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Chapter 1

Organic printed electronics and its
Red Brick Walls

The use of materials in order to enhance our quality of living always has been a key
component of the human experience. Improved materials and/or new materials have had
such a dramatic impact on human life that we often describe and name periods of history
by the predominate material used at the time, for example: Stone Age, Bronze Age, Iron
Age, etc. The work in quantum physics carried out in the early 1900s paved the way for
the silicon age, where a host of new materials, besides silicon, enabled technologies that
have brought us a whole new way of life.! Silicon-based Electronics, and more specifically
Integrated Circuits (IC), have dramatically changed our lives and the way we interact
with the world. Following the so-called Moore’s law,? IC complexity has been growing ex-
ponentially in the last decades. The commercial success of integrated electronics is based
on a symbiotic development of technology and applications, where technical progress and
economic growth nurture each other. The main strength of integrated electronics is in
the low-cost-per-function enabled by an ever-growing miniaturization: mono-crystalline
silicon real estate is very expensive, but the number of transistors that can be integrated
per area grows according to Moore’s law, bringing down the cost to realize a given func-
tion.® Since the second half of the seventies, a completely different electronic paradigm,
the so-called large-area electronics, has been developing. In this field the major aim is
to decrease the cost per area (instead of the cost per function), enabling large surfaces
covered with electronic devices. The main application of this kind of technology, typically
based on amorphous or polycrystalline silicon transistors, is in active-matrix addressing of
flat displays. The success of this technology has become evident in the last decade, when
flat-panel LCD displays have swiftly replaced traditional cathode ray tubes in television
sets. Amorphous and polycrystalline silicon technology typically require high-temperature
vacuum-based processing, with the consequence that glass substrates are used and that
the technology throughput is limited. In the nineties a new technology approach has
been proposed, based on materials that enable low-temperature processing and the use of
very high throughput patterning technologies, borrowed from the graphic printing field:
organic and printed electronics were born. Organic electronics enables a wide range of
electrical components that can be produced and directly integrated in low-cost reel-to-
reel processes. Organic Printed Electronics (OPE) is based on the combination of new
materials and cost-effective, large area production processes that open up new fields of
application. Thinness, light weight, flexibility and environmental sustainability are key
potential advantages of organic electronics. In fact, several high-tech companies have
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significantly invested in cheap and high-performance organic-electronic devices, a billion-
dollar market that is expected to grow rapidly. IDTechEx find that the total market for
printed, flexible and organic electronics will grow from $29.28 billion in 2017 to $73.43
billion in 2027.° Especially in fields where technology development and applications are
changing, like OPE, it is important to gain an understanding of the past and present sit-
uation and to apply this to make some predictions of future developments and challenges
in the field. Since the result of this process is a kind of map for where the field is going
and critical work that needs to be done, this process is referred to as road mapping. Gave
a look to the OE-A Roadmap for Organic and Printed Electronics, 7th Edition, (Table
1.1): Intelligent packaging, low-cost Radio-Frequency IDentification tags (RFID), rollable
displays, flexible solar cells, disposable diagnostic devices or games, and printed batteries
are just a few examples of promising fields of application for OPE. Organic Light-Emitting
Diode (OLED) are in production and have gained market share as active displays for cel-
lular telephones and other small devices but in large-area displays in price has kept OLED
technology out of mass consumption. Organic Thin-Film Transistor (OTFT) and Organic
Solar Cell (OSC) are expected gain their part in the market to the near future provided
that some key challenges are won. Based on an analysis of the application and technology
parameters, the recent progress in materials and process technology and the expected
future technology development, the experts were able to identified that key challenges
called “Red Brick Walls”, for which major breakthroughs are needed.%

o Cost: Capital expenditure for manufacturing equipment as well as materials
o Processes: Resolution, registration, uniformity and characterization

o Encapsulation: Not only lower cost but also stretchable encapsulation materials are
needed

o Scalability: From lab to production and from small to large areas while keeping
performance high

o Inspection/yield: Progress in both yield improvement and in-line inspection and re
cognition of defects is needed to improve competitiveness

« Standards and regulations for organic and printed electronics are under discussion,
but not yet implemented

Identification of these red brick walls is particularly important because it points out the
areas in which effort in new research and technology development is urgently needed.!
It is notable that the key challenges of this 7th edition are more focused on production
than the past edition roadmap, use and cost than on basic technology, which reflects the
growing market orientation of OPE. Academic research has done big effort to increase
devices performances, indeed for example if we look charge career mobility for OFET
or power efficience conversion for OSC reported in literature by years we can see that
have been increase of different order of magnitudine during the last decades but often
overlooked the other features required for the OPE industrial development. It is desirable
that also the academic research increase efforts on possible solutions and compromises to
break down this Red Brick Walls in order to express the enormous potentially of OPE
on all-day life of the people. As a final consideration, last but not least, only if these
challenges will be won I can afford to buy big size rollable OLED TV for my living room.



Existing Short Term Medium Term Long Term
2017 2018-2020 2021-2023 20244
OLED Rigid white | Flexible OLEDs | Transparent 3D OLEDs;
LIGHT- | OLED mod- | (color); OLEDs; flexi- | dynamic OLED
ING ules; flexible OLEDs | ble red OLED | signage  (seg-
rigid red | (white) for  automotive | mented);
OLEDs for applications long stripes;
automotive OLED in gen-
applications eral lighting
OopPV Portable Large area OPV | OPV integrated | OPV in packag-
OPV charg- | foil; in building prod- | ing;
ers; personal | OPV objects; ucts energy harvest-
electronics opaque OPV for ing  combined
power supply | building with storage
Flexible | Curved EPD wrist band; | Curved displays | Wallpaper dis-
& OLED  dis- | transparent for  automotive | plays;
OLED plays, displays; interior; displays in ev-
Displays | EPD  shelf- | conformable integration into | eryday objects;
edge labels, OLCD; clothing;  white | foldable dis-
EPD sec- | enhanced display | goods displays plays
ondary integration in
displays on | wearables
phones;
displays for
wearables
Electronics Printed de- | Printed  mobile | Printed lithium | Printed  com-
&  com- | vices: mem- | communication ion battery; plex logic;
ponents | ory, RFID | devices based on | printed super | 3D &  large
antenna, antennas,  light | caps; area flexible
primary bat- | sensor; active touch & | electronics
tery, active | stretchable gesture sensors
backplane; conductors / re-
sensors: glu- | sistors; 3D touch
cose, touch, | sensors
temperature,
humidity
Integrated Glucose Smart labels (dis- | Human moni- | Fully  printed
smart in-body crete); toring patches | RFID / NFC
systems | sensing; HMI (embedded | (single parame- | label;
pressure sen- | electronics & dis- | ter, point of care, | ambient in-
SOr arrays; plays) on-skin); telligence
NFC la- disposable & | (connected);
bels; hybrid quantitative sen- | sensors for secu-
RFID; sors for  food | rity (explosives)
HMIs (sen- safety;
sors) biomedical  sen-
SOr's

Table 1.1 The OE-A Roadmap for organic and printed electronics applications, with a forecast for the

market entry in large volumes (general availability) for the different applications
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Chapter 2

The chemistry of BTBT derivatives:
challenges and new derivatives

2.1 Introduction

2.1.1 Organic Thin Film Transistors for Large Area Electronics

A transistor is the fundamental building block in all modern electronic devices. Tran-
sistors are semiconductor devices generally used to amplify or switch electronic signals.
They are made of semiconductor material with at least three terminals for connection to
an external circuit. A voltage applied to one pair of terminals controls the current through
the another. Julius Edgar Lilienfeld patented a field-effect transistor in 1926 but it was
not possible to actually construct a working device at that time. The first practically
implemented device was invented in 1947 by American physicists John Bardeen, Walter
Brattain, and William Shockley at Bell’s laboratories. Bardeen, Brattain, and Shockley
shared the 1956 Nobel Prize in Physics for their achievement.? Transistors are usually
integrated in circuits with other components such as diodes, capacitors, resistances and
inductors. Simple circuits have a small number of transistors meanwhile modern micro-
processors have several billions. In order to have more and more powerful processors (and
portable) devices, transistors are getting smaller and smaller every year: IC complexity
has been growing exponentially in the last decades following Moore’s law,®> Tradition-
ally inorganic semiconductors are deposited or patterned by energy-expensive methods
including high-temperature and high-vacuum processes involving post deposition litho-
graphic steps for patterning. Mainly we can divide the Transistor in two categories

Bipolar Junction Transistor ( BJT) and Field Effect Transistor ( FET). Metal-oxide-
semiconductor field-effect transistor (MOSFET) is a silicon-base device and belong to the
second transistor’s category mentioned before. The growth of digital technologies like
the microprocessor has provided the motivation to advance MOSFET technology faster
than any other type of silicon-based transistor.* A big advantage of MOSFETs for digital
switching is that the oxide layer between the gate and the channel prevents DC cur-
rent from flowing through the gate, further reducing power consumption. This device
provides considerable energy savings and prevents overheating of the circuit, one of the
main problems of integrated circuits. In the early 1970s the need for large-area appli-
cations in flat-panel displays motivated the search for alternatives to crystalline silicon
and the thin-film transistor (TFT) found its application. In 1979, hydrated amorphous
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silicon (a-Si:H) became a forerunner as a semiconductor to fabricate TFTs. Since the
mid-1980s, silicon-based TF'Ts have successfully dominated the large-area liquid crystal
display (LCD) technology and have become the most important devices for active matrix
liquid crystal and organic light-emitting diode (OLED) applications.® The success of this
technology has become evident in the last decades, when flat-panel LCD displays have
swiftly replaced traditional cathode ray tubes in television sets. Historically, much of the
Initial work in large area electronics has centered on displays and photovoltaics however,
over the last three decades, the scope of applications envisioned for large area electron-
ics has expanded dramatically (see Roadmap chap. 1). a-Si:H and in general others
inorganic semiconductors materials show limitation like high deposition and processing
temperature and deposition process that which makes them incompatible with flexible
plastic substrates and with low cost applications. OTFTs based on organic polymers and
small molecules semiconductors have been envisioned as a viable alternative TF'T based
on inorganic materials. Organic semiconductors-based electronics has several advantages
such as lightweight,® large-area coverage,” flexibility, integration with plastic substrates®
and most importantly potentially low costs. Because of the relatively low mobility of
organic semiconductors, OTFTs cannot rival the performance of field-effect transistors
based on crystallin or polycrystalline silica, which have charge carrier mobilities of three
or more orders of magnitude higher. Consequently, OTFTs are not suitable for use in
applications requiring very high switching speeds. However, the unique processing char-
acteristics and demonstrated performance of OTFTs suggest that they can be competitive
candidates for existing or novel thin film transistor applications. .

