dibroma3-hewlthiophene (2,5BT6H) and 0.25 g (0.61 mmol) of-dilZédmoe3-(6-
bromohexyl)thiophene (2,5BT6Br) in 20 ml of anhydrous THF. The mixture was refluxed for 2 h under
stirring in inert atmosphere and then 8.29 mg (0.015 mmol) of NiDRRCAdded and theaotion
refluxed for 1 h. After cooling down to room temperature, the copolymer was recovered by adding 3C
ml of methanol to the solution and subsequent filtration on a PTFE membrame (@o4& size). The
copolymer was dissolved in 15 ml of Gld@dl repecipitated with 50 ml of methanol, leading to 0.455
g (2.50 mmol, 82% yield) of deekl COP1.

H NMR (400 MHz, CDGJ 4 6.98 (SH4Th), 3.43 (t, B.Br), 2.9€2.45 (2bm, ThB,), 1.90
1.25 (bm, central methylenes), 0.8H{3).C

13C NMR (100 MHz, CDGJ 48 140.29 (ThC3), 134.35 (ThC5), 131.30 (ThC2), 129.25 (ThC4),
34.63 CHBr), 33.91 QH.CH.Br), 30.91 QH.Th), 29.94 CH,), 29.30 (CH, 27.15 (Ch, 22.91
(CH.CHs), 15.10 (CH.

I R ( 68050, 2965, 2927, 2853, 1560, 1510, 1458, 1375, 1260, 1235, 1089, 830, 729, 6/
561 cnt.

Anal calcd for [(H1BrS).» (CidH1.S) dn: C 65.97, H 7.64, Br 8.78, S 17.61; fouss. 15, H
7.55, Br 8.95, S 18.35.
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6.4.2 Synthesis of PolyfBexyilthiopheneco-3-(6-fullerenylhexyl)thiophenel
(COP2)

Scheme 19 shows the synthesis of the copolymer COP2.

N
(CHy)eH (CH,)-Br (CH,)sH (CH,)g
/\ /\ 1) Ma/THF /\ / A\
S n S m 2) fullereneftoluene S In S Im
COP1 COP2

Schen®. Synthesis of copolymer COP2

0.407 g (2.24 mmol) GOP1 in 10 ml of anhydrous THF was added dropwise to 0.062 mg (2.56
mmol) of Mg under stirring in an inert atmosphere. The mixture was refluxed for 5 h, cooled down to
room temperature, and then transferred via cannula to a solution of 0.539 g (0) &4 Tsnfulberene
in 200 ml of anhydrous toluene and 1.10 ml of anhydroudifgdthylformamide (DMF). The final
mixture was reacted for 30 min under stirring in an inert atmosphere. The reaction was quenched with
solution of 50 mg of NKCI in 5 ml ofdistilled water and then added to 150 ml of brine. The organic
phase was washed with distilled water to neutrality, dried withaid®0Oncentrated. The copolymer
was then fractionated by redissolving it in 75 ml of toluene and then slowly adduntipth&osbbO
ml of npentane. After filtration through a Teflon membrane i@4%ore size), 0.571 g of fractionated
COP2 were obtained (81% yield).

'H NMR (400 MHz, ODCRY, A 7.00 (mH4Th), 6.40 (s,é#), 3.45 (m, &CH,), 2.862.55
(bm, Th@H,+ CeCHCH>), 2.001.25 (bm, central methylenes), 0.9543).C

13C NMR (100 MHz, ODCBY, A 157.43 (&), 153.50 (&), 147.92 (&), 147.15 (&), 146.95
(Coo), 146.52 (&), 146.31 (&), 146.15 (&), 146.05 (&), 145.85 (&), 145.65 (&), 145.50 (&), 145.35
(Coo), 145.25 (&), 145.05 (&), 144.75 (&), 144.35 (&), 143.10 (&), 142.45 (&), 142.20 (&), 141.90
(Co), 141.80 (&), 141.70 (&), 141.62 (&), 141.55 (&),141.40 (&), 140.95 (ThC3), 140.68)C140.15
(Ceo), 137.25 (6, 135.95 (&), 135.15 (ThC5), 129.80 (ThC2), 126.80 (ThC4), GI22CHs), 42.65
(CsoCH?), 31.95QH-CHs), 30.55CH,Th), 29.88 (Ch), 29.63 (CH), 26.22 (CH), 14.55 (CKCHS).

| R ( €8049, 2994, 2923, 2851, 1538, 1460, 1428, 1377, 1173, 829, 576, 526 cm

Anal calcd for [(f0H14S)2(CioH1S) gn: C 85.12, H 4.55, S 10.33; found: C 84.85, H 4.65, S 10.50.
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6.5RESULTS AND DISCUSSION

The control of the morphology of thetige layer in the polymeric photovoltaic cells is a very
important parameter since it is necessary to maximize the surface area fritigop in order to
achieve a high energy conversion effic[@Bdy. In fact, the blend morphology can directiyyence
the conformational order of the conjugated backbone, while it is well known that a low degree of the
polythiophene intraand interchain disordefl7 may lead to a strong increase in hole mobility and,

consequently, in charge carrier generatthexracon efficiencyll§.

Moreover, recently, some thin films of organic polymers have been deposited on ITO glass or
plastic surfaces by ## printing[19 or screen printinf2d, thus demonstrating that the development

of fast, reproducible, homag®us and stable flforming techniques is of the utmost interest.

In addition to a physical (thermal) approach, several chemical methods may also be used fc
controlling the morphology within the photoactive layer, in order to minimize the sepataéon of
donoracceptor compounds. One of these methods consists of synthesizing a confygated p
macromolecule bearing a fullerene molecule linked to its backbone. This method is particularly interestil
and chemically elegant, since a single polymeri@iwateld possess the ability to transport both the
electrons and the holes (doutdéle polymer). This would then lead to a fast amdrintrachain
transport of positive holes and also to a more rapid displacement of the electrons along ke fulleren
[2]. In addition, the interfacial area between the donor and acceptor would be maximized and
segregation would be avoided. In this regard, J. R. Durrant et al. in a very re§2#t ptipss the
fact that the use of donor copolymers with a higleeejDA character can be particularly effective
in reducing the energy offset requirement for an efficient charge separation, thus leading to high efficie

organic solar cell devices.

In this work, a new thiophenic monomer containing fullerene iil¢éhehgin was synthesized
using the Grignardoupling reaction; this synthesis method made it possible ¢gfuler€ne directly
as the starting material, without either resorting to its expensive derivatives (e.g. PCBM) or preparir
fulleropyrrolidineintermediate423. Moreover, the Grignard reaction involves few simple and
straightforward steps, making the preparation of the monomer particularly easy, efficient, and interestin
Before proceeding to the synthesis of the fullswdrstituted thiophém monomer, i.e. -@&
fullerenylhexyl)thiophene (T6F), we attempted to synthesize a model compound, in order to verify the
actual feasibility of synthesis. The monoaddition of the Grignard reagefuiler€he was inspired by
the paper of Nakamura dt R4 We started from-thromohexane, which is quite similar 4&-3

bromohexyl)thiophene, but devoid of the thiophene moiety.
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The reaction was carried out in an inert atmosphere using freshly distilled anhydrous THF, by
reacting bromohexane with Mg tungs. The obtained mousgnay Grignard solution was transferred
via a PTFE cannula into a second flask containingghél€ene solubilized in toluene/DMF. The
reaction mixture was left at room temperature for 15 min and then quenched with amrwsitam ch
subsequently, the solvent was evaporated at reduced pressure. HexF was purified by fractionation us

a toluene/methanol solution and recovered, after filtration, as a dark brown powder with a good yield.

The product obtained was characterizetHtand**C NMR, IR, and mass spectroscopy (see
Experimental section).

The 'H NMR spectrumshows the expected signals; in details, the triplet ascribable to the
terminal-CHs protons can be found at 1.05 ppm, the two quintets attributable to the iGtdgnal
protons of the alkyl chain between 1.45 and 1.92 ppm and the quintet d«&Hg gretonsb to the
fullerene group at 2.60 ppm. The multiplet at 3.45 ppm is relative@dithdirectly linked to the
fullerene: it is not a triplet due to the comiational stability of the alkyl chain linked to the fullerene; in
fact, even if the bridge methylenic group is able to rotate, most of the time it maintains a specific
conformation. This results in two hydrogen atoms which are chemically identicanbticaiha
different, whose couplings may be described by an AA'BB' system, giving the observed characteris
peak profilg25. Lastly, the singlet due to the directly fullelieked hydrogen can be found at 6.48
ppm. The*C NMR spectrum, the IR spezscopy and the mass analysis also confirm the HexF expected

structure.

Once the ability to bind an alkyl halide directly to the fullerene via the Grignard reaction was
confirmed, we proceeded with the synthesis of the monomer of interest (T6F). Theoaadions
used were analogous to those reported for the model compound, except for the purification conditions

This time théH NMR spectrum was recorded in deuteratditidorobenzene, since T6F is
more soluble in this solvent than in chloroforrm{@bnl vs 8 mg/ml). Thanks to the previous study

of the model compound, it was possible to state that the reaction was successful in this case also.
In particular, the singlet relative to the proton directly linked to fullerene is clearly visible at 6.48

ppm, the multiplet relative to théH,- a andb to the fullerene group at 3.45 and 2.60 ppm respectively,

and the multiplet of the methylenic protan® the thiophenic ring at 2.85 ppm. Lastly, the last three
multiplets in the 1.25.00 ppm range areateld to the central methylene groups of the alkylic side chain.
Thiophenic aromatic protons appear partially embedded with the solvent signals and are found at 7.z
(H5) and 6.93 ppm (H2+H4).