2.1.2 Organic Field Effect Transistor

2.1.2.1 Materials , basic operating principles, device configuration

An OFET, called organic thin-film transistor (OTFT), is composed of different compo-
nents: a conducting material functioning as the gate, source, and drain electrodes ; a
dielectric material insulating the gate ; and an organic semiconducting material acting as
a variable conductance element.? Figure 2.1a shows the OTFT the basic operating princi-
ples.The source electrode is grounded, and all other voltages are relative to this electrode.
The drain—source current (/) in the conducting channel is controlled by the gate voltage.
If no gate voltage (Vgs= 0V) is applied there are no free charge carriers in the conducting
channel and therefore the source—drain current is zero (I;= 0) (Figure 2.1b). After the
application of a voltage Vps#0 between source and the drain electrodes,/; will increase
as a consequence of Vpg Particularly, if Vg < OV, positive charges (p-type) will be cre-
ated in the conducting channel, otherwise, if Vs> 0V, negative charges (n-type) will be
generated.” Charge carrier polarity (h-+or e-) in the conducting channel defines whether
the semiconductor is p-type or n-type.
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V.,

Drain

VGS

(a) Schematic representation of an OTFT in BGTC structure

OFF state Accumulation phase Drain baias

(b) Schematic of n-type and p-type OTFT operation in BGTC structure

Figure 2.1 Vgs= voltage applied between gate and source electrodes;Vpg = voltage applied between
gate and drain electrodes ; L= channel length; W= channel width; + = hole; - = electron

OTFT can have different device configuration. The configuration of a thin film transistor
is distinguished on the basis of the gate position that can be either on the top or at
the bottom, accordingly named as top gate (TG) and bottom gate (BG) structures,
respectively. However, the majority of OTFTs are built as the bottom gate structure due
to an ease in deposition of active material on the insulator instead of at the bottom. In
these structures, the methods pertaining to thermal treatment can be safely employed
to produce the insulating layer without creating any impairment in the OS layer.!® On
the other hand, the performance of OTFT in the top gate structure severely degrades, if
the underlying OS layer is contaminated during the deposition of a metal gate at high
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temperature.!! Therefore, bottom gate structures are preferred over the top gate. The
position of a source and drain contact with respect to the active layer further classifies
them into the top contact (TC) and bottom contact (BC) structures, while keeping
gate electrode at the same position. Figure 2.2 shows the different device configuration
schemes. . The device configuration has an important influence on the performance of
OFETs. For thin film transistors, bottom contact devices typically exhibit less than half
the effective drive current of top contact devices, although bottom contact devices are
more easily integrated into low-cost manufacturing processes, and smaller device feature
sizes can be obtained through photolithographic techniques.

BGTC BGBC

m Dieletric m
TGBC TGTC

Gate Gate
Dieletric m Dieletric m
 Source | | Drain |

Figure 2.2 OFET Structure: Bottom-Gate/Top-Contact (BGTC) Bottom-Gate/Bottom-Contact
(BGBC) Top-Gate/Bottom-Contact (TGBC) TOP-GATE/Top-Contact (TGTC)

2.1.2.2 Current voltage characteristics of OFETs

Several analytical models have been proposed to describe the current voltage character-
istics of OTFTs. Most are charge control models that attempt to account for non-linear
effects that cause the current-voltage characteristics of OTFTs to deviate from ideal be-
havior.’However, in practice, OTFT parameters are frequently extracted using the expres-
sions derived for the drain current of crystalline MOSFETSs based on the gradual channel
approximation developed by Shockley.'? In Shockley’s model, the drain current (I )in
the OTFT from linear to saturation regime can be expressed as.

Algorithm 2.1 Shockley’s equation model V5= Voltage applied between gate and source
electrodes;Vps = Voltage applied between gate and drain electrodes ; L= Channel length;
W= Channel width; C; = Dielectric capacitance per unit area;u;,= Charge-carrier mo-
bility in linear regime pu,;= Charge-carrier mobility in saturation regime

[d = E%Q(VGS — VT)VDS for linear regime |VD5| < |VGS - VT|

I; = m“;z—tci(VGS — Vr)? for saturation regime |V| > [Vgg — V7|

Three critical OTFT performance parameters are charge carrier mobility (u), current
modulation ratio (I,,/I,ss, and threshold voltage (V;).*

8
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» Threshold voltage (V}) is the critical voltage required to have the field effect oper-
ative. Itis linked to the number of traps at the semiconductor/dielectric interface.
These traps must be totally filled before charge carriers can flow between source
and drain electrodes; therefore, high materials purity is fundamental for OTFT
applications.*

o Current modulation ratio (I,,/l,rs) is defined as the ratio of the source—drain
current when the gate voltage is maximal (“on” state) and there is no gate voltage
(“off” state). Ton/Ioff is an indicator of material purity and its usceptibility todoping
by its surroundings.

o Charge-carrier mobility (u) characterizes the critical voltage at which the field effect
is operative. It can also serve as a measurement of the number of charge carrier traps
at the semiconductor/dielectric interface. These traps must be filled before charge
carriers can flow between the source and the drain;'® therefore, high materials purity
is a necessity for OTFT applications. Usually charge-carrier mobility in saturation
regime is reported in literature (psq)

The performance parameters can be derived from the OTFT output and transfer charac-
teristics (Figure 2.3).

ao 70 1 1 1 1 bc 104 10
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Figure 2.3 (a) Examplely vs Vpg curves for OTFT for various values of Vgg . (b) Example I D - V
G curves plotted on semilogarithmic axes for the same device for various values of Vpg. The /I vs
Vas various values of Vpg, 75V is shown on the right- hand axis. Reprinted with permission from ref!3
Copyright American Chemical Society

In the output characteristics, two operation regions can be differentiated: a linear region at
low drain voltage and a saturation region at high drain voltage. Charge carrier mobility
(t1sat) and threshold voltage (V;) in the saturation region can be calculated from the
transfer characteristic using the equation given above. The current modulation (1,,/I,ff)
can be derived from the quotient of “on” current divided by “off” current.

The performance of an OTFT usually deviates from the conventional transistor due to
key parameters, such as the bulk leakage current, contact resistance, contact-OS inter-
face, OS-insulator interface, morphological disorders, device configuration, channel length
modulation, trap states, gate bias dependent mobility, and many more that raises diffi-
culty in proposing a unified OTFT model.'> Over the past three decades, significant
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research efforts have focused on improving the charge carrier mobility of organic thin-film
transistors (OTFTs). In recent years, a commonly observed nonlinearity in OTFT cur-
rent—voltage characteristics, known as the “kink” or “double slope,” has led to widespread
mobility overestimations, contaminating the relevant literature. In very recent Paterson
review, published data from the past 30 years is reviewed to uncover the extent of the
field-effect mobility hype and identify the progress that has actually been achieved in the
field of OTFTs. Present carrier-mobility-related challenges are identified, finding that
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Figure 2.4 Plots of field-effect carrier mobility values over time. The data has been separated into
the following categories: a) Charge carrier type: p-type and n-type. b) Processing technique: solution
processed, single crystal, and vacuum. c¢) Features in the experimental data to determine which data sets
do not comply with the classical FET model: reliable (from the data sets shown, there are no obvious
nonidealities), not shown (do not show the plot of 1 vs Vs or /Iy vs VG), nonlinear /I (the kink
or any s-shaped or nonlinear features iny/I; vs Vgs), increasing /I (the gradient of /I gets steeper
with Vgg), and output (nonsaturated output characteristics). d) Solution-processed data with mobilities
approaching 1 em?V ~1s~! by carrier type and data quality, suggesting that 55% of this data set either
does not show the data that the mobility was extracted from, or has some sort of nonideality. has some
sort of nonideality. Reprinted with permission from ref'® Copyright x American Chemical Society

2.1.2.3 Processing Technique for OFETs

A wide diversity of methods has been adopted to prepare organic thin films for the fabri-
cation of OFET devices since the first OFET was reported.!” ¥ The vacuum deposition
technique may result in high-quality thin films, and has been widely adopted for the
preparation of small-molecule semiconductor OFETs. Because of its freedom from sol-
vents, the vacuum deposition method usually results in high-quality thin films. To avoid
decomposition and degradation of small molecule semiconductors during the sublimation
process, a high-vacuum environment, typically lower than 10~ Pa, should be adopted. In
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addition, deposition conditions, including sublimation rate, substrate temperature, etc.,
have an important influence on thin film morphology. Solution-processed techniques are
widely used to deposit organic thin films mainly because of the low cost of such processes
and the facility of obtaining large-area films by printing techniques. Moreover, when ei-
ther decomposition or degradation happens during the sublimation process, it is necessary
to adopt solution-processed techniques. Many elements such as solvent, concentration,
evaporation temperature and rate, and substrate properties as well as the organic semi-
conductor itself can also affect the quality of the thin films. Solution-processed techniques
for the preparation of organic thin films include spincoating, dip-coating, drop-casting,
zone-casting, the Lagmuir-Blodgett (LB) technique, printing, and solution-shearing. Of
these, spin-coating is the most commonly used solution-processed technique.!® The tech-
nique can provide uniform thin films of both the polymers and small molecules. The
rotation speed adopted has a great influence on the thickness and morphology of thin
films. Dip-coating, dropcasting, and zone-casting are three very convenient methods
without the requirement of complex and/or expensive equipment. The techniques relate
to selfassembled processes and can afford high orientation thin films. The LB technique is
mainly used for amphiphilic molecules. Among the diverse methods used to fabricate or-
ganic thin films, the most exciting is the printing technique. Among the types of printing
technique available, microcontact printing and ink-jet printing are considered to show the
most promise. Solution-shearing is a new technique for organic semiconductors in which
lattice strain is used to increase charge carrier mobilities by introducing greater electron
orbital overlap between organic molecules. Using solution processing to modify molecular
packing through lattice strain should aid the development of high-performance, low-cost
organic semiconductor devices.?’

2.1.2.4 Factors Influencing the Performance of OFETs

OFET’s performance are related to all devices and not only to OS material employed,
therefore it is not entirely correct to compare different organic semiconductors comparing
charge carriers mobility shown in different devices with different geometry, deposition
method, purity of the material OS and so on, indeed the device performace are influenced
by a lot of factors. The main factors influencing the performance of OFET can be divided
into two categories: factors related to device physics and factors related to OS material.

The factors related to device physics are:

e Device Configuration: as mentioned before. Generally, the less the contact resis-
tance, caused by intimate contact between the semiconductor and the electrodes,
the higher the charge transport mobility tends to be.?!

o Interfaces and Their Modification: The two major processes, carrier injection and
carrier transport, occur at the electrode/ organic layer interface and the dielec-
tric/organic layer interface, respectively. Therefore, the properties of these inter-
faces influence the device characteristics dramatically. The electrode/organic layer
interface has a key influence on carrier injection. Many methods are used to mod-
ify the electrode/organic interface to improve the carrier injection, Introduction
of a buffer layer between the source-drain electrode and organic layer for exam-
ples very thin layer of MoO3,* copper phthalocyanine (CuPc) layer for Au elec-
trode,?® graphene layer for copper and silver electrodes®* or chemical modification
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of the electrodes surface with Self assembled monolayer (SAM) usally are exployted
thiol for gold electrodes 3,4,5-Trimethoxythiophenol (TMP-SH)?* 3.4,5-trimethox-
ybenzylthiol (TMP-CH2-SH),? 1H,1H,2H,2H-perfluorodecanethiol (PFDT).?® The
dielectric/organic semiconductor interface implies an important influence on de-
vice stability: for examples Polymethylmetacrylate (PMMA)?" and polystyrene PS-
modified dielectrics.?®

Factors related to OS material are:

« HOMO and LUMO Energy Level: The energy levels of the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular orbitals (LUMO) have
a large influence on charge carrier injection in order to obtain effective charge injec-
tion, p-type, n-type, and ambipolar semiconductors should have suitable HOMO,
LUMO, and HOMO/LUMO energy levels to match with the work functions of
source and drain electrodes. This is because the mismatch between the HOMO or
LUMO energy level and work function of the electrodes may cause the reduction
of the measured mobility, though not affect the intrinsic mobility directly. HOMO
and LUMO energy levels also have an important influence on the device stability.
Nowadays, there are fewer accounts of n-type than p-type organic semiconductors,
primarily because of the inherent instability of organic anions in the presence of air
and water'® 2 and problems with oxygen trapping within these materials.?® 30 In
most cases, the mobilities of the n-type OFETs can be one or even several orders
of magnitude higher when taking precautionary measures to exclude atmospheric
oxygen and water in vacuum or inert atmosphere.

o Packing Mode in Solid State: The packing mode of organic semiconductors in the
solid state also have an important influence on their FET properties. Besides the
transfer integral, reorganization energy can also affect intrinsic mobility of organic
semiconductors.® The packing mode of organic small-molecule semiconductors
in the solid state can be divided into four types as shown in figure 2.5: (1) her-
ringbone packing without n—n overlap between adjacent molecules; (2) slipped n-
stacking between adjacent molecules; (3) one-dimensional lamellar packing, and
(4) two-dimensional lamellar packing. Of the four kinds of packing modes, one-
dimensional and twodimensional lamellar packing mean main one-dimensional and
two-dimensional charge carrier hopping pathways, respectively. Of these, the two-
dimensional charge carrier hopping pathway is believed to be the most efficient for
charge transport because it can increase the transfer integrals to the maximum and
transport the charge carriers through the shortest route.>>3* For polymer semicon-
ductors, the packing modes include face-on and edge-on orientation of the polymer
molecules on the substrates (Fig. 3.6). The possible charge transport pathways of
polymer films can be subdivided into intrachain transport, along the t-conjugation
direction, interchain transport, along the n-stacking direction or alkyl stacking direc-
tion. Although high performance FET devices usually adopt an edge-on orientation,
face-on orientation can also afford high performance.

12
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Figure 2.5 Molecular packing motifs in crystals. (A) Herringbone packing (face-to-edge) without n-n
overlap (face-to-face) between adjacent molecules (example: pentacene); (B) herringbone packing with
-1 overlap between adjacent molecules (example: rubrene); (C) lamellar motif, 1-D n-stacking (example:
hexyl substituted naphtha- lene diimide); (D) lamellar motif, 2-D n-stacking (example: TIPS-PEN).
Adapted with permission from refs.>® Copyright2008bWiley-VCH Verlag GmbH & Co. KGaA and
Copyright 2010 Royal Society Chemistry
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Figure 2.6 (A) Possible charge transport mechanisms in crystalline polymer films (using P3HT for
illustration): Intrachain transport, along the t-conjugation direction and interchain transport, along the
n-stacking direction or alkyl stacking direction. (B) Face-on and (C) edge-on orientation of the polymer
molecules on the substrates. Reprinted with permission from ref.?6 Copyright 2007 Elsevier B.V.

 Size/Molecular weight related to polymers: the influence of molecular weight on
the electronic properties of donor—acceptor conjugated copolymers has been exam-
ined, with field-effect mobilities improving significantly with increasing molecular
weight.®” The increased performances are accompanied by important changes in
the thin film morphology: systems with high molecular weight often exhibit re-
duced crystallinity and more isotropic films, potentially leading to larger values for
charge-carrier mobility.®

o Impurities of organic semiconductors: The presence of impurities can have a serious
negative impact on the function of organic semiconductors because impurities can
introduce charge carriers or traps within the material. Thus, from a synthetic
perspective, preparative routes that minimize difficult-to-remove by-products are
growing in importance.?!

» Doping of organic seminconductors: Recent breakthroughs in organic semiconduc-
tors and doping techniques demonstrated that doping can also be a key enabler
for high-performance OFETs. OFET doping can be used for a variety of purposes,
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including: mobility enhancement, charge transport polarity modulation, trap pas-
sivation, threshold voltage adjustment, Ohmic contacts, ambipolar charge injection
suppression, short channel effect suppression, and stability improvement.3

a wide variety of organic semiconductos classes were used to produce OFET and there
are many reviews dedicated to this topic,” 16 4% 4!l 5o T decided to simply list some of
the relevant structures and refer the reader to the reviews indicated for a more in-depth
analysis.

Relevant structures for molecular p-Type Semiconductors are: polycyclic aromatic hydro-
carbons and derivatives (Acenes, Pyrenes, Perylenes), Chalcogen-Containing Heterocyclic
Aromatic Hydrocarbons and Derivatives (Thienoacenes, Thienoacene-Based Oligomers
and Oligothiophenes, Tetrathiafulvalene and Derivatives); for polymer p-Type Semicon-
ductors are: Polythiophene-Based Semiconductors, p-Type Donor—Acceptor Copolymer
Semiconductors.

Relevant structures for molecular n-Type semiconductors are: Fullerenes, Diimides (Naph-
thalene Diimide and derivatives, Perylene Diimide and derivatives); or polymer n-Type
semiconductors are: Diimide-Based n-Type polymer semiconductors,

CgH17” CgHiz

Figure 2.7 Organic semiconductors examples

In particular in the work exposed in this chaper we focused on a promising molecular
p-semiconductor materials based on the [1]benzothieno[3,2-b][1]benzothiophene (BTBT
) scaffold. BTBT belongs to the Thienoacenes class: fused-thiophene compounds, several
example are reported in figure 2.7 . Thioacenes can exhibits high hole mobility in OFET
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indeed sulfur has a larger atomic radius than carbon and then can bring to facilitate
intermolecular nonbonded interaction and therefore orbital overlaps. Another important
aspects is the greater stability to oxidation of thioacenes compounds indeed they are
charachterized by lower HOMO levels rispect the corrispective Acenes. For the develop-
ment of air-stable p-channel organic semiconductors, lowering the HOMO energy level
while keeping it suitable to hole injection from an electrode is a feasible strategy.*?

2.1.3 [1]benzothieno[3,2-b][1]benzothiophene derivatives

2.1.3.1 [1]benzothieno[3,2-b]|[1]benzothiophene derivatives promising materi-
als for OFET

[1]benzothieno[3,2-b|benzothiophene (BTBT) derivatives have gained a considerable in-
terest as active, p-dopable molecular materials in the preparation of OFETs. Figure 2.8
shows the increasing numbers of papers reported in the literature and referring to BTBT
derivatives. More than 25% of the hits are patents, highlighting the strong industrial
interest for these materials.