The™C NMR spectrum of the monomer is also in good agreentlerh&iexpected structure.
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The presence of hetmhead (HH) couplings among the repeating units of poly(3
alkylthiophene)s affects the polymer conformation, leading to poor electrical coftloetivigjues
of conjugation lengthand then low power ceersion efficiencies in BHJ solar €ell$erefore we
decided to polymerize T6F using a regiospecific procedure, namely the Grignard Metathésis (GRIM)
polymerization reaction, which involves the @osgling of organomagnesium intermediates prepared
by reacting a 2.8ibromothiophene derivative with a -pre r me d Grignardos r
methylmagnesium chloride or isopropylmagnesium bromide) in the presence of a Ni(ll) catalyst
Unfortunately, the dibromination of T6F to obtaindoma3-(6-fullerenylhexyl)thiophene did not
give any acceptable results since the bromination of the fullerene moiety was unavoidable even usi
mild reaction conditions, i.e. adding therdimosuccinimide in two subsequent steps and operating at
0°C in anhydrous Nimethylformamide

An alternative procedure was then used, namely the insertion of the fullerenic substituent on «
pre-synthesized polymeric precursor: a technique known-pslgostrization functionalization (RPF
[30.

As it may be inferred from the degported in Tabl®, a satisfactory yield of the regioregular
polymeric precursor COP1 was obtained by reactiddp@Bhe3-hexylthiophene and 2jbromae3-
(6-bromohexyl)thiophene in a 80:20 molar ratio with one equivalenthdg§@CHn anhydrous THF.

The adopted synthetic strategy is not only easy to perform, but it also produces a polymer witt
appreciable molecular weight and microstructural features. COP1 is, in fact, characterized hy a good D
(185 r.u.) and a high degree of regioregularity (936%dyads content), as determined by the integral
ratio of the signals at 2.90 and 2.45 ppm iH#NMR spectrum3l].

Tabl®. Copolymers characteristics.

Yield® [%] HT dyad€[%]  M.°[KDa]
COP1 82 96 33.7 1.3
CoP2 81 96 55.0 1.2

2|n fractionated polymer
b Regioregularity expressedta3 dledyhds percentage

¢Determined by GPC relatively to polystyrene standards

COP1 was then dissolved in anhydrous THF and reacted with metallic Mg and then with a
solutionof fullerene in toluene using the same procedure used for the preparation of T6F from T6Br.
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After filtration, the resulting black powder was brought to dryness at 50°C in a vacuum oven. The higl
content of the no#functionalized monomer in COP2 allowedbioth its good solubility in common

organic solvents and its high gaslymerization functionalization reaction yield (86%).

The solubility of COP2 was 15 mg/mlin ODCB and 5 mg/ml in €&i@lits molecular weight,
determined via GPC with respect tlypiyrene standards, was=3%6.000 g/mol with a polydispersivity
index (PDI) of 1.2.

Figure 67 shows thid NMR spectrum of COP2.

Figuré7.'H NMR spectrum of COP2 in GIRCB

The'H NMR spectrum of COP2 shows the signalsbadie to both the monomers but some
of them are superimposed since the two repeating units differ only in the final group of the side chain
However, some peaks can be unequivocally ascribed, like those at 0.95 ppm (protons of the termina
CHs group of tle alkyl chain of the ndanctionalized monomer) and at 3.45 py@hi{directly linked
to the fullerene). All signals between 1.25 and 2.00 ppm are due to the central methylenic groups of tl
alkyl chains of the two monomers. The multiplet in the ravgeepe?.00 and 2.55 ppm is attributable
to the signals of methylenic protensndb- to thiophene and fullerene, respectively. The overlapping

of these signals makes it impossible to directly determine the regioregularity of the copolsmer using
NMR.

At 6.40 ppm the signal of the proton directly attached to the fullerene group is evident and, lastly
in the aromatic region, the signal ascribable to thiophéwariibe found at 7.00 ppm.

The composition of COP2 was determined by comparing the intebeasighal of theCH;

group belonging to the alkylic monomer at 0.95 ppm with the integral of the peak at 3.45 ppm, concernin
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methylenes to fullerene (this time, also, a multiplet and not a triplet), which is present only in the
functionalized monome€OP2 has a 20% molar content of T6F, thus proving the effectiveness of the

employed PPF reaction, sincéBitlgroups have been substituted by thenQiety.

As evidenced BYC-NMR analysis of COP2 (Figure 1 in the Supporting Information section),
the signals at 34.63 and 33.91 ppm, ascribable to the preserifergfrthe in the side chains, clearly
observable in COP1 spectrum, are completely missing in COP2 spectrum, thus confirming the complet

bromine atom substitution by the fullerene group.

The signals reported in the Experimental section confirm what was said about the proton
spectrum. Moreover, the presence of only four evident signals ascribable to thiophenic carbons sugge
the prevalence of one kind of configurational triad in the G@Rie. This is not surprising, since
the PPF reaction does not involve the polymer main chain but only the reactive functional groups at th

end of the side chains.

Figure 68 shows the IR spectrum of T6F, COP1 and COP2 as a thin film on the Géedisk, wh
the main IR bands of the model compound, T6F, and copolymers COP1 and COP2 are listed in Tabl
10 together with their respective assignments.
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Figuré8 IR spectra of T6F, COP1 and COP2.
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Tabld0. IR absorption bands fjnac respective assignments for the synthesized materials

Assignment HexF T6F COP1 COP2
QC-H athiophene - 3101 - -

oC-H Athiophene - 3051 3050 3049
QsCHs 2952 - 2955 2954
QsCH> 2921 2924 2927 2923
QymCH: 2850 2851 2853 2851
@sC=C thiophene - 1512 1510 1538
Q@sC=C thiophene - 1461 1458 1460
fullerene 1428 1427 - 1428
-CHs dformation 1384 - 1375 1377
fullerene 1182 1173 - 1173
a @ thioph. 2,3,8risubstitutec - - 830 829

a @ thioph. 3substituted - 766, 671 - -

Q Br 643, 561
fullerene 577, 52€ 576, 52¢ 576, 52¢

n = stretching= out of plane bending

The IR anafsis of the copolymers confirmed the expected structures. In fact, the characteristic
absorptions of the-8lkylthiophenic system are clearly evident, as well as those related to the particula
functional groups, i.e. the halogen at 643 and S&indntte fullerene moiety at about 1428, 1180, 576
and 526 crh Moreover, in the copolymers spectra, the band at 31@4 aimsent, while that at about
3050 cmis evident and the bands at 766 and 67aremeplaced by that at 829 ciihese observations
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confirm that the repeating units of copolymers are linked througlhptsitions of thiophene rings

(absence d-b andb-b couplings), thus benefiting the structural regularity and electron delocalization.

Figure 69 shows the WXis spectrum of COP2 ard P3HT/PCBM blend on a quartz slide
cast from ODCB solution.

—— COP2
—_— ——— P3HT/PCBM

Absorbance (a.u.)

300 400 500 600 700 800

Wavelengths (nm)

Figuré9 UV-Vis spectrum of COP2 and P3HT/PCBM blend in film

The absorbance around 340 nm is attributable to the fullerene dg@8RaF\e the side chain,
for COP2, and in the blend for P3HT) which, given the intense absorbance, appears to be a particular
efficient chromophoric system. The shoulder around 500 nm, particularly evident in COP2 spectrum, i
attributable to the polythiophenic system while themref a further shoulder at 600 nm, albeit of
weak intensity, indicates the formatiop-sfacking between thiophamnegs B4. Even if COP2 is a
copolymer between two thiophenes bearing different groups in the side arteiof which is

particularlybulky - the structured profile of the spectrum clearly evidences the presence of a
conformational order among the polymeric main chains.

The DSC thermogram of COP2 (Figure 70) shows an evident endothermic flexure at 29°C (glas
transition temperature) atweb endothermic peaks at 95° and 155°C which are ascribable to the melting

of crystalline domains determined by the packing of side chains and backbones, respectively.
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FigurgQ. DSC curve of COP2.

It is interesting to note thdbr the usually employed poliékylthiophene) (rrP3HT, Aldrich
Chemical Co., %HT dya=35%, Mn: 150085000, CAS No. 1560985, Code No. 698989), the main
chain melting transition occurs at around 200°C anddhet7°C3>*while COP2 has a lowE, but

a higher Jthan the reference polymer; the selection of polymers with the highest possible glass transitio
temperature is an important prerequisite for the thermal stability of the photoactive blend in order to
avoid the demixing of its compotef®®The lower T of COP2 with respect to the reference polymer

can be ascribed to the higher steric hindrance of the substituent of the former, since bulky groups i

polythiophene side chains generally hinder the crystallization process of the’ddiymever, the

higher T of COP2 can be explained in terms of the reduced mobility of the side chains, as alread)

evidenced in th#l-NMR section (vide infra).

The COP2 thermal stability was investigated by the TGA analysis both under nitrogen and in ail

at a heating scan of 20%h™. The thermograms obtained are shown in Figure 71.
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Figur&l TGA graphs of COP2 under nitrogen and in air.
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In nitrogen, COP2 is stable up to around 300°C, after which the thermal decompadsiion beg
with a twestep weight loss. The second step begins at around 400°C. In air, the decomposition starts «
around 275°C and the second step always at 400°C. This time, a third degradation step can be obser
and, over 600°C, no residual product caouraf These results agree with those obtained by Kumar
et al.,[4Q showing that the addition of carbon nanotubessofullerene to poly(Bexylthiophene)

reduces its thermal stability.

Figure 72 shows theVJcharacteristic curves of solar cells whicte lthe structure of
ITO/PEDOT:PSS/photoactive layer/Al under AM 1.5 one sun illumination (10@myV

—— COP2
——— P3HT/PCBM

J (mA/cm?)

T T T T T T T
0,0 0,1 0,2 0,3 0,4 0,5 06 0,7

Figur@2 Current densibjtage for tested cells under AM 1.5 one sun illumination.

As reference cell we used a P3SHT/PCBMweight ratio, since some studies have shown that
devices with this ratio achieve the highest power conwdfisi@mcy4147. The cell made with COP2
did not require the use of PCBM, since fullerene was already present in this copolymerg aff a loadin
approximately 46% wt. We tried to optimize the deposition conditions of the active layers by acting bott
on the thickness of the blend and on the annealing temperature. In fact, these important paramete
directly affect the PCE of the final deviceoulgh the light absorption efficiency as well as the
morphology of the photoactive blend, mainly acting ogctifeéldePSC43. The effect of the thickness
of the active layer was examined by depositing, using the doctor blade, COP2 solutions in ODCB &
different concentrations (Table 2). The thermal annealing of the photoactive layer was performed &
130°C for 15 min in a vacuum, since these conditions gave the best results. The best conditions for tt
reference cell were found to be: P3HT:PCBM 1:1) @vd/ 15 wt% solution in ODCB, leading to a 160

nm-thick film after doctor blade deposition.
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A summary of the averageW &haracteristics, based on the analysis of 5 devices, is given in

Table 11.