9 10
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Scheme 2.1 BTBT structure

From 2006 the numbers of papers started to grow considerably, indeed Takimiya at al.
reported the synthesis of 2,7-Diphenyl[1]benzothieno[3,2-b]benzothiophene (49) and the
fabrication of its evaporated thin-film-based OFET, with excellent FET characteristics in
air: an average mobility of 1 em2V ~1s~! and fon/1,;, = 107.43 In 2007, the same research
group reported the synthesis of different symmetric 2,7-alkyl-BTBT (DiCn-BTBT),* with
different satured linear carbon chains: length from 5 to 14 carbons. Compounds with the
side chain up to 9 carbon atoms show good solubility in chloroform at room temperature
(in the range of 60-90 g/L) while compounds with a longer chain are less soluble. The
compounds DiCn-BTBT were synthetized via two reaction steps, Friedel-Crafts acylation
and Wolff-Kishner reduction, using BTBT as starting material, following the condition
developed for BTBT by Svoboda works some years before*®.#6 DiCn-BTBT were used to
fabricate solution-Processed OFET, the compounds were deposited by spin coating and
films showed a crystalline order in the in-plane direction, indeed all devices show very
good hole mobility up to 2.75¢m?V ~1s~! for n=13. Films structure consists of alternately
stacked aliphatic layers and BTBT core layers. In the BTBT core layer, the molecules take
herringbone packing, facilitate 2D carrier transport property. These structural aspects
can be related to the high mobility of DiCn-BTBT-based FET devices, since the existence
of 2D semiconducting layers with strong intermolecular overlap is considered to be one of
the prerequisites to realize high-performance OFET devices.*” 49
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In 2011 Takimiya at al. reported that high-mobility (psq= 3.5 — 6.0 cm?V ~1s71 ) solution-
processed OFETs are developed using solution-crystallized 2,7-dioctyl[1]benzothieno[3,2-
b][1] benzothiophene (DiC8-BTBT) main semiconductor channels combined with strong
acceptor layers of 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ). The
construction results in inducing moderate oxidization in the DiC8-BTBT channel to
achieve device operation with low threshold voltage and high on-off ratio in air. The X-ray
diffraction experiment revealed that the whole channel consists of a complete single-crystal
domain with the dimension of submillimeters. The combination of low-HOMO air-stable
main-channel semiconductors and low-LUMO strong acceptors turned out to be effective
to reduce the threshold voltage that can be often a drawback of air-stable devices.’ In
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the same year Minemawari at al® developed a method that combines the technique of
antisolvent crystallization®?with inkjet printing to produce organic semiconducting thin
films of high crystallinity. They demonstrated that mixing fine droplets of an antisol-
vent and a solution of an active semiconducting component within a confined area on an
amorphous substrate can trigger the controlled formation of exceptionally uniform single-
crystal or polycrystalline thin films growing at the liquid-air interfaces. Using this ap-
proach, they printed single crystals of 2,7-dioctyl[1]benzothieno[3,2-b][1] benzothiophene
(DiC8-BTBT), yielding thin-film transistors with average carrier mobilities as high as 16.4
em?V ~1s71. Always employing DiC8-BTBT it has been shown that it is possible to obtain
excellent OFET diveces with single crystall-spray coating® and vacuum-and-solvent-free
fabrication.? Bulky end-capped 50 was indentified as a high-performance solution pro-
cessable BTBT derivarives with large and well-balanced transfer integrals. The relevant
substitution by two t-Butyl group improves the orbital overlap of the molecules within
their crystalline architecture.”® Also the asymmetric n-alkyl substitution pattern em-
ployed in 2-tridecyl[1]benzothieno[3,2-b][1]-benzothiophene (51) leads to improved charge
transport properties in organic thin-film transistors, with large hole mobilities up to 17.2
em?V 157! in low-voltage operating devices. The large mobility was related to densely
packed layers of the BTBT rn-systems at the channel interface due to the substitution
motif and was confirmed by X-ray reflectivity measurements.’® Another approach for
improving the OFET mobility on BTBT derivatives is blending. This simple approach is
to combine the high charge carrier mobilities typically associated with the small molecule
materials and the film capabilities traits of polymers in a system that offers the best of
both worlds. DiC8-BTBT/C16IDT-BT polymer(52)5" 5% and DiC8-BTBT/ Polystyrene
sulfonates (PSS)® blend systems are very promising OFET materials. Additionally, these
blend systems seem to have shown limited nonideal characteristics, giving a clearer idea
about the mobility values that can be achieved with these systems.'® A limit for this type
of systems or practical application to integrated electronic devices, such as driving cir-
cuits for displays or biomedical sensors, is the thermal stability at the device stage. BTBT
derivatives having long alkyl groups may not be promising owing to their thermal phase
transition into the liquid crystalline phase at relatively low temperatures.! Different are
the strategy in order to overcome this limit, the most promising is the synthesis of liquid
crystal compounds like 34 and 14 that show excellent mobility in OFET and can show
highly ordered liquid crystalline phases that can provide an easy fabrication of quality
polycrystalline thin films and high thermal stability of the polycrystalline thin films by
solvent deposition,% but they will be introduced in more details in section 3.5 of this
thesis. Various n-extended BTBT analogues, such as dinaphtho[2,3-b:2",3 -f]thieno[3,2-
b]thiophene (DNTT,53) have been synthesized and evaluated as organic semiconductors
for OFET devices,% and DNTT turned out to be organic semiconductor, affording OFETs
with high mobilities.
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2.1.3.2 Synthesis of BTBT and derivatives reported in literature

Historically [1]benzothieno[3,2-b][1]benzothiophenewas was reported for the first times
in 1889 as a reaction’s product between toluene and elemental sulfur at high tempera-
tures and, only in 1949 it was assigned the right structure by Horton.%* Thereafter, several
BTBT derivatives were synthesized mainly motivated by their potential use as liquid crys-
talline materials and afterwards as OFET materials.*® 46: 61, 6570 There are two principals
synthetic strategies for BTBT synthesis: the first (see figure 2.3 is the direct synthesis of
BTBT derivatives, starting from stilbenes with o-sulfur functional groups® % (compounds
54,55,56), the second is the synthesis of the parent BTBT 7 followed by functionaliza-
tion by electrophilic aromatic substitution in position 2 and 7 or go through the litium salt
intermediate for the functionalization of the positions 1 and 6.%6 Stilbenes with o-sulfur
functional groups can be converted into corresponding BTBT derivatives with a range of
substituents, such as nitro,5” ester,%¢ bromo,%¥and alkyl groups® . 2,7-dinitro-BTBT can
be reduced into the corresponding diamino-BTBT, which, via the Sandmeyer route , is
converted into the diiodo-BTBT, a versatile intermediate for BTBT derivatives synthe-
sis.#* The limits of the first synthetic strategy is that stilbenes precursor are not com-
mercially available and are prepared with multi step synthesis and it is a linear synthesis
which limits the possibility of obtaining different derivatives in a short time. Conversely
the second synthetic strategy diverges from BTBT thus several different derivatives can
be prepared starting by the same precursor. The most recently BTBT reported syn-
theses start from functionalized 3-phenylbenzothiophenes (compounds 57, 58, 59, 60,
61) and can afford BTBT in good/high yield™ ™ but however the 3-benzothiophenes
are not readily avaible. Differently bis(2-bromophenyl)acetylene™ (compound 62) and o-
chlorobenzaldehyde® (63) are commodity synthetic reagents and in particular the BTBT
synthesis starting from o-chlorobenzaldehyde don’t required a chromatographic purifica-
tion but the product is just filtered and washed to afford highly pure BTBT. The BTBT
synthesis that start from o-chlorobenzaldehyde reported by Saito at al. in 2011 was our
choice, indeed the authors reported also a large-scale preparation of BTBT.

Reference 67

CI0zS._~_NO,
W
O,N S0,CI ‘ Reference 68

. 55 H3CS R

Re CODE Ay
= t R= Cy2H
R= Br 12125

Reference 66 R= Ci2Has

Reference 65

EtOH,SCS COOEt
56 l
x

EtOOC/©\/SzSHZOEt

Scheme 2.3 Reported synthesis of BTBT derivatives, starting from stilbenes with o-sulfur functional
groups’s 68
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aromatic substitution in position 2 and 7 or go through the litium salt intermediate for the functional-
ization of the positions 1 and 6

2.2 Aims

Motivated by promising performance in OFET shown by BTBT derivatives, we have
decided to synthesize new BTBT derivatives. In particular, we focused our efforts on
two different classes: a) extended conjugated BTBT derivatives and b)functionalized side
chains BTBT derivatives. In details, for the first type we aimed at the synthesis of new
BTBT derivatives that present conjugated moieties like hetero-aromatic substituents (or
simple double bond) in the structure, since they are supposed to facilitate molecular
packing in the solid state and consequently improve the electron transport properties of
the molecule. General target-structures are shown in figure 2.9. Generally, this kind of
structures are synthetized by Stille, Suzuki-Miyaura and Kumada cross coupling reaction
for BTBT derivatives. We tried to synthetized the target-structures employing different
synthetic strategie like Pall-Knorr, McMurry and direct arylation reactions. For the sec-
ond type, we aimed at functionalizing BTBT with side chains with particular end groups
in order to tune the packing in solid state thanks non-covalent interactions. Functional-
ization of the BTBT core by side chains is likely to introduce stronger interactions such
as hydrogen bonds. Examples developed simultaneously with our work are already docu-
mented.”” ™ In particular our idea was to use hydrogen bond in order to modify BTBT
packing in the solid state.
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Figure 2.9 Target compounds general formula

2.3 Synthesis of conjugated BTBT derivatives

2.3.1 Synthesis of [1]benzothieno[3,2-b][1]benzothiophene dimer
double bond-linked

Our first target was the extended conjugation derivative 66 (see scheme 2.5) in principle
accessible through aldehyde 67 via the the McMurry reaction. Soluble precursor 5 was
synthetized via two reaction steps, Friedel-Crafts acylation and carbonyl reduction, using
BTBT as the starting material. The condition of Friedel-Crafts acylation were taken from
the literature: BTBT was reacted with octanoyl chloride activated by aluminium chloride
(AICl;) in dichloromethane at low temperature (-84°C) in order to control the regioselec-
tivity of the electrophilic attack. For the reduction of the carbonyl to methylene group,
literatures reports a Wolff—Kishner reduction condition. Aiming at avoiding the use of
hydrazine, we turned to aluminium hydride (AlH3) generated in situ by reacting sodium
borohydride (NaBH4) with aluminium chloride (AlCl;) in tetrahydrofuran at reflux. The
reaction’s yield is high and comparable with Wolff-Kishner reduction reported in litera-
ture. We intended to prepare the intermediates 67 thanks an aromatic formylation reac-
tion, because in several examples reported in literature BTBT shows very good reactivity
in terms of regioselectivity and conversion in Friedel-Crafts acylation , another aromatic
electrophic substitution. Our first attempt was the Vilsmeier-Haack reaction. Thus com-
pound 5 was reacted with the Vilsmeier-Haack reagent in reflux dichloroethane (DCE)
for 5 hours under nitrogen atmosphere (condition a in scheme 2.5 ). Vilsmeier-Haack
reagent was previusly prepared by reacting dimethylformamide (DMF) with phospho-
rus oxychloride (POCIl3) at 0 ° C. Unfortunately, the reaction was checked with TLC
analysis and after acid work up by NMR spectroscopy but in both case no traces of
aldheyde were observed, mostly starting material 5 was recovered. Even the use of N,N-
dimethylformamide (DMF) as the solvent gave no conversion of the starting marterials 5
(condition b in scheme 2.5). Probably the lack of reactivity of the BTBT was due to the

20



2.3. SYNTHESIS OF CONJUGATED BTBT DERIVATIVES

weakness of the electrophile used so we decided to use the conditions of Rieche formyla-
tion. In Rieche formylation dichloromethyl methyl ether acts as the formyl source upon
activation by titanium chloride. Compound 5 was reacted with dichloromethyl methyl
ether and titanium chloride in dichloromethane at 0°C, followed by room temperature
stirring for 20 h (condition ¢ in scheme 2.5). The reaction’s conversion was complete as
assessed by TLC analysis. unfortunately formation affords 4 different regioisomer ( as con-
firmed by NMR spectroscopy) that can not be separated by chromatographic purification.
We tried to run the reaction at lower temperature (-21°C) but alsounder such conditions
the formation of the 4 different regioisomers was observed (condition d in scheme 2.5). In
conclusion we could not isolate the intermediates 67, consequently we dropped the target
compound 66.