Tabld1 Photovoltaic pararfeetére devices obtained using the two different photoactive polymers.

Polymer e [mA cm?] Vo [V] FF [%] PCE [%]
COP2 10.7 0.58 52.0 3.21
P3HT/PCBM 7.20 0.63 55.1 2.50

The results obtained for the P3HT/PCBM device are in good agreement witbpibided m
the literature; in fact, we obtained a 3.53% of PCE with a 160 nm thick film, after an annealing time o
15 min at 130°C, whereas the best conditions reported for the same system were an annealing time of
min at 130°C using a 150 nm thiak figiving a 3.60% of PCEIn the COP2 case, the best results
were obtained with a 150 nm thick film with the same annealing conditions used for the reference cel

leading to a superior PCE performance of 4.19%.

The IPCE plots of the best devices ursthert circuit conditions are shown in Figure 73.

60

73 —— P3HT/PCBM
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Figur@3 IPCE curves of the prepared OPV solar cells.

The photecurrent response wavelength of the cells based on the P3HT/PCBM photoactive
blend and on the COP2 layer rangef290 to 700 nm and 310 to 750 nm, respectively. The curve of
the device based on the reference cell has two feature peaks at 355 and 575 nm and a shoulder at
nm, whereas the device based on the copolymer shows only two peaks at 400 and 58@&m. The IP
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profile of COP2 follows the trend observed in the absorption spectra of the copolymer in film, indicating
that the harvested photons over the whole absorption spectrum contribute to the photocurrent.
Moreover, an enhanced quantum efficiency is obsemeddevice made with COP2 as compared to

the device made with P3HT/PCBM, thus suggesting an improved charge collection efficiency of the

copolymer.

The results obtained clearly show that the performance of theainblbased solar cells is
higher han that of the device prepared following the conventiondidiahojunction approach, and
reaches a PCE higher than the value reported in literature for BHJ solar cells made with
poly(alkyl)thiophenes (P3ATs)/PCBM with a conventional architectu¥s) (84.7

To analyze the morphology of solar cells, we chose to use atomic force microscopy (AFM). Figurs
74 shows the surface morphology of the reference blend, i.e. P3HT and PCBM (1:1 weight ratio), as w:
as of a film of COP2 on ITO glass. The two filasgimilar thickness (about 150 nm) and were prepared
by filming with doctor blade the ODCB solutions of polymers on ITO glasses that had been cleaned
beforehand using the same procedure used for the preparation of solar cells. After the film depositior
samples were subjected to an annealing procedure (15 min at 130°C under vacuum) and surface ima
were recorded using an AFM in a-nontact (tapping) mode in heiginddulated (HMM) mode.

Figur&@4. AFM images of a P3HT/PCBMd(left) and of a COP2 film (right).

The AFM images of the surfaces of the two prepared films are quite different; in fact the surface
rms (rootmeanrsquare) roughness is 16.1 nm for the P3HT:PCBM film (with an average 25.6 nm
diameter of grains) and Bm for COP2 (average 7.1 nm diameter grains). The bumps in topography
are ascribable to PCB#Mh domains. P3HT has a rougher surface than COP2, thus suggesting a higher
degree of setirganization in the blend, which could foster the formation of oetlerettire in th&lm
[49 However, fullerene derivatives that have a strong tendencgiyssallize (such as PCBM) do not
mix well with P3HT, thus producing inhomogeneous composite films with a less efficient photoinduced

133



Part 1Polythiophenes Chaptei6: Regioregular RJs for polymeric SC

chargdransfelf4€ and thera lower sk [47). Therefore, the use of COP2 as a photoactive blend, with

no need for other EA species, is very promising, since the copolymer produces films with a very smoot
surface, a more uniform molecular distribution, and a high interfaciatreredectron doneasicceptor
domains, which acts positively on the figaind PCE, as confired by the data shown in Table 10
Further studies are in progress, with the aim to prepare regioregular copolymers with a fullerene conte
higher than COP2.

6.6 CONCLUSIONS

In this work, we have obtained important results toward the optimization and production of
polymeric solar cells. The first goal we had set provided for the synthesis of a model compound the
confirmed the feasibility of the direct functi@a#ibn of a bromoalkane with the fullerene moiety. After
the confirmation that the model could be obtained, the synthesis was modified by replacing 1
bromohexane with -@&-bromohexyl)thiophene, thus obtaining the monom@&fiBlerenylhexyl)
thiophene wh a good yield and via a simple and straightforward synthesis procedure. The designe
synthesis was adopted to prepare a soluble and filmable copolymer functionalized with 20% (in mole
of fullerene which provided a 4.19% photovoltaic efficiency whieasitiee photoactive layer in a
polymeric solar cell, after a suitable optimization of the layer thickness and of the annealing procedur
The PCE obtained is higher than that of the reference cell and also of the values reported in literatur
for conventonal BHJ solar cells based on the P3AT/PCBM system. The results obtained are especiall
encouraging. In fact, they show the possibility to obtain a photoactive polymer that is directly usable
without resorting to the preparation of the EA/ED blend (palffoikerene, carbon nanotubes or
PCBM), thus avoiding the problems associated with the aggregation, segregation, and inhomogeneity

the components in the photoactive layer.

134



Part 1Polythiophenes Chaptei6: Regioregular RJs for polymeric SC

REFERENCES FOR CHAPTER 6

135



Part 1Polythiophenes Chaptei6: Regioregular RJs for polymeric SC

[1]. White M. S, Olson D. C; Shaheers. E. KopidakisN.; Ginley D. SAppl Phyd_ett 2006
89 143517

[2]. Waldauf, C.; Morana, M.; Denk, P.; Schilinsky, P.; Coakley, is,GhdA.; Brabec, C. J.
Appl. Phys. L2006 89 233517

[3]. Niggermann, M.; Glatthaar, M.; Lewer, P.; Mueller, C.; Wagner, J.; Goriibant SAlid
Film2006511512 628.

[4]. Carlé, J. E.; Krebs, F.&l. Energy Mater. Sol20284.19 309.

[5]. Liu, Y.; Larse®Dlsen, T. T.; Zhao, X.; Andreasen, B.; Sondergaard, R. R., Hegelsen, M.;
Norrman, K.; Jorgensen, M.; Krebs, F. C.; ZhaBplXEnergy Mater. Sol.20&B412 157.

[6]. Vandewal, K.; Himmelberger, S.; Sallelagromolies01346, 6379

[7]. Tan, Z.; Hou, J.; He, Y.; Zhou, E.; Yang, C.; IMatromolecR@3¥; 40 1868.
[8]. Li, M.; Xu, P.; Yang, J.; Yang].9Jater. Che201020, 3953.

[9]. Cravino, A.; Sedar SariciftciJNMater. Che200212, 1931.

[10. Lanzi, M.; Paganin, L.; ErraniPelym&01253 2134

[11. Moon, J. S.; Takacs, C. J.; Cho, S.; Coffin, R. C.; Kim, H.; Bazan, G. C.; Hedgen A. J.
Lett.201010 4005.

[12. Glowacki, E. D.; Sariciftci, N. S.; Tang, C. W. in Solar Energyit&. &iaEds., Springer:
New York,2013

[13. Jeffries, M.; Sauvé, G.; McCullough, Rdb.Mater2004 16 1017.

[14. Lanzi, M.; Paganin,ReacEunct. PolyB®1070 346

[15. Moulé, A. J.; Meerholz, Kdv. Funct. M&009 19, 3028

[16. Jorgensen, M.; Norman, K.; Krebs, FSGEnergy Mater. Sol. 2@(l8 92 686

[17). Zerbi, G.; Radaelli, R.; Veronelli, M.; Brenna, E.; Sannicolo, F.; dotthém. PHy893
98 4531.

[18. Turner, T. S.; Pingel, P.; Steyrleuthner, R.; @dydslal. W.; Ludwigs, S.; NeherAdv.
Funct. Ma201121, 4640

[19. Jgrgensen, M; Norman, K.; Gevorgyan, S. A.; Tromholt, T.; Andreasen, B.; Krebs, F. C.
Adv. Mate01224, 580.

136



Part 1Polythiophenes Chaptei6: Regioregular RJs for polymeric SC

[20. Krebs, F. C.; Jgrgensen, M.; Norman, K.; Hagemann, O.; Alsiiglsen, T. D.; Fyenbo,
J.; Larsen, K.; KristensenSdl. Energy Mater. Sol.206893 422

[2]]. Falkenberg, C.; Uhrich, C.; Olhof, S.; Maennig, B.; Riede, M.; lLeApAl. Phy2008
104 34506

[22. Dimitrov, S. D.; Durrant, J. RhemMater201426, 616.
[23. Prato, M.; Maggini, Micc. Chem. REX9831, 519

[24). Matsuo, Y.; lwashita, A; Abe, Y.; Li, C. Z.; Matsuo, K.; Hashiguchi, M.; Nakamm, E.
Chem. S@008 13Q 15429.

[25. Bax, A. in TweDimensional Nuclear MagimeResonance in Liquids; Springer Verlag:
Berlin, Germany,982

[26. Ho H.; Leclerc Ml. Am. Chem. St803 125 4412.
[27. Brédas, J. . Chem. PHya8582,3809.

[28. Kudret, S.; Kesters, J.; Janssen, S.; Van den Brande, N.; Defour, M; Bari\Melea, J.;
Lutsen, L.; Vanderzande, D.; MaesR®acEunct. PolyB01475 22.

[29. McCullough, R. D.; Low®. D.J. Chem. Soc. Chem. CdrBafin0.