1 o 2 5
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N/ — " . N\ D
S = AICI S Crtis THE S
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Scheme 2.5 Planned synthesis of compound 66

2.3.2 Synthesis of [1]benzothieno[3,2-b][1]benzothiophene dimer
heterocycle-liked derivatives

2.3.2.1 Friedel-Crafts acylation reaction with Dicarboxylic acid chloride

As simple double bond bridged derivatives proved to be unaccessible we turned to het-
eroaromatic (thiophene and pyrrole) bridged derivatives. Our first synthetic strategy in
order to obtain compounds 69 and 70, were based on Pall-Knorr reaction of the keys inter-
mediate 71 . The idea was to synthetized the intermediates 71 with a double Friedel-Craft
acylation of succinic acid dichloride in the same condition of BTBT acylation exploiting
for the synthesis of the compound 2: in dichloromethane at -84°C. Reaction’s conversion
was complete but surprisingly it was not possible isolate the desiderated product. In
both cases we observed the formation of a complex mixture of decomposition structures.
Neither crude product’s NMR analysis nor GC-MS analysis allowed us to identify the
structures obtained. We suspect that we obtained a mixture of non-separable compounds
due to inter and intramolecular electrophilic attacks. In order to understand if the prob-
lem could be the activation of the aromatic ring due to the introduction of the electron
donating octyl chain group, we tried the same reaction with BTBT in order to obtain
intermediate 72 but we obtained similar results. We tried to change the carboxylic diacid
chloride in order to test if the BTBT derivatives reactivity in double Friedel-Craft acy-
lation was peculiar of the succinic derivative or more general, we decided to use malonic
acid dichloride. Moreover the intermediates 73 and 74 are 3-diketones useful for the syn-
thesis of the difluoro-dioxaborine derivatives 75 and 76. Unfortunately, for BTBT and

21



CHAPTER 2. THE CHEMISTRY OF BTBT DERIVATIVES: CHALLENGES AND NEW
DERIVATIVES

compound 5 both behaviour was the same as that observed with succinic acid dichloride.
We dropped this approach as well.
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Scheme 2.6 Planned syntheses of compounds 77-70 and 75,76

2.3.2.2 Friedel-Crafts acylation reaction with carboxylic anhydride

Derivative 72 could not be made by double Friedel-Crafts acylation reaction, but other
approaches are possible, that involves more synthetic steps. We started with Friedel-
Crafts acylation of BTBT with succinic anhydride in order to obtain the compound 10.
This time were able to isolate the carboxilyc acid 10 in moderate yield (60%). We still
observed the formation of a regioisomers, but thanks a hot washing in toluene and ex-
tractive crystallization in THF, we menaged to isolate pure 10. The second step of our
synthetic strategy was the synthesis of the acyl chloride 79, we tried two different chlo-
rinating reagent: the first was Thionyl chloride (SOCly) in presence of catalytic amount
of DMF but we obtained the decomposition of the reagent. Indeed in the NMR of crude
product we observed a lot of new aromatic signal, not coherent with the BTBT scaffold.
We thought the problems could be linked with the aggressive reaction’s byproduct like
hydrogen chloride and sulfur dioxide so tried also with Oxalyl chloride ((COCI),) in pres-
ence of DMF like catalyst, because the byproduct of the chlorination with this second
reagent are the carbon monoxide and carbon dioxide, but also in this case we were unable
to isolate the target 79. We tried to run the chlorination on the activate acid carboxylic
acid as cesium salt (80) prepared by the reaction of compound 10 with cesium carbon-
ate in Toluene, but yet again we could not isolate the compound 79. Nonetheless the
devolpment of the condition for the synthesis of compound 10 proved useful for different
synthetic schemes (section 2.5.3 and 3.5.2.3). In particular the compound 10 opened the
way to the synthesis of target compound 81, still to be optimized. The esterification of
compound 10 with decanoyl iodide in the presence of 1,8-diazabiciclo[5.4.0Jundec-7-ene
(DBU) as activating base affords ester 11 in moderate yield (40%), due to the poor sol-
ubility of the reagent in toluene at 45°C (temperature was not raised further to avoid
elimination of the iodide. Finally we made only a first attempt of Pall-Knorr reaction
of the compound 11 with Lawesson’s reagent in Toluene under pressure and microwave
irradiation. The crude product 's NMR analysis confirm the formation of the prodcut,
along with other byproduct, the purification still to optimize.
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2.4 Direct arylation cross coupling for [1]benzothieno-
[3,2-b][1]benzothiophene derivatives

2.4.1 Direct arylation cross-coupling a greener alternative

Compounds the like of 11 and 81 could be prepared via cross coupling reactions: the like
of of Stille,® 81 Suzuki ®* % (palladium-catalyzed)®* and Kumada® (nickel-catalyzed)®
more in general, transition-metal(TM)-catalyzed cross-coupling methodologies, in parti-
colar Pd-catalyzed reaction have evolved over the past four decades into one of the most
powerful and versatile methods for C(sp2)-C(sp2) bond formation, enabling the construc-
tion of a diverse and sophisticated range of n-conjugated molecules and polymers.®” How-
ever, this traditional cross coupling reactions require organometallic nucleophilic reagents,
particularly when being functionalized, are often not commercially available or are rel-
atively expensive and their synthesis provides the use flammable ( e.g. butyl lithium),
unstable and /or highly toxic ( e.g. organo tin derivatives) reagents. Therefore, direct ary-
lation reactions based on the activation of the C-H bonds represent an environmentally
and economically more attractive strategy®® ! (Scheme 2.8 ) very promising for the de-
velopment of organic semiconductors that can be prepared in large scale and sustainably
, one of the key challenge for Organic printed electronics as mentioned in chapeter 1.

Traditional cross-coupling reactions

s
M R 7 ARy
/
2 H_ @( [TMlcat, \‘
~ \\ \ ~=
/5 —— =
R 1 MX Ry

cY
Ry

[TM]cat.

<
HX
Direct arylation cross-coupling reactions

Scheme 2.8 Comparison between classical cross-coupling and direct arylation reactions

TM-catalyzed direct arylation reaction through cleavage of C-H bonds has undergone
rapid development in recent years and is becoming an increasingly viable alternative
to traditional cross-coupling reactions with organometallics. In particular, palladium and
ruthenium catalysts have been described that enable the direct arylation of (hetero)arenes
with challenging coupling partners including electrophilic aryl chlorides and tosylates.®®
Catalytic direct arylations by cleavage of C-H bonds can be differentiated on the basis
of the nature of the coupling partners into 1) oxidative arylations (Scheme 2.9 a, b) and
2) reactions with aryl (pseudo)halides as electrophilic coupling partners(Scheme 2.9 c).
Oxidative arylations inherently require the presence of sacrificial oxidants, and can be
achieved with either stoichiometric amounts of organometallic reagents (Scheme 2.9 a)
or (hetero)arenes®® (Scheme 2.9 b) as arylating reagents. Since the use of organometal-

24



2.4. DIRECT ARYLATION CROSS COUPLING FOR
[1]BENZOTHIENO)|3,2-B][1]BENZOTHIOPHENE DERIVATIVES

lic reagents is associated with the formation of stoichiometric amounts of undesired by-
products, dehydrogenative arylation is significantly more appealing.

) Oxidative direct arylations with organometallic reagents
a .
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+ S
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Scheme 2.9 Strategies for catalytic direct arylation for the synthesis of biaryls. TM=transition-metal
catalyst M= metallic group X= (pseudo)halide

The mechanism of direct arylation coupling has been the subject of several experimen-
tal® %4 and computational reports® % in the past two decades. Two pathways that have
been widely studied are the electrophilic aromatic substitution and concerted metalation
deprotonation (CMD). In 2000, Sakaki and coworkers reported®” a computational study of
the C-H activation of benzene by palladium that report a CMD pathway and afterwards
Fagnou® % and coworkers works demonstrated the applicability of the CMD pathway to
a wide range of heteroarenes. Scheme 2.10 describes the common mechanism of direct
heteroarylation by the CMD pathway for carboxylate-mediated models.!% 190 The reac-
tion begins with the oxidative addition of the aryl halide bond (Ar;— X) to the Pd(0)
complex (Scheme 2.10) with ligands (L) to form an aryl-halo complex. Depending on the
catalytic model, a carboxylate or carbonate ion coordinates with the aryl-halo complex
to deprotonate Ars while simultaneously forming theAr,—Pd bond, hence leading to the
formation of the transition state. The concerted-metalation and deprotonation step dis-
tinguishes direct C-H arylation from convention C-C coupling. It should be noted that
while most arenes follow the CMD pathway, the exact mechanism depends on the nature
of substrates, ligands and solvents involved.'%271%4 The product is formed by the reductive
elimination of Ar;—Ar, from palladium.
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Scheme 2.10 General mechanism of direct arylation via the concerted metalation-deprotonation (CMD)
pathway

Several examples of direct arylation with aryl (pseudo)halides as electrophilic coupling
partners are reported for OS small-molecoules indeed OS synthetized by direct ary-
lation belong to different classes: Benzothiadiazole (BT),'% 1! Diketopyrrolopyrrole
(DPP),12 17 Napththalenediimide (NDI),107% 18 119 Tsindigo (IG),'?° Thienothiadiazole
(TTD)"? 121 and Thienoisoindigo (TIIG).*? Reported BTBT derivatives synthesis by di-
rect arylation are limited to their synthesis via 3-phenylbenzothiophene intermediate that
are mentioned before in section 2.1.3.2727 and examples of late stage functionalization
of BTBT scaffold by direct arylation are not yet reported. this reasons prompted us to
study the reactivity of BTBT in conditions of direct arylations and verify if it was possible
to obtain the conjugate extension derivatives under these conditions.

2.4.2 Direct arylation cross coupling reaction for BTBT deriva-
tives

We started to test the BTBT’s reactivity in direct arylation with simple model reactions.
We chose bromobenzene as the model substrate for test reactions on BTBT C-H bonds
in direct arylation condition. This strategy for the functionalization of the BTBT scaf-
fold would avoid the synthesis of BTBT bromides, which as explained in section 2.4.3
presents several limitations in the purification. The first trials of BTBT derivatives syn-
thesis by direct arylation reaction was the synthesis of compounds 32 and 82. We reacted
BTBT with: bromobenzene as coupling partner, palladium(II) acetate (Pd(OAc),) as pal-
ladium source , tricyclohexylphosphine tetrafluoroborate (P(Cy)s.HBF,) as precursor of
the catalyst ligand, pivalic acid ((CH3);COOH) as protonic shuttle and potassim car-
bonate (K2COs) as base; in dimethylacetamide (DMA) at 130°C for 72h. We choose
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these condition as they are already reported for the functionalizattion of several others
OS system!!37115: 120, 121 The crude product’s analysis by GC-MS analysis reveals a low
conversion and the formation of two mono-arylated regioisomers and two di-arylated reg-
isomers. Similar results were obtained when we reacted compounds 82 under the same
condition. Unfortunately the reactivity of the BTBT C-H bonds in direct arylation is poor
and with lack of regiospecificity for the different C-H bonds, so we decided to reverse the
functionality, thus developping mono and di bromination protocols for BTBT.

Br
S S
heYsY O
S Pd(OAc), P(Cy)zHBF,4 S O
R=H 1 KoCOs R=H 32
R=CgH¢7 & (CH3)3CCOOH R=CgHq7 82

DMA 130°C 72h
Scheme 2.11 Attempt of BTBT’s phenylation by direct arylation

2.4.3 [1]benzothieno|[3,2-b][1]benzothiophene bromides synthe-
sis

In order to test the reactivity of BTBT’s bromide we synthetized different bromides. We
started with the compound 2-bromo-[1]benzothieno[3,2-b][1]benzothiophene (83) synthe-
sis , scheme 2.12 shows the three literature synthesis. The route a'?3 is 3 steps synthesis,
it starts with the nitration of BTBT with fuming nitric acid (HNOj in dichloromethane
at -81°C in order to control the regioselectivity). Compound 84 was obtained in good
yield (81%). In the second step the nitro group of the compound 84 is reduced to ammino
group with ammonium chloride and iron catalysis in toluene at 80°C to afford compound
85 in high yield (98%). Last step is a bromination under Sandmeyer conditions with the
preparation in situ of the corrisponding diazonium salt, in dimethyl sulfoxide (DMSO) at
35°C. Compound 83 was obtained in moderate yield. The route c¢'24 starts from Suzuki-
Miyaura cross coupling of the compounds 86 and 87 to afford the phenyl-benzothiophene
derivative 88. The final step is a two step cyclization affording the compound 83 in mod-
erate yeld (48%). In summary the route a and c are multi step synthesis with a overall
yield of 38% and 40% respectively moreover compound 86 is not commercialy available.
For this reason we prefer the route b?% because is only one synthetic step: bromination
of BTBT in dichloromethane at room temperature, the conversion of the reaction is com-
plete but the compound 83 was obtained in moderate yield (40%), the problem is the
formation of a regiosiomer that is removed with a crystallization in chloroform.
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Scheme 2.12 Reported syntheses a of compound 83

Our second target bromide was 2,7-di-bromo-[1]benzothieno[3,2-b][1]benzothiophene (12),
Scheme 2.13 shows the literature syntheses (a, b, ¢). The route a®” is the first synthesis
reported for this compound already in the 1980, is 5 steps synthesis starting with the
commercial stilbene 89 and after several functional group intercorversion under harsh
conditions it gives BTBT functionalizated 90 that is converted in the corresponding bro-
mide (12) in the last step, with an overall yield of 52%. More recently the synthesis of
the intermediate 90 was proposed directly starting with a nitration of the daectivated
compound 84 but the second nitration is inefficent leading to a 17% yield. The route b%®
starts from the commercially available aldhyde 91 | the first step is aromatic nucleophilic
substitution of the fluoride group with methylsulfur group to afford the compound 55.
The second step is a McMurry reaction giving stilbene derivatives 55 that is cyclised to
afford compound 12 with an overall synthesis of 9%. The direct bromination of BTBT
was another time our choice ( route ¢'?® ), with bromide in dichloromethane at room
temperature in presence of a catalytic amount of iodide. The conversion is almost com-
plete but the formation of three regioisomers make the purification troublesome. The
author reported a yield of 57% after a chromatographic column and crystallization in
chloroform, but in our hands the purification wasn’t reprudicible particulary regarding
chromatographic separation and for the crystallization a big amount of solvent is required
due the very poor solubility of the product 12. We thus developed a non-chromatographic
purification: a crude product’s hot washing with boiling dichloromethane. The yield is
33% and little regioisomer impurities remain confirmed by GC-MS, but is more scalable
technique. In order to obtain more pure product we tried the bromination of the com-
pound 83 and we could isolate clean 12 with a yield of 45%, , an overall yield from BTBT
of 18%. In order to increase the bromination regioselectivity we tried to exchange the
brominating agent:N-bromosuccinicimmide (NBS) and tribromoisocyanuric acid, but with
the first reagent in dark condition in varius solvent (CH,Cly,CHCl3, CCly, DMF, THF,
Dioxane) no bromination was observed and with tribromoisocyanuric acid in sulphuric
acid as the solvent the bromination doesn’t show better regioselectivity. We plan to try a
route e , starting from commercially aldehyde 91 and under the same condition employed
for the one-pot synthesis of BTBT condition: Sodium hydrosulfide hydrate (NaSH) in
N-Methyl-2-pyrrolidone (NMP). We think we could obtain the desired product 83 in good
yield in only one synthetic step. Indeed if the aromatic substitution on aldhyde 91 follow a
classical addition-elimination mechanism the hydrosulfide anion will react predominantly
with the fluoride to give the intermediate thiol intermediate 92 that be condensed and
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dehydrated to gave the product 12 ;| the route is under evalutation.
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89 54 93
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[ 924 920
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Scheme 2.13 Syntheses of compound 12: Reported in literature a,

67h,68¢126 and not reported d and e

Finally we prepared a more soluble BTBT bromide, 2-octyl-7-bromo-[1]benzothieno|[3,2-
b][1]benzothiophene follow reported condition,'?® (see scheme 2.14) but we performed the
reaction at low temperature, - 21°C instead of r.t. in order to try to control better the
regioselectivity. Our result were compatible with those of the literature (60%) .

96

13
S S
s S CH2C|2 e S

-21°C 3 days 60%

Scheme 2.14 Synthesis of compound 13

2.4.4 Synthesis of 2 and 2,7-thienyl-[1]benzothieno[3,2-b][1]benzo-
thiophene (BTBT) derivatives by direct arylation

Once we got the bromides, we decided to test their reactivity in direct arylation reac-
tions with 2-hexylthiophene like coupling partner. The reason for the 2-hexylthiophene
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as the coupling partner is that 2-hexylthiophene has only one activate position for di-
rect arylation, the position 5 and moreover 14 is a very promising OFET materials,
more details about that can be found in the section 3.5. Bromides 83 was reacted with:
2-hexylthiophene as coupling partner, palladium(Il) acetate (Pd(OAc)s) as palladium
source , tricyclohexylphosphine tetrafluoroborate (P(Cy)sHBF,) as precursor of the cat-
alyst ligand, pivalic acid as protonic shuttle and potassim carbonate (KoCO3) as base; in
dimethylacetamide (DMA) at 130°C for 24h. The product was observed in TLC analysis,
but also several other not well indificated byproduct were formed. The crude prodcut was
purified by chromatography and crystallization to afford 2-(5-hexyl-2-thienyl)-[1]benzo-
thieno|[3,2-b][1]benzothiophene (14) with 20% yield. Under the same conditions we tried
the synthesis of compound 15 and we could isolate the target in 15% yield starting from
bromide 12.

83 S 14
S D/CGHB S
Br ) O Sy Celtis
S Pd(OAc), P(Cy)sHBF, Q \_/
K,CO5 S
(CH3)3CCOOH

130°C 24h 20%

12 S 15
S O CeH1s
BrBr W CeH13 /S\ S/ O S
s Pd(OAc), P(Cy)sHBF, (o Gt

K,COj3 S
(CH3)3CCOOH
130°C 24h 15%

Scheme 2.15 Synthesis of compounds 14 and 15 by direct arilation starting from BTBT bormides (83
and 12). stoichiometry = BTBT’s bromide (83 and 12) 1 eq., 5-Hexyl-2-thiopheneboronic 1 eq, Pd(OAc),
0.04 eq, P(Cy)3HBF, 0.08 eq, KoCO3 0.6 eq, Pivalic acid 0.6 eq. Solvent = dimethylacetamide

Although the reaction yields are not high, these were the first examples of BTBT deriva-
tives synthesized by direct arylation starting from BTBT, so we decided to try the syn-
thesis of more complex [1]benzothieno[3,2-b][1]benzothiophene dimer heterocycle-linked
derivatives under such conditions.