[30. Lanzi,M.; PaganinL.; Costa BizzarriP.; Della CasaC.; Fraleoni A. Macromol. Ra&pi
Commu@002 23 630.

[31]. SatoM.; Morii, H. Macromolecli#X] 24, 1196.

[33. BondourisB. W.; MolingF.; BlankD. A.; FrisbleC. D.; Hillmyer M. A. Macromolecules
200942 4118

[33. CugolaR.; GiovanellgU.; Di GianvincenzdP.; BertiniF.; CatellaniM.; LuzzatiS.Thin
Solid Filmn2006511 489

[34. Lanzi, M.; Paganin, Eur.Polyml.2008 44, 3987

[39. Motaung, D. E.; Malgas, G. F.; Arendse, C. J.; Mavundla, S. E.; Oliphant, C. J.; Knoesen, D
Sol. Energy Mater. Sol.206893 1674

[36. Bertho, S.; Haeldermans, L.; Swinnen, A.; Moons, W.; Martens, T.; Lutsen, L.; Vanderzande
D.; Manca, J.; Senes, A.; Bonfigli@dAEnergy Mater. Sol. Qe 91, 385.

[37. Ma, W.; Yang, C.; Gong, X.; Lee, K.; HeegerA8lvJkinc. Mate2005 15 1617

[3§. Lindqvist, C.; Wang, E.; Andersson, M. R.; MuelMgdZomol. Chem..RAgg 215, 530.
137



Part 1Polythiophenes Chaptei6: Regioregular RJs for polymeric SC

[39. Schopf, G.; Kossmehl, G. in Polythiophdglestrically Conductive Polymers, Springer
Verlag: Berlin, Germary997

[40 Kuma, J.; SinghR. K.; Kumar V.; RastogiR. C.; SinghR. Diamond R&later2007 16,
446

[4]] ChirvaseD.; Parisid.; Hummelenl. C.; Dyakonow. Nanotechno@@@4 15(9) 1317
[42. Li, G.; ShrotriyaV.; YaqY.; YangY. J Appl Phys2005984) 043704

[43. Ho, C.; Huang, E.; Hsu, W.; Lee, C.; Lai, Y.; Yao, E.; WaygilC.Me2012162 1164.
[44. Chi, D.; Qu, S.; Wang, Z.; Wang, Mater. Chetr?0142, 4383.

[45. Li, G.; ShrotriyaV.; HuangJ S.; YapY.; Moriatry T.; Emey, K.; Yang Y. Nat Mater
20054, 864

[46. Hiramoto, M.; Fujiwara, H.; Tokoyama, M. Appls. Lett199158(10)1062.

[47. Savagatrup, S.; Printz, A. D.; Rodriquez, D.; LipomiylackbmolecR@s}47, 1981.

138



Part 1:Polythiophenes Chapte6: A regioregulaPT-Cso for polymeric SC

139



140



Part 2: FKM Chapter 1: Introduction

PART 2: FKM

141



142



143



Part 2FKM Chapter 1: Imbduction

Tablel2 List of ABBREVIATIONS and SYMBOLS

BTPPC [Benzyltriphenylphosphonium chloride

CTFE |Chlorotrifluoroethylene
DBU 1,8Diazabicyclofd-0}-undee7-ene

DETA |Diethylene triamine

DMAC |Dimethylacetamide

d.o.g. [Degree of grafting

DSC Differential saaning calorimetry

DTA Differential thermal analysis

EDA (-C)Ethylene diamine (carbamate)
HBTBP |[Hexamethylend , N {dotbusyl

HFP Hexafluoropropene

HMDA |Hexamethylene diamine

HMDA -CHexamethylene diamine carbamate

HPFP |1H-pentafl@ropropene

MBTBP [Methylene bid-cyclohexyN , N 6-putylperokycarbamy

ODR Oscillating disc rheometer

PMVE |Perfluoro(methyl vinyl ether)

PVDF |Polyvinylidene fluoride

t1/2 Half life

TAC Triallylcyanurate

TAIC  [Triallylisocyanurate

TFE Tetrafluooethylene

THF Tetrahydrofurane

\VDF Vinylidene fluoride
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CHAPTER 1:INTRODUCTION

1.I/NTRODUCTION ON FLUOR OPOLYMERS

Fluorinated polymers are particularly interesting and attractive compounds because of thei
properties. Indeed, the electronegativittheffluorine atom implies strongFCbonds (about 110
kcal.moll), and a higher strength of th& ®onds in fluorinated compounds (97 kcallndt also
supplies to fluoropolymers strong Van Der Waals forces between hydrogen and fluorin@] aamins [1

it confers a lot of good properties to the fluorinated polymers such as:

Chemical, thermal, electric stabilitied,[4
Inertness to acids, bases, solvents and oils,
Low dielectric constant,

Low refractive index,

No flammaubility,

=4 =2 =/ =4 =4 -2

High resistance to@igg, and to oxidation,

i Low surface tension.

Fluorinated polymers also range as a wide scope of thermoplastics, elastomers, plastomel
thermoplastic elastomerslf], and can be seamystalline or totally amorphous. Hence, fluorinated
polymers have beeised in many applications: building industries (paints and coatings resistant to UV
and to graffiti), petrochemical and automotive industries, aerospace and aeronautics (use of elastom
as seals, gasketsrifys used in extreme temperature for tahkguid hydrogen for space shuttles),
chemical engineering (higgrformance membranes), optics (core and cladding of optical fibers),
treatment of textile, stone protection (especially for old monuments), microelecttdhian{Bfor

cable insulation

As a matter of fact, the performance of fluoropolymers, especially insolubility and fusibility can
be improved by crosslinking. Indeed, the crosslinking reaction takes advantage edethgtivase
characteristic of the VBbased polymer [15]. The @loking is a chemical reaction between the
polymer backbone and ansitxi agent that possesses both same fonctions in order to couple covalently

the polymeric chains together, to produce a network structure, and to increase the molecular weight.

Sulphurhas been the predominant curing agent in the rubber industry, and in 184@asubber
with sulphur [16]. Many efforts have been devoted over the 40 years of existence of fluoroelastome

toward the development of practical crosslink systems.
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Fluoroelastome are now usually cured by nucleophiles such as diamBigs ¢t bisphenols
[3,3238], or with peroxides [3,354&88, by chemical reactions when the polymers based on VDF contain
curesite monomer, such as thiol function [44], by radiation, suebtamebeam [452].

The cure chemistry of VDF based fluoroelastomers is connected with the strong polarity of the
C-F bond and specific polarisation of molecules, which determine their selective ability to split off

hydrogen fluoride under the influententernal factors.

1.2PVDF

Among fluoropolymers, polyvinylidene fluoride (PVDF) is acsgstalline and thermoplastic
polymer, with a glass transition temperatuddQ@siC [53,54]. This polymer exhibits interesting thermal,
chemical and physical prajes, especially when it is ooter polymerised with a fluorinated alkene
[14,35,50,559]. Its main drawback is its sensitivity to base that can degrade it by creating insaturation:
PVDF homopolymer is a long chain macromolecule endowed with aysighinity rendering it
unsuitable as elastomer, and unsuitable for curing. So, copolymers of VDF with various comonomer
can fall into three categories:

1. when the amount of comonomers in the copolymer is small about that of VDF, the
resulting materiatge thermoplastics with a lower crystallinity than that of the PVDF
[60,61];

2. for a bit higher content of comonomer, thermoplastic elastomers are obtained;

3. for higher proportion of comonomers, the produced copolymers are elastomeric and

amorphous with lomwtermolecular forces [35,50,57,5862

In the case of the poly(VDEo-HFP) copolymer, when the molar percentage of VDF is higher
than 85%, the copolymer is a thermoplastic, whereas for a smaller content, the copolymer is an elaston
[35,50].

1.3CoPoOL YMER BASED ON VDF

VDF has been involved in radical copolymerisation with many monomers [14,60,61,67], listed ir
Table 1 [44,684].

Most common coor termonomers of VDF [14,50] are hexafluoropropene (HFP) [80,82,83,95
97], tetrafluoroethylene (TFE) B®81,98,99], chlorotrifluoroethylene (CTFE) [78,720H)0
trifluoroethylene (and in that case, interesting piezoelectrical materials have been obtained) [7°
perfluoro(methyl vinyl ether) (PMVE) [77,84108, and 1Hpentafluoropropene (HPFP)
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[67,1®,107]. Interestingly, functional fluoromonomers (also called cure site monomers) useful for furthel
crosslinking, have been successfully used, bearing OH [B86]7C89], Si(ORJ94] functions, or
bromine [87] and iodine atoms. Table 13 supplies-@xhaustive list of fluoromonomers that were

copolymerised with VDF, and their reactivity ratioden assessed.

Tabld3 Monomer reactivity ratios for the radical copolymerization of VDF (A) with other flngicalktatesafiz) ¢dmgdearie)

Monomer B ra I's rale 1/ra Ref.
CH»>=CH, 0.05 8.5 0.42 20.00 [68]
CH,=CHOCOCH ; -0.40 1.67 -0.67 -2.5 [69]
0.50 2.0 1.00 2.0 [70]
CH,=C(CF3COOH 0.33 0 0 3.03 [71]
CHF=CH , 0.17 4.255 0.710.94 5.88 [72]
0.200.43 3.84.9 0762.11 2.335.00 [73]
CH,=CFCF.ORF 0.38 2.41 0.92 2.63 [74]
CF~=CHF 0.70 0.50 0.35 1.43 [75]
CF»=CHCF 5 9.0 0.06 0.54 0.11 [76]
CF=CHC¢F13 12.0 0.90 10.80 0.08 [77]
CFCI=CF; 0.73 0.75 0.55 1.37 [78]
0.17 0.52 0.09 5.88 [79]
CFBr=CF, 0.43 1.46 0.63 2.33 [78]
CF>=CF; 0.23 3.73 0.86 4.35 [78,80]
0.32 0.28 0.09 3.13 [81]
CFs-CF=CF 6.70 0 0 0.15 [82]
2.45 0 0 0.40 [80]
2.90 0.12 0.35 0.34 [83]
CF~=CFOCF; 3.40 0 0 0.29 [84]
CF=CFOC4F, 1.15 0 0 0.86 [84]
CF=CFO(HFP)OC ;F,.SOF 0.57 0.07 0.04 1.75 [85]
CF=CFCHOH 0.83 0.11 0.09 1.02 [86]
CF,=CF(CH ,)-Br 0.96 0.09 0.09 1.0 [87]
CF,=CF(CH2)s0Ac 0.17 3.26 0.59 5.56 [88]
CF,=CF(CH2)sSAc 0.60 0.41 0.25 4.07 [44]
CF=CFCOOCH; 0.30 0 0 3.33 [89]
CF,=C(CF3OCOCHs 7.60 0.02 0.15 0.13 [90]
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Althoudh it is difficult to compare their reactivities (since 1) the copolymerisations were not
carried out under similar conditions, 2) certain articles do not mention if the kinetics of copolymerisatior
were realised at low monomer conversion, and 3) vanietirs llews were used], it was worth examining
a reactivity series of fluorinated monomers with VDF. The traditional method for the determination of
a reactivity of a macroradical to several monomers was used. Indeed, it is common to compare the val
1/r = kag/k aa, as the ratio of rate constants epompagation @g) to that of homepropagation ).