2.4.5 Synthesis of [1]benzothieno[3,2-b][1]benzothiophene dimer
heterocycle-linked derivatives by direct arylation reaction

2.4.5.1 Synthesis of heterocycle-linker

We decided to synthetize more complex heteroaromatic linkers, other than simple thio-
phene rings. Among the emerging classes of electroactive conjugated materials, fused ring
bithiophene derivatives, such as dithienothiophene oligomers, have attracted considerable
attention for their semiconducting properties.'?™ 128 Fused ring derivatives of aromatic or
heteroaromatic molecules (e.g. fluorene vs. biphenylene) lead to: more extended conju-
gation in the ground state, more planar molecular geometries and more rigid structures.
These tend to increase the degree of conjugation, lower the HOMO-LUMO separation
and enable closer intermolecular interactions. The rigid fused ring structure also lowers
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the reorganization energy, a factor that has been shown to strongly affect the rate of in-
termolecular hopping and hence the mobility of charges in organic semiconductors.'?” For
these reasons, we decided to synthesized 4,4-bisoctyl-cyclopentadithiophene (compounds
97 , see scheme 2.18) and 4,5-bis(octyloxy)benzo[1,2-b:6,5-b’]dithiophene (compound 98,
see scheme 2.17) as linkers also designed in order to improve solubility in common organic
solvents.

Compounds 97 and 98 were prepared following literature reported syntheses.!? 139 Com-
pound 99 (see figure 2.16 ) is a common precursor for both bithiophene derivatives.
Derivative 99 can be prepared in two steps, starting from a commercially available alde-
hyde 100. The NHC-catalyzed benzoin condensation of 100 affords the alcohol 101 in
excellent yield under very mild conditions. The latter can be converted to 99 by man-
ganese(IV) oxide (MnyO) promoted, heterogeneous phase oxidation in cyclohexane. Both
steps are exceedingly simple and can be readily scaled up to hundreds of grams scale with
minimum amount of organic solvents employed.

/
1g0 @N> 101 s 99 s
' (NHO) 9 ()
S DBU OH Cyclohexane 0
DME /N reflux 80% 5h /N
o S S
1) 0°C 8h

2) r.t. 12h 97%

Scheme 2.16 Synthesis of compound 99 starting from commercial aldhyde 100

Cyclized product 102 (see scheme 2.17) was obtained under oxidative ring-closing condi-
tions.!3! in the last step, compound 98 is prepared by oxygen alkylation from the acylated
intermediate 103.1%°

99 102
s (0] 0]
\
O FeCl; l \
> CH,Cl, S s
/A rt. 91% 4h 08
S 103
AcO  OAc CollrQ  PCef
H4/B
102 / \ oo ’ \
$2003
1) NaBH4 DMF, r.t., 1.§h S S AcCN S S
2) Ac,0, Pyr, r.t,. overnight, 35% reflux 4 days 86%

Scheme 2.17 Synthesis of compound 98 starting from the precursor 99

Compound 97 was prepared with a 4 step synthesis starting from compound 99. The
first step is a transposition base catalyzed reaction to give compound 104 . Cyclized
product 105 was obtained under oxidative ring-closing conditions. Copper-Catalyzed de-
carboxylation carboxylic acids 105 gives cyclopentadithiophene 106. In the last step,
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compound 106 is alkylated with two subsequent nucleophilic substitutions on octyl bro-
mide by lithium salt intermediates to afford product 97.

99 S/ 104 égg !
\
Q KOH HO_ COOH AlCl,
0 H,O/EtOH I\ Toluene / \
/ \ reflux 70% 1h S s reflux 60% 2h s s
S
DMA CUZ(OH)2CO3
reflux 2h 27%
97
CgH17. CgH47
106
[ i 2 \)
S S / \
CPDT 1) CgH16Br, BuLi, from 0°C to r.t. 2h S S
2) CgH4gBr, BuLi, from 0°C to r.t. 2h
THF
78%

Scheme 2.18 Synthesis of compound 97 starting from the precursor 99

2.4.5.2 Synthesis of [1]benzothieno[3,2-b][1]benzothiophene dimer heterocycle-
linked derivatives

We reacted two equivalent of bromide 13 with 1 equivalent of the heterocycle-linker 98 in
order to preapare the compound 16. Direct arylation condition were the same tested in
the synthesis of 14 and 15 : Pd(OAc), (0.04eq), P(Cy)sHBF, (0.08eq), (CH3);CCOOH
(0.60 eq) and KoCOj3 (3.00 eq), in dimethylacetamide (DMA) at 130°C for 24h. Raw
materials was a mixture of disubstituted compound 16 and monosubstituted 17 and other
byproducts. The purification was not trivial cause instability of compound 16 when it is
deposited on the silica, indeed only 17 was obtained in pure form. Compound 16 contains
some impurity that could not be eliminated. Finally, two equivalent of bromide 13 was
reacted with 1 equivalent of the heterocycle-linker 97, better results were obtained when
we reacted two equivalent of bromide 13 with 1 equivalent of the heterocycle-linker 97 in
the same conditions, thanks to a greater stability of the compound 18, it was possible to
purify it by chromatography column and crystallization.
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CgH170 OCgHy7
13

s | \
CgH17 Q / O ~s S
s B Pd(OAC), P(Cy)sHBFs
K:CO3
(CH3)sCCOOH
130°C 24h

13 CgHi7_CsHi7
s U \ Z )
CaHrr Q p O s” s
Br — —————
S

Pd(OAc), P(Cy)sHBF,
KoCO3
(CH3)sCCOOH
130°C 24h 45%

Scheme 2.19 Synthesis of compounds 16,17 and 18 by direct arilation starting from BTBT bromide
13. stoichiometry = 2-octyl-7-bromo-[1]benzothieno|[3,2-b][1]benzothiophene 13 2 eq., heterocycle (98
and 97) 1 eq, Pd(OAc)2 0.04 eq, P(Cy)sHBF, 0.08 eq, K2CO3 0.6 eq, Pivalic acid 0.6 eq. Solvent =
dimethylacetamide

2.5 Synthesis of [1]benzothieno[3,2-b][1]benzothiophene
with functionlizated side chain derivatives

2.5.1 Synthesis of [1]benzothieno|[3,2-b][1]benzothiophene with
doublebond-fuctionalizated side chain derivatives

The first simple functionality that we inserted in a BTBT’s sidechain was a double bond.
The synthesis of alkene 4 start with a Friedel-Crafts acylation of BTBT with octanoyl
chloride followed by reduction with sodium borohydride in THF to afford the alchol 3 in
high yield. The last step is a acid-catalyzed dehydration of the secondary alcohol 3 to
afford alkene 4.

Q
O

Q / s O AICI,

DCM
-84°C 4h 98%

THF
Reflux 5h 93%

4
S S
O / O 75 p-TsOH cat. Q / O
S Toluene S OH

Reflux 4h 76%

NaBH,

»

Scheme 2.20 Synthesis of compound 4

33



CHAPTER 2. THE CHEMISTRY OF BTBT DERIVATIVES: CHALLENGES AND NEW
DERIVATIVES

2.5.2 Synthesis of [1]benzothieno[3,2-b]|[1]benzothiophene with
hydroxy-fuctionalizated side chain derivatives

In order to tune the packing in the solid state of BTBT derivatives thanks to hydrogen
bonds, we synthetized the alcohol 9 and the diol 7. First steps from BTBT is mono and di-
acylation with methyl adipoyl chloride respectively to afford compounds 8 and 6. The last
steps are the reduction of the carbonyl groups to methylene groups and contemporaneously
the reduction of methyl ester groups to hydroxy group with aluminium hydride to afford
alcohols 9 and 7.

e ot ohd
~
CI/U\‘"’ZU\O/ O S cl 70
00
AICI3 s AICI3
CHaClp CH,Clp
from -84°C to r.t. 24h 51% from -84°C to r.t 4h 77%
~0 0
4 S N (0] o S o
° = K
(¢} S == 40— S 4 o

THF

NaBH, AICl; NaBH; AICIs | Refiux 3h 83%

THF
Reflux 3h 85%

9
HO_ ., s s
s == 4 "OH S == 4 "OH

Scheme 2.21 Synthesis of compounds 7 and 9

The diol 7 have been reported recently.” The reported synthesis is different from ours
and its shown in scheme 2.22.The first step is a double Friedel-Crafts acylation on BTBT,
with 6-bromohexanoyl chloride to give compound 107.The second step is nucleophilic
substitution of bromo with acetate in order to form the C-O terminal bond. The last step
is a reduction in Wolff-Kishner condition to afford the diol 7. Our synthetic strategy is
similar but the use of methyl adipoyl chloride insted of 6-bromohexanoyl allows us to skip
a synthetic step: the introduction of the C-O terminal bond.

1 o 107
s N /U\(I?/\B Br 4 s o)
r
s AlCI3 0 s 4 “Br
CH,Cly
from -84°C to 10°C
overrnight 68%
108 7
AcOH Cs,CO; A0 4 S o HN-NH,  HO_ |, ., /= s
107 ———— \ — on I
TBAI K s 7 oAc KOH N\
DMF diethylen glycol S 4 "OH
90°C 3h 88% i) 100°C 1h

i) 200°C 6h 84%

Scheme 2.22 Reported synthesis of compound 779

Roche at al. proved that compound 7 is able to self-organize into a lamellar structure
through Y7 stacking and van der Waals interactions but also through hydrogen bonding
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interactions. The hydrogen-bonded network controls the interlamellar region in terms of
organization and stability. According to thermogravimetric analysis (TGA) and Differen-
tial Scanning Calorimetry (DSC) measurements reported in the article, 7 is stable up to
333 °C with less than 5% of weight loss (figure 2.10). Interestingly, the weight loss reaches
100% slightly above 400 °C. This indicates that the compound sublimes easily before it
degrades because no graphitization was observed and the crystal-liquid phase transition
is around 180°C. The authors reported evaporated 7 based OFETs exhibited very good
mobilities of pre; = 0.19% 0.01 ¢m?V ~!s~! under air, confirming that compond 7 have
potential use as OFET chemical sensors device. Indeed these materials must show good
carrier mobility and the possibility of differential interaction with analyte, and for this
pourpose the hydrogen bonding can be employed. The same paper reports also on the
impossibility to obtain good film quality by solution deposition due to its high propensity
to self-organize and to crystallize. The authors reported also a comparison of mobility
values of OFET based on well know 2,7-dioctyl[1]benzothieno[3,2-b][1] benzothiophene
(DiC8-BTBT). Diol 7 showed a hole mobility about one order of magnitude lower than
DiC8-BTBT, the authors impute this difference to the two different supramolecular or-
ganizations of the materials in the thin films. Indeed thanks to crystal structure studies
they show that the bi-dimensional character of the interaction network formed by the
DiC8-BTBT while the intermolecular network formed by the diol 7 actually is more likely
one-dimensional. We speculate that such an effect could be overcome, by the use of the
more soluble and mono-functionalizated asymmetric derivative 9, our hypothesis will be
verified or not in future device’s characterization.
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Figure 2.10 (a) compound 7 TGA. (b) compound 7 DSC profile of the first heating and cooling cycle
(heating rate: 10 K/min). Four events are observables: three phase transitions at 80.9 °C, 116.4 °C, 181.3
°C (smectic A phase), and 186.2 °C isotropization (onset determination).Reprinted with permission from
ref™ Copyright American Chemical Society