Thus, the higher the 1/r value, the higher the copropagation reactivity of the radical. Based on the dat

in Table 13, the increasing order of relaticévig@s of monomers to ~VDF macroradicals is as follows

CR=CHC¢F13 < CF,=CHCF; < HFP < PMVE < PPVE < CE=CFGH.Br < VDF <
CR=CFCH:OH < CF=C(CR)OCOGHs < Tr FE < CTFE (recent V 8
CH,=CFCRORF < CR=CFCOOCH < TFE < CF=CFGHSCOCH < CF=CFGHOAc <
CH=CHF & CTFE (eCH. value) < CH

1.40VERVIEW

In order to improve their properties, poly(M&d-HFP) copolymers or poly(VBEr-HFP- ter-
TFE) terpolymers can be crosslinked by bisnucleophiles, such as diamines or bisphenols, or b
irradiation. On the other hand, poly(‘\B¥HFP-ter-termonomer containing an iodine or bromine
atom) terpolymer can be crosslinked by peroxides/coagent systerasthiémsmain ways of
crosslinking exhibit two main crosslinking mechanisms (ionic and radical mechanisms) and differer

properties.

1.4.1 Different crosslinking agents

Several curing systems have been investigated or developed for the crosslinking o

fluoroelastomers. Some of them are [35,108]

high energy radiation [19;5%,

peroxide with or without coagent [3,3513P
dithiols in combination with amines [19],
aromatic polyhydroxy compounds [338R

diamines and their derivatives31J,

= =42 =2 4 4

thiol-enesystems [44,50].
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Each curing system exhibits a different crosslinking mechanism, and results in different
mechanical properties and crosslinking densities. Indeed, Table 14 [35] shows different mechanic

properties for bisphenols and peroxides curedrsyste

Table 4 Improvement of mechanical properties of bispheootedrmubpgkRdatel FP-ter-TFE) tepolymer with post cure step

Properties Bisphenol Peroxide

Press curé Post cureé Press curé Post curée

Modulus al 100% strain (MPa) 5.0 7.9 5.0 7.9
Tensile strength at break (MPa) 10.0 13.8 9.7 15.9
Elongation at break (%) 225 175 165 150

Compression set (200°C, 70h)

O-rings (%) 63 25 50 27

Pellets (%) 85 20 52 20
'press cure at 177°C for 10 min

2post cure a232°C for 24 h

14.2Compounding

In order to improve the properties of the raw elastomer, many materials that enable to facilitate
mixing or processing may be compounded with the vulcanizing agent [28,55], accelerators and acceler:
activators to increaghe rate of vulcanization and to improve product properties; fillers to enhance
physical properties and /or to reduce costs; softeners enable to aid processing or to plasticize the produ
antioxidants and other materials which slow down decompositie product by oxidation; heat

and/or radiation; pigments and blowing agents.

For the main additional materials, the proportions (in part per hundred of polymer) are [55]:

Raw Polymer 100;
Curing agent-6;
Basic metallic oxide2®;

1
1
1
1 Filler > 60.
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14.3Presscure and Postcure steps for crosslinking

The best vulcanisate properties are obtained by a tyoostegs [35,58,109]. Fluoroelastomers
and additives are generally molded in a press and then post cured in an oven [28].

First, the materials areeps cured at different times and temperatures, depending on the size of
the product, the structure of the polymer, the curing systems, anduse eeguirements (paints, O
rings, membranes, seals) [28]. Press cure conditions vary from 4 minutesatrésngpgroaching
200°C for thin cross sections, to 30 min at1I®OC for thick sections [28,110]. The purpose of this
step is to develop sufficient crosslinks in the sample to prevent the formation of bubbles due to the

release of trapped air during #arly stages of the subsequent oven cure [111].

Then, the second step (post cure or -@uee) is carried out in air or under nitrogen at higher

temperature than that of the press cure, and under atmospheric pressure [35,58].

This post cure step is remul to reach the best vulcanisate properties (tensile strength, modulus
at 50 or 100% elongation, compression set resistance, elongation at break) [28,40,108,111]. Table 15
shows the improvement of compression set resistance with post curing, Samfdas containing
poly(VDFterHFP-ter-TFE) terpolymer crosslinked with a peroxide-d@fBbutylperoxyp,5
dimethylhexyne] in the presence of tri@lytyanurate [35,108,112,113]. Table 2 [35] presents the

improvement of somaechanical propertiegbisphenol and peroxide cured systems with post cure.

An improvement in compression set resistance is observed after post cure under nitroger
compared to that realised under air (Table 15). The C=C double bond of the polymeric backbone
undergoes an oxiitzn from the oxygen of air atmosphere, that prevents from good compression set

resistance. Takl®&shows a 50% increase in modulus at 100% elongatg &kd tensile strength at

break, and a 50% decrease in elongation at break
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Tabld 5 Compression set resistance measured at 204°C for 70h, of a peroxide cured VDE/HFP/TFE terpolymer

Press Cured Post Cured
Air Air N2
A 71 38 20
B 70 37 25
C 59 27 12
D 52 21 9

Compound A: 100 phr polym& phr peroxide, 3 phr TAIC, 3 phr PbO

Compound B: 100 phr polymer, 3 phr peroxide, 3 phr TAIC, 2 phr MgO, 2 phr ZnO
Compound C: 100 phr polymer, 3 phr peroxide, 3 phr TAIC, 3 phr PbO
Compound D: 100 phr polymer, 3 phr peroxide, 6 phr Ca(OH)2, 3 phr MgO

Bromo cure site in A and B differed from that in C and D.

Lpress cure in air at 177°C for 15 min

2post cure in air or Nat 232°C for 24 h [35]

During the step of crosslinking of fluoroelastomers, water is formed, and post cure removes this
water, whospresence prevents from full development of the diamine cure and causes reversion of the
bisphenol cure [3,23,40,114]. Indeed, during press cure, water is formed from the reaction between t
acid acceptor and HF, caused by dehydrofluorination.

For thick gctions, the temperature of the post cure oven is usually raised in several steps tc
prevent from fissuring of the part. Generalhg4tPreaction time at a temperature of2ZBIC is used
[28,35,58,110]. Typically, 200°C is sufficient for amines][58tErdas bisphenol and peroxide cures
need higher temperatures (230 to 260°C).

All these results suppose a difference in the crosslinking mechanism of bisphenols, peroxides ar
diamines cured systems, that are the most important crosslinking ageni3F-fmased
fluoroelastomers. The crosslinking mechanisms and the properties of the resulting crosslinked polyme
are the subject of the following parts.
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1.5CROSSLINKING OF VDF-BASED FLUOROELASTOMER S

1.5.1 Crosslinking with Amines and Diamines

The curing bydiamines, originally introduced in late 1950s, was a predominant way of
crosslinking of raw fluoroelastomers until late 1960s, when bisphenol curing was introduced [55,58]. TF
polyamine system is the best for general use because of easier procdesiegd96only needs the
presence of hydrogen atoms in the polymer backbone. Moreover, the mechanism of crosslinking can |
a simple addition on this backbone [96].

The diamine curing system generally results in relatively poor processing, safsfyeoneér
and ageing resistance, and compression set resistance. However, this cure system has demonstr
specific properties, such as excellent adhesion to metal [115].

The curing of elastomer with an amine or a diamine usually takes place im fibleotire
steps [24,114,116,117]:

(1) an elimination of HF (dehydrofluorination) from VDF segments adjacent to HFP in the main
chain to generate internal double bonds,

(2) a Michael addition of the diamine onto the resulting double bonds to form crosslinks,

(3) an éimination of HF from the crosslinks, during post cure to form further double bonds.

Although amine curing is ho more used, it is useful to describe it in order to better understand

what is happening during the crosslinking process. Amine curing id eepan@xample.

1.5.2 Dehydrofluoruration of the Fluoropolymer

The dehydrofluorination of a solution of Viton poly(MiaFHFP) copolymer treated with
several amines, or heated at high temperature can be monitored by measurement of hydrogen fluori
elimimation (titration of the HF in the solution) [5,15,19,116], infrared study [19,24,118], viscosity [19],
solubility and determination of the gel content [5].

Solutions of Viton in tetrahydrofurane were treated with primary, secondary and tertiary
monoaminegor periods of several weeks at room temperature. The reaction was followed by the
measurement of HF elimination by a titration of the hydrogen fluoride in the solution. Figure 75 [19]
shows the evolution of the quantity of HF in the solution of THF wscadn of time for primary,
secondary and tertiary monoamines. All of the monoamines used caused dehydrofluorination of th

polymer to some degree. Tertiary amines are the least efficient, primary amines by far are the most act
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Figur@5. Amount of elimination of HF from primary, secondary and tertiary amines cured Viton A.

Figurer6[24,118] shows the infrared spectrum of uncured poly§w"BIFP) copolymer (FKM
gum), before and after a thin film of polymer is heated r880°€. Two new bands centered at 1580
and 1750 cmappeared after heating, which are assigned to thgatedjdouble bonds and to
the-CH=CF2 end groups, respectively. Unsaturation is likely to be caused by elimination of HF from
PVDF block of the FKMhain, in particular from the hesmitail position of the structure.

T T T
A UNHFATED
B HEATED 20 min/ 300°C/ Adr

3220 c:m’1

H { i
4000 3500 3000 2500 2000 1500

FREQUENCY, em

Figur&6. Infrared spectra of an uncured pakH¥*BJ-copolymer before (A) and after (B) heating at 300°C for 20 min in air.

So, in the presence of adar under heating, the VID&sed fluoroelastomers are submitted to
dehydrofluorination.

The conjugated double bonds evidenced by infrared measurements allowed us to interpret a ne
mechanism. Figure 2 [118] exhibits the presence of isolated doubl&7idhds}), and the presence
of conjugated double bonds (1580)ct is proposed that the initial double bond (171 antivates
the elimination of HF from neighboring atoms leading to conjugated double bonds L580ixm
process would lead ttoe formation of a brown color [20,24,118]
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Such a conjugate site would then be expected to react with a double bond, in an adjacent cha
by a Diels Alder reaction, leading to a fluorinated cyclohexene which should readily loses HF to form a
aromatic rig (Scheme 20) [19,119].

b :

4 My C. -

ol e aw ot
7 H e

i " RRSTN RSN

CH i | TR

Scher2@ DielsAlder reaction duringepaeg forms aromatic ring with loss of HF.

The observed absorption at 1580 could be ascribed to such a site.

The evolution of the solubility of a raw pé-co-HFP) copolymer heated in air at 250°C is
shown in Table 16 [24]. Indeed, there is an initial rapid decrease in solubility, and then it proceeds to ri
slowly. This type of variation of solubility, together with the formation of a swollen gé&sitiukc

simultaneous occurrence of crosslinking and chain scission in the polymer [5,114]

Tabld6 Soluble fractioacetone of a poly{EHH-P) copolymer heated in air at 250°C.

Fraction soluble in Volume fraction of polymer in swollen gel fraction a

acetone at 28C equilibrium in acetone at 28°C
3 0.78 Not determined
24 0.52 0.02
42 0.47 0.02
48 0.48 0.02
137 0.53 0.01

During heating or attack with a base, the polymer undergoes a dehydrofluorinéitign, crea
conjugated double bonds that can be involved in a Diels Alder reaction. But, at higher temperature or i
the presence of a stronger base, it also creates degradation such as oxidation or scissions that car
evidenced by the measurements of the akecia the intrinsec viscosity, caused by the decrease in
molecular weight [19]. In order to avoid any degradation, the created double bonds can become the s
of the addition of several agents like diamines, bisphenols or peroxides, that can inczehaaitat
and chemical properties.
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In  VDF-based fluoropolymers, and especially polyd&EHFP) copolymer,

dehydrofluorination occurs on special sites.

Paciorek et al. [23] studied the crosslinking of amines on severabfiymyands models. The
model of addition of butylamine onto 15hydro4-iodoperfluorooctane and
4-hydroperfluorohepter® in diethylether at room temperature, is the only one known. It proceeds

according to the following scheme:
CoFsCFICHCsF7 + H.NCyHo A CoFsC(=NCyHg) CH.CoF + CoFsC(NHCHo)=CHC3F,

The reaction occurs mainly on the carbon adjacent to the iodine atom, because

dehydrofluorination is the main process under the selected conditions.

From*F NMR characterisation, Schmiegel [3,15,32,33] showed that a polymer b@sed on V
units with HFP, TFE, PMVE eoor termonomers in solution of DMAC can undergo
dehydrofluorination from theBwN* ‘OH in specific sites.

Figure 77 [33] represents the 294.1 MHANMR spectra of poly(VDEo-HFP) copolymer
before (top) and after (bott) treatment with hydroxylic base in DMAC at 20°C. Peaks A and B are
assigned to CF3 group, peaks C, D, E, F, G, H, |, J, K,and L are attributed to CF2 of VDF, peaks M ant
N are assigned also to CF2 of the HFP, and finally peaks O and P are assignEadetandl
resonances A, G and O correspond to HFP inversions, whereas F, J, K, and L are attributed to VDF
inversions. Spectrum at the bottom exhibits selective intensity reduction of resonance B, H, I, M, N an
P after addition of Bu4N+OH. A peak assigd to CF3 groups @C=C(CF3)C-appears also &b
ppm. These observations can be accommodated to the highly selective dehydrofluorination of isolate
VDF units, i.e. HFPVDF-HFP structures [3,324]. The concentration of this site in a 3.5 poly(VDF
co-HFP) copolymer is about 0.6 mol/kg. The same results were observed in poby/{(¥BI and
poly(VDFco-PMVE) copolymers, and poly(Vé-HFP-teTFE) and poly(VDRerPMVE-ter
TFE) terpolymers [33]. For example, in poly(3DBHFE) copolymer, dehydroflunation occurs on
VDF units having a TFEDF-TFE triad, or in poly(VDHer- HFP-ter-TFE) terpolymer, it occurs on
HFP-VDF-TFE structure.
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Figur@7. F-NMR spectra of a poly(BHFP) copolymer before (top) and afteeéboteoimyvith hydroxyl base
(2,5trifluorobenzotrifluoride internal standard). Changes in peak intensities are indicated.

A reaction scheme of dehydrofluorination of poly(*¢®HFP) copolymer in the presence of
a base was given by Schmiegel (Schem@,33).[3

First, the attack of hydroxide creates a double bond on VDF units iRI®#Biad. Then, a
fluoride ion rearrangement of the initial double bond occurs. The resulting allylic hydrogen is abstracte
by fluoride, followed by an elimination of a seflodde. So, a bifluoride and a formally conjugated
nontcoplanar diene are formed. Then, a nucleophilic attack by the hydroxide on the diene forms an enor

and subsequent attack of fluoride ion onto the highly acidic hydrogen of the tertiary carbba atom.
final product is the dienone [32,33].
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Scher2d. Dehydrofluorination mechanism of wolAWB)Fcopolymer in the presence of base.

An acid acceptor of metal oxide type is a necessadigngof all VDFbased polymer curing

formulations. No cure is obtained without any metal oxide which did not contain magnesium oxide, anc

the state of cure developed is directly related to the amount of MgO [111,114,120].

Figure 78 [111] represents thelaion of the tensile strength and the modulus versus the

guantity of MgO, for a trimethylamine hydrochloride cured poly¢@Bi-P) copolymer. Indeed,

there is an evidence by infrared that MgO contributes to the elimination of HF from the polymer during

irradiation, and probably also in the course of the chemical cures.
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Figur&8 Effect of MgO on the mechanical properties of a formula comprising Viton A cured with dithiol.

Figure 79 [116] shows the variation of the amouhitaside ions at 200°C with MgO content.
The presence of MgO does not prevent from HF elimination; it merely reduces its rate of evolution from

the elastomer, a 15% addition giving a result comparable with that of the raw polymer alone.

5% MgO
201°%C =]

10% MgQ
200 °C 5% MgC
201°%C oo

Yieig of £ (mols/gxi0%)
Y

e "G:.mslock o
202°%C
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Figur@9. Evolution of the yield of fluoride atormhaxfeédblioropolymer heated at 200°C versus time and amount of MgO (acid «

The reaction between MgO and HF is given in the following scheme [114]:
MgO + 2HFA MgF2 + H20

Several métaxides can be used as HF scavengers forbdBdd polymers. The relative
efficiencies of a number of basic oxides, hydroxides and carbonates as HF acceptors at approximat
275°C are illustrated in Figure 80 [116]. It is apparent that there areiatams\varthe efficiencies of
the different compounds. The decreasing order of efficiencies is as follows:

CaO >> Li20 & B203 &4 BeO > Al 203 >
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The hydroxides are significantly better acceptors than their analogous oxides. The decreasir
order ofefficiencies is [116]:

Ca(OH)2 > Mg(OH)2 > LiOH > AI(OH)3
Finally, the decreasing order of efficiencies for carbonates is [116]:
CaCO3 > Li2C0O3 > MgC0O3 > Na2C0O3 > K2C03
The most commonly used acid acceptor is MgO.

Thus, dehydrofluorination of VDF comonemn the diad is the first step of crosslinking

mechanism with diamine. The second step consists in the addition of the amine or the diamine onto th:
unsaturation.

T T T i I ¥
!6!— 70, MgC . (@ %

A No odditive /' AL Oy
278°C / 276

Yiek of £ {mols /g 210%)

No additive 278°C
K,COy 277

1 (S SR N
aQ 5 ] 15 20 25 30
Time (h}

Figur80 Comparison of the efficiency of acid aetspiride @) 275°C, b) hydroxide acceptors at 275°C and c) carbonate acce
275°C.
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1.6CROSSKLINKING WITH BISPHENOLS

Bisphenols are presently the predominant crosslinking agents for curing fludoasaron
elastomers. Bisphenols curing was deagtliopthe late 1960ies and started replacing the diamine cure
in the early 1970ies [109;138]. Because of processing and property advantages, the most commonly
used compound is bisphenol AF{@sf4hydroxyphenyl) hexafluoropropane). Others, likéitsidd
hydr oqui n edsustitutedrbidphehqglsdaldo work well and are used commercially to a lesser

degree [35,36,38,58]. As in cases above, crosslinking reaction was eVitleNddR by

1.6.1 Crosslinking mechanism

The crosslinking mechanisrkes place in three steps: elimination of HF creating double bonds,
then reorganisation of the double bonds, such as in Scheme 2, and finally substitution of the bisphen

onto the double bond.

Crosslinking agent require accelerators to make that reamoafinient. For example, to
enable the dehydrofluorination of a VDF/HFP diad, bisphenols need to react with a metal oxide to give
the phenolate ion, which in turn reacts with the phosphonium or tetraalkylammonium ion to give
intermediates | and II.

R/P" OArOH RyN* "OArOH
| Il

These intermediates are strong bases [35]. The crosslinking mechanism prSgloseegiey
is shown in Scheng4 [33,35,64,139].
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Figur81 Crosslinking mechanism with bisphenol.

In the first step fte dehydrofluorination) Viton copolymer is attacked by the intermediate
described below, creating diene. Then, the bisplenad phenolate QArOH) attacks the
intermediate diene and finally leads to the dienic phenyl ether crosslinks [32,33jtidrhis @ea
substitution. The resulting product surprisingly shows good properties, particularly with regard to
oxidative and hydrophilic stability.

1.6.2F NMR study

The mechanism of crosslinking was evidencdd B)R, and Schmiegel et al. [3,32188]exd
the ' NMR spectra of poly(VDEo-HFP) copolymer treated in dimethylacetamide (DMAC), with
DBU (1,8diazabicyclof8-0}undee7-ene) and bisphenol AF. DBU is strong enough to enable a
dehydrofluorination of the polymer and to ionise the phenais Bterically hindered for being an
efficient competitor of phenoxide for the fluoroolefin [33]. FB8RI[83,34] represents thiE NMR
spectra of a base (DBtygated soluble polymer (upper spectrum), and the gel produced by base in the
presence of hphienoltreated polymeitower spectrum). Both spectra exhibit two new pedks ahd
062 ppm, assignedddC=C(CF3)C- isomeric structure of the €50, poly(VDFEo-HFP) copolymers
treated with DBU and with DBU/bisphenol system undergo at least diioydvation and

rearrangment, such as in Scheme 2. However, to prove the crosslinking of-Aispbioothe

copolymer, &F NMR spectrum of the same sample after precipitation must be recorded.
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Figur@2 F-NMR spectraaopoly(VDEoHFP) copolymer treated with DBU in a solution of DMAC (top) and the gel which re

from this reaction in the presence of BAF (bottom).

Figure83[33,34] shows twiSF NMR spectra of poly(VDEo-HFP) copolymers. The first one

(top) deals wth the spectrum of poly(VDBE-HFP) copolymer treated with DBU and the bisphenol AF

in DMAC, while the other one (bottom) represents the same sample but precipitated twice from an

appropriate solvent for free phenol or any unreacted pheaokttmitrile The'S NMR spectra of

the washed polymer (bottom) clearly showsrésence of the geminal trifluoromethyl groups. So, after
precipitation in acetonitrile of all the phenol and phenolate that did not react with the copolymer, the
peak aB55 ppm wastidl noted. It proves that a part of the bisph&idlenabled the crosslinking of

the copolymer. Under those conditions, about 40% of the phenolate were incorporated based on th

internal pfluoroanisole standard.
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Figur&3 F-NMR spectra of a poly(¢BHAFP) copolymer treated with DBU and BAF in as solution of DMAC (top) and the s¢
sample after several purifications (bottom).

HenceF NMR results allowed us to evidence that crosslinking was achieved.

1.6.30scillating Disc Rheometer (ODR) response

Bisphenckured fluoropolymers are usually analysed by ODR. Reaction time and crosslinking
density can be deduced from ODR curve.

This equipment can plot the evolution of the torque (in Nm) as function of time (in min), at a
giventemperature, for a crosslinkable mixing (copolymer, crosslinking agent, accelerators, coagent..
Usually, the torque starts to decrease (during an induction period), and when the crosslinking reactic
occurs it increases rapidly, reaching a maximuntheheaction is finished.

Bisphenols curing systems are usually usedring @pplications [26]. Indeed, they exhibit a
high resistance to high temperature compression set8Bi{@,88,35] depicts tlegolution of a 177°C
cure response by ODR, dbiaphenol AKBAF) curing poly(VB-co-HFP) copolymer.
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Figur&4. Cure response by ODR at 177°C chasddpolymer cured with BAF.

The ODR response is characterised by an induction period, which depends on the amount of the
acelerator (benzyltriphenylphosphonium chloride or BTPPC), or amount of bisphenol.-Afigh Bp
amounts increase the length of the induction period and lead to high cure states. The maximum cul
state is the initial slope of the curygttie time to initigon; tgg the time to 90% completion of cure;

M., the minimum torque; Mthe maximum torque; and;¥_, the degree of state of cure [3,33,35].

In Figure 20, at 177°C, and after afiriutesnduction period, the reaction of crosslinking is practically
complete after 5 min. Only a 2% increase in cure state occurs between 13 and 60 min. The final state
cure does not change with increasing temperature [3,33,35]. When BTPPC is omitted from the standa

recipe, no cure occurs within one hour at 177°C.

Figure 85[3,33] shows the dependence of the ODR cure state vet&kscBpcentration, in
the presence of standard concentration of Ca(®lgPD, BTPPC and carbon black. It is noted that the
greater the concentration in bisphenols, the higher the ODRateyesatthe higher the crosslinking
density. The lower line shows that the accelerator BTPPC in the absence of the bisphenol can also le

to a substantial cure state, although only at very high concentrations [3,33].
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Figur&5 Evolution of the ODR units (crosslink density)@ft it “@riation of BAF concentration (in phr), in the presence of
BTPPCI and § with BTPPCI concentration in the absence of BAF.

1.6.4Limitations of the bisphenolcured fluoroelastomers

Bisphenbcure is a very rapid crosslinking system, as shown by ODR, but this system presents

also some limitations.

The crosslinking mechanism between poly{dPPMVE-ter-TFE) terpolymer and bisphenols
generates elimination of a trifluoromethoxide and a #uord giving a CF=CF double bonds. The
triluoromethoxide reacts with hydrogen, giving trifluoromethanol that is further degraded in air to
hydrogen fluoride and carbon dioxide, which results in the formation of a large amount of volatiles
[3,33,35]. Theured system, therefore, shows excessive porosity and poor vulcanisate properties due t
volatiles produced during the curing process. For this reason, it is advisable-llaaed [pBlymers
containing perfluoroalkyl vinyl ethers have a special cunéttsituring chemistry different from
nucleophilic attack on the backbone. Such a chemistry is the peroxide induced crosslinking which wi

specially developed to bypass these kinds of problems.

1. 7/CROSSLINKING WITH PER OXIDES

Another technique to crossliMBF containing fluoropolymers requires peroxides.

The first peroxide cure agents were used in 1929. But the vulcanisates obtained had poor physic

properties, and poor resistance to heat ageing when compared tastddhuricanisates.

165



Part 2FKM Chapter 1: Imbduction

Braden and Fldter [140] described the vulcanisation of natural rubber with dicumyl peroxide

using different compounding ingredients and comparing it with stipédicompounds.

Since 1950s, peroxides/triallylisocyanurate systems, which enable crosslinking gfrfersropol

through a free radical mechanism, have been established asktivsvbest

non sulfurated crosslinking agent.

1.7.1 Reaction conditions

That kind of crosslinking is more easily achieved when the polymer bears specific group. This
group or atom can hetroduced into the polymer from the direct terpolymerisation of VDF and

fluoroalkene.
A fluorinated monomer susceptible to copolymerise or terpolyirgrigkene fluoride is

needed to undergo fre&dical attack to render peroxide curable the elastocoeror
terpolymers of VDF [35]. So, this monomer must be functionalized or halogenated to ensure a free

radical crosslinking. The main used monomers are bicontaeing fluoroolefins such as [42,43]:

Bromotrifluoroethylen®rCF=CF, [42,141,142]

1-bromo-2,2difluoroethylene, BrCH=CIF143145]
4-bromo3,3,4,4etrafluorobutend, CH=CHCF,CF,Br [146148]
3-bromoperfluoropropylene, Br{H=CF, [149]

Fluorobutylene BrGEFR,CF=CF,, BrCECF,CH=CF,, F,C=CFOGF,Br [150152]

1
1
1
)l
)l
1 1,1,2trifluoro-4-bromobutene, E=CFCH Br [87]

The VDFbased polymer containing the brominated monomer gives free radical intermediates
on its polymeric backbone upon attack by peroxides [3,35,46541382. Fluoroelastomers containing
iodine or bromine atoms can be cured with perexiddeed, modifications of fluorocarbon elastomers
with perfluoroalkyl iodides allow to introduce iodine end groups on the polymeric cha#h48p,153
These polymers also lead to free radical intermediates upon attack by peroxides, which inkurn crossl
into a network in the presence of a radical trap. Thus, the peroxide needs a coagent to trap the polyme

radicals.

Aromatic as well as aliphatic peroxides can be used. Diacyl peroxides give low crosslinkin
efficiency and usually require 10 phrdegaate curing. Some dialkyl peroxides and peresters give high
crosslinking efficiencies. However, mairtigrdary butyl peroxide and dicumyl peroxide are able to cure

compounds containing reinforcing carbon black fillers [16].
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The main used peroxides:a

1 dibenzoyl peroxidel /2 = 1h at 92°C [16
0
O/D
O

1 di-t-butyl peroxidey2 = 1h at 132°C [16]

O.
Ko

1 dicumyl peroxide1t2 = 1h at 132°C [16,159]:
HgC CH3

%o

H3C CHS

1 1,kbistertbutylperoxyB,3,5trimethylcyclohexang,/2 = 1h at 105°C [16

>Lo,of fo~OJ<
1 2,5bis(t-butylperoxyR,5dimethylhgane, 1/2=1h at 134°C [40,159]

CH:

H:C CH=
H:C
o o
-

CH2
HaC o

P
S

CH:z
HsC  CHs

CHs

1 2,5bis(t-butylperoxyR,5dimethylhexynei2=1h at 141°C [40,159]:

1 a ,-lds@butylperoxydiisopropylbenzenei/p = 1h at 134°C [39,159]:

0-0 O-g

+ %

The coagents are used to enhance the crosslinking efficiency of peroxide cured compounds. The
are generally-dind trifunctional vinyl compounds, such as:

167



Part 2FKM Chapter 1: Imbduction

1 1,2polybutadiene [169b

e Bl
<

1 ethylene glycol dimethacrylate [16,159]:

Ape

1 triallyl phosphate [16]:

=\_O
AN N
\/\0/ \\O X

1 triallylisocyanurate (TAIO) trially}1,2,5triazine2,4,6(1H,3H,5H)trione
[35,40,95,97,160];

|

SR AN

7 triallylcyanurate (TAC), or 24rjallyloxyl,2,5triazine [16]:
OMCHE

A

N "N

Hch\O/JQ\N/lJ\O/\yCHz

The triaane ring is chemically and thermally stable. So, it reinforces the crosslinking network. But

the best coagent is TAIC.

The crosslinking reaction also needs metal oxides such as,GHQmMN)gO, ZnO, and PbO

to absorb traces of HF generated during thegcprocess [35], MgO, being the most efficient one, as

shown in a case above.

168



Part 2FKM Chapter 1: Imbduction

1.7.2 Importance of the coagent

The coagent, whose most efficient one is TAIC, is essential in the joerexidechanism.

Indeed, it permits the reaction of crosslinkingraptbives the compression set resistance.

Apoly(TFEaltP) copol ymer i sis(thityperakypdiisaprbpylttehzene &, a o6
phr), different coagents, such as divinylbenzeney\yNenylenedimaleimide, -1glybutadiene,
trimethylolpropane trimethythacrylate, diallylmelamine, TAC, (BAphr), MgO as acid acceptor (10
phr), and carbon black (35 phr), to investigate the influence of the different coagents on the gel fractio
and the compression set resistance [39]. Each sample is press cured at 160°C for 30 min, and oven ct
at 200€ for 2h.

Table 17 [39] exhibits the effects of the coagent on peroxide vulcanisation. By considering the
compression set percentage, TAIC is found to exhibit the lowest compression set, so it is the mos
efficient coagent. Basic metal also contributesprove the compression set resistance. Indeed, the
percentage of compression decreases from 75 to 62% thanks to calcium carbonate in the presence
TAIC.

Tabld7. Influence of the coagent on the gel fraction andehresmtapressiba peurddegoly(VERB-HFP) copolymer
(M~=100000 g/mpl

None 0.44 100
Divinylbnzene 0.50 100
N, MNnghenylenedimaleimide 0.70 98
1,2polybutadiene (M2000) 0.66 100
Trimethylolpropaneimethacrylatt 0.77 94
Diallylmelamine 0.76 95
Triallyl cyanurate (TAC) 0.80 85
Triallyl isocyanurate (TAIC) 0.84 75
Triallyl isocyanurate + Cag€O 0.89 62

Compound ( p hadbjsibutylpergxgisoprapylbenzengo 10, carborkidac
Vulcanization conditions: press cure at 160°C for 30 min, and oven cure at 200°C for 2 h.
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Figure 86 [39,40] shows the gel formation as a function of the peroxide level. The gel fraction
gradually increases with the peroxide level, when coagemiresant. The cupromoting effect of
the TAIC is remarkable, yielding a gel fraction of nearly 90% at low peroxide dose. So, the crosslinkir

density is not really influenced by the level of peroxide when coagent (TAIC) is introduced.
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Figur&6. Evolution of the gel fraction as a function of peroxide dose-(pinedfpioly (EaBR)eopolyrie@withoudny
coagent; (b) with 3 phr of TAIC; (c) with 2.4 phr of diyi)ytdm3erhr of TAC.
The same relus obtained in the presence of theb&%t-butylperoxyp,5dimethylhexane
[40]. A poly(VDFco-HFP) copolymer was crosslinked by this peroxide in the presence of TAIC, by
oscillating disk rheometer (ODR) at 177°C for 30 mizMyl represents the measd cure state (or

crosslinking density in N.m).

Figure 87 [40] shows that cure state tends to be more drastically influenced by coagen
concentration than peroxide concentration. Indeed, Figure 87 shows that with an unchanged amount «
3 phr for the coamnt, and by increasing the quantity of peroxide, the cure state remains constant, wherea
with a constant amount of 3 phr of the peroxide, and by increasing the amount of the coagent, the cur
state increases. However, cure rate is influenced by both cdAdENntration and peroxide

concentration.
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Figur&7. Interactions between peroxide and coagent, in the evolution of initial cure stateH{KR))cnimiyohefy BPleasured
by ODR at 177°C for 30 min.

1.7.3Influence of the nature and the amount of the peroxide

Lots of peroxides enable the curing of Vildsed fluoropolymers, but the nature of the
peroxides, and the molar amount can influence many different factors such as the curing temperatu

and the gel fraction.

Identical cure systems are crosslinked, with eitReis2iButylperoxy,5dimethylhexane, or
2,5bis(t-butylpeoxy)2,5dimethylhexyne [35,40kble & [35] shows the different cure state obtained
when changing the peroxide and the temperature. F@eboxides, the cure state exhibits a maximum
at a fixed temperature. For-Bi§(t- butylperoxyp,5dimethylhexane, the cure state is maximum at
177°C, whereas with 2 (t-butylperoxyR,5dimethylhexyne, it is maximum at 182°C. Moreover,
2,5bis(t- butylperoxyR,5dimethylhexane is also more efficient tt2a&bis(t-butylperoxy)
2,5dimethylhexyne. Indeed, the first pe@x&hches a cure state of 8%, Mhereas it is 7.7 Nm for
the second one.
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Table.8 Crosslinkinfitwo peroxides onto polg®ABDHP) copolymer and the influence of their cure temperature on ODR valt

Cure temperature Peroxide haltlife ODR Values
(°C) (min)
t2 .90 Cure state, M- M,
(min) (min) (Nm)

2,5bis-(t-butylperoxy)-2,5dimethylhexane

160 4.80 4.0 24.0 8.0
177 0.80 1.6 8.3 8.6
190 0.24 1.4 4.6 8.2
204 0.07 0.8 2.8 7.9

2,5bis-(t-butylperoxy)-2,5dimethylhexyne-3

160 18.7 7.1 41.0 -

177 3.4 3.4 14.0 7.7
190 1.0 2.1 7.5 7.7
204 0.3 1.2 4.2 7.5

Gel fractions were measuredirdifferent poly(TFEaltP) copolymers cured by peroxide. In
Table B [39], 30 eqg.mdl polymer of peroxide (agyhlkyd or hydre) are added to a poly(THiEP)
copolymer and vulcanised in mold at 160°C for 30 min, and post cure at 200°C for &ttioBel fr
results indicate that these peroxides achieve vulcanisation, except for the hydroperoxide which tends
decompose ionically. Th, ebisthutylperoxjdésspuopytbenzemesbuto b t &

even in this case, the gel fraction whsddo because of the absence of a coagent
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Tabld 9 Halflife and gel fraction values of praiR Y E&polymers=@0000 g/mol) cured with aléyl or hydroperoxides

Peroxides Type Peroxide group ti>(min) Gel fracton

_4_@_\’_ Alkyl 2 4.0 0.44

Acyl 2 1.2 0.05

Alkyoxy or methy 1 12.0 0.10

>< Hydroxy 1 6.0 0.00
.OH
O

The samples are press cured at 160°C for 30min and post cured at 200°C for 2 h.

A rheometric study [159] was carried out by different tested polygMIFP-ter-TFE)
terpolymers cured by peroxides (dicumyl peroxide (40%?J1fat,Bbis(tert butylperoxisopropyl)
benzene (40%) for-2 1,1bis(tertbutylperoxyB,3,5 trimethylcyclohexane (40%) foBP2,5bis(t-
butylperoxyR,5dimethylhexane (45%) fodP2,5bis(t-butylperoxyp,5dimethylhexyne (45%) for P
5) with the same coagent (TAIC). Table 20 [159] gives the composition of the compounds used in th
study. Compounds (FPto FR5) differ only from the type and the amount of the peroxide.
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Tab&20 Composition of different Viton GF compunds cured with peroxide.

Component  Compound

FP-1 FP-2 FP-3 FP-4 FP5
Viton GF* 100 100 100 100 100
Carbon black 30 30 30 30 30
PbO 3 3 3 3 3
TAIC 3 3 3 3 3
P-12 3
pP-2 4.8
P-3* 34
P-4° 3
P-5° 3

Ipoly(VDRefHFP-tefTFE) terpolymer

2p-1 = dicumylperoxide

P2 = -biguylperoxy)diisopropylbenzene,
‘P-3 = 1, his(tedbutylperoxd;B,strimethylcyclohexane
P-4 = 2,5his(t-butylperoxd;pdimethylhexane

5P-5 = 2,5his(t-butylperoxd;pdimethylhexgne

Figure 88 [159] is the cure response a$ahating disc rheometer of the compounds mentioned
in Table 20. Figure 88 demonstrates that the rate of crosslinking varies drastically for the industri:
peroxides. Efficiencies ofdPand P5 are outstanding as compared to the three other peroxides, bu
the presence of®, no crosslinking could be detected by rheometric curve.

So, the following decreasing activity series of pd®xides can be suggested:
P-53 P-4>> P-13 P-2.
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Figur&8 Rheometer curve of the compounds containing different peroxides.

1.74 Mechanism of crosslinking

The crosslinking mechanism with peroxide/ TAIC system is slightly different from these of
diamine obisphenol ones.

Scheme 22 [3,16,35] shows the most probable reaction taking place in a fully compounded stoc
An initial process is the thermally induced homolytic cleavage of a peroxide molecule to yield two ox
radicals. The primary decomposition & 2Bbis(t-butylperoxyp,5 dimethylhexane leads to the
formation of a-butoxy radical, which may, in a minor reaction, abstract a hydrogen atom to give a t
butanol, and in a major reaction (usually from 120°C), decomposes into acetone and aieffy radic
methyl radical, in turn, can abstract a bromine atom from the polymer, to give methyl bromine, or adc
to the triallyl(iso)cyanurate to give a more stable radical intermediate. These intermediate radicals abst
bromine from the polymer to generpblymeric radicals. The driving force for the chain reaction during
propagation is the transfer of a bromine atom from the elpcworfiuoropolymer to an electraoh
hydrocarbon radical on the coagent. Crosslinking takes place when the polypalsridddo allylic
bonds of the trifunctional coagent. The coagent, therefore becomes the crosslinker.
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