2.5.3 Synthesis of [1]benzothieno[3,2-b][1]benzothiophene-peptide-
based supramolecular nanostructures

Peptide-based supramolecular nanostructures are particularly of great interest due to their
biocompatibility, biofunctionality, stimuli responsiveness, and rich functionality.!3? 133 As
a result of structural versatility and facile synthesis, numerous peptide-based supramolecu-
lar nanostructures with various chemical compositions have previously been developed and
extensively studied for tissue engineering, drug delivery, sensing, catalysis, optoelectronic
and biomedical applications.'* 135 Recently, there is also a growing research interest to
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employ semiconductor-peptide-based self-assembly process in the bottom-up fabrication
of supramolecularly nanostructured (opto)electronic materials.!3® 135 In a typical ap-
proach a m-conjugated organic semiconductor small molecule is covalently attached to a
short selfassembling peptide sequence, and these peptidic organic n-structure amphiphiles
self-assemble into well-defined 1D nanostructures under aqueous conditions. This type of
electroactive nanostructures formed in aqueous media hold great promise in a variety of
applications in (opto)electronics, organic chromophore arrays and bioelectronics.!3¢ 137
Several are the examples of n-conjugated systems such as oligothiophene, naphthalenedi-
imide, pyrene, phenylenevinylene oligomers and very recently was reported the first ex-
ample on BTBT derivatives.” 136: 138,139 T collaboration with Professor Miriam Mba,
Blazquez of the University of Padova, we develop a second example of BTBT n-core one-
dimensional (1D) nanowire that is self-assembled in aqueous media for potential use in
bioelectronics and sensors.

The BTBT-peptide conjugate 19 was synthesized using standard Fmoc base solid phase
peptide synthesis protocols (Scheme 2.23. We selected the tetrapeptide glutamic acid-
phenylalanine-glutamic acid-phenylalanine ( in amino acid’s one letter code: EFEF),
containing alternating polar and apolar residues, because low molecular weight gelators
(LMWG) containing this sequence have been shown to form pH tunable supramolecular
hydrogels rich in (-sheet structures. We predicted that compound 19 would be soluble
in water at basic pH due to the electrostatic repulsions between the negatively charged
glutamic acids. Decreasing the pH, protonation of the glutamic acids should allow the
self-assembly of 19. As expected, 19 was insoluble in milliQ water (pH 5) at room
temperature. We found that addition of small amounts of NaOH 1M lead to homogeneous
solutions of 19, which after addition of HCl 1M became a gels. Experimentally, we found
that excess of NaOH 1M was also able to trigger gel formation. Thus, self-assembly of the
negatively charged 19 also occurred when the ionic strength of the solution was enough
to screen the negative charges. The study on the effect of the cation is ongoing. Different
salts were added to a solution of 19 in water at basic pH. MgCl,, CaCl,, Li(OH), K(OH),
NH,Cl. The gelation ability of 19 in organic solvents was also tested. In these studies,
a stock solution of 1 in DMSO (70 mg/mL) was prepared. Then a known amount of the
stock solution was added to a vial containing 1 mL of the appropriate solvent. Results are
reported in Table 2.1 formed transparent gels in chloroform and opaque gels in acetonitrile
at concentrations as low as 0.3 wt%. Weak gels formed also in ethyl acetate (AcOEt) and
toluene.

19 Hooc  HOOG

= s 7 standard Fmoc base solid phase S o H o
(¢}
LS JJ iy N
W or / NJH \i)kNHz
o H 2

Rink amide resin (100-200 mesh, loading 1.6 mmol/gram) S o)
2
J

Fmoc protected amino acid (4 equiv) o o

Scheme 2.23 Fmoc base solid phase peptide synthesis of compound 19
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| Entry | solvent | Result” | mgc® (wt%) | notes

1 Et,O I —

2 MeOH I -

3 THF S -

4 CH3CN G 0.3 opaque
5 CHCl; G 0.3 transparent
6 Toluene WG -

7 AcOEt WG -

Table 2.1 Gelation ability of 19 in organic solvents. a) I = insoluble, S = solution, G = gel. b) minimum
gelator concentration (mge)

Morphologies of the hydrogels were studied by Transmission electron microscopy (TEM).
Samples were not diluted, but gels were directly deposited on the carbon grid and no
staining was used. Hydrogels obtained at acidic pH at 0.1 wt% concentration (Figures
2.11 A, B) showed the formation of helical fibrils several microns long with diameters
ranging from 5 to x nm, whereas at 0.5 wt % concentration the formation of structures
with a high aspect ratio was observed (Figures 2.11 C, D).

Figure 2.11 TEM images of hydrogels formed by 19 by addition of HCl at 0.1 (A, B) and 0.5 wt% (C,
D).

TEM images of the hydrogels of anionic 19 at high salt concentration (NaOH) shows also
the formation of fibrils up to 10 pm long at 0.1 wt% concentration (Figure 2.12 A), with
an average diameter of 5 nm, corresponding to the length of the extended conformation
of 19. At 0.5 wt% concentration fibrils are found to run parallel for several microns, they
seem to be in close proximity but not fused (Figures 2.12 B, C).
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Figure 2.12 TEM images of hydrogels formed by 19 at high NaOH content at concentrations 0.1 (A)
and 0.5 wt% (B, C). The inserts show photographs of the corresponding hydrogels

UV-Vis spectra of the hydrogels (Figure 2) show a small hypsochromic shift of the main
absorption band from 326 nm in the solution to 323 nm in the weak gels obtained by
addition of both HCI or NaOH at 0.1 wt% concentration. At 0.5 wt% concentration the
absorption profiles observed for the salt- and pH triggered gels show significant differ-
ences. For the NaOH triggered gel the main absorption band shifts to 321 nm, while
new shoulders appear at 339, 357 and 372 nm. On the other side, the HCI triggered gel
showed a very broad absorption band ranging from 290 nm to 500 nm. Emission spectra
of the 0.1 wt% solution at basic pH show a maxima at 503 nm while it is blue-shifted for
both the pH- and the salt (NaOH)-triggered hydrogels to 465 nm (figure 2.13). We are
currently exploring the transport properties of such structures.
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Figure 2.13 Absorption (solid lines) and emission (dotted lines) spectra of a 0.1 wt% water solution
of 19(black), hydrogels at 0.1 wt% in HCI sol. (green) and NaOH sol. (red), and 0.5 wt% hydrogels
in HCI sol. (blue) and NaOH sol. (yellow). Insert: From left to right the photograph shows under UV
irradiation a solution of 19, hydrogel at 0.5 wt% in HCI sol. and hydrogel at 0.5 wt% in NaOH sol.
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2.6 Conclusion

In order to synthetize extended conjugated BTBT derivatives, we tried different synthetic
approach. In the first approaches we tried to react BTBT or 2-octyl-[1]benzothieno[3,2-
b][1]benzothiophene by Friedel-Crafts acylation reaction with dicarboxylic acid chloride,
in particular with succinic acid dichloride and malonic acid dichloride with the purpose
of obtaining key intermediates that they would have allowed us to get different extended
conjugated BTBT derivatives starting from the same intermediates. Unfortunately, it
was not possible isolate a product . Neither crude product’s NMR analysis or GC-MS
analysis allow us to identify the structures obtained, we suspect that we obtained a
mixture of non-separable compounds due to inter and intramolecular electrophilic at-
tacks. If one of the dicarbloxylic acids remain unactivate like acid or ester the isolation
of the acylation product is possible as verified by the reaction of BTBT with succinic
anhydride in order to obtain 7-cheto-carboxylic acid (10) and recently Khalily and
coworkers”"reported the acylation of BTBT with methyl succinyl chloride. The subse-
quent activation of the carboxylic acid group of the compound 10 in acyl chloride was
not possible but we have preliminary data that after its esterification, the ~y-diketones
portion can be cycled to thiophene by Pall-Knorr reaction and and potentially allow
the synthesis of a series of 2-thienyl-[1]benzothieno[3,2-b][1]benzothiophene with ether
side chain of different length startig from the same intermediate. We tried aromatic
electrophilic substitution on BTBT, different from the well documentated Friedel-Crafts
acylation, we tried aromatic formylation reactions: Vilsmeier-Haak and Rieche formyla-
tions. In Vilsmeier-Haak reaction condition was not observed the formation of formylated
BTBT derivatives, probably due to the weakness of the generated electrophile instead
in Rieche reaction condition the conversion was complete but the low regioselectivity of
the electrophile’s attack led to a mixture of 4 formylated regioisomers that could not be
separated and purified. We have verified that also in the bromination reaction of the
BTBT the regioselection is low, in fact despite the reaction conversions are complete
the formation of the regioisomers leads to moderate yields, also in this case the use of
weak brominating agents like NBS does not lead to product formation. We therefore
decided to change ours synthetic approach and test the BTBT and BTBT’s bromide
reactivity in direct arylation cross coupling reaction. The direct arylation on BTBT
scaffold it turned out not to be an efficient synthetic way indeed were observed low reac-
tion’s conversion and the formation of different regioisomers. When we reacted BTBT’s
bromides in direct arylation condition with several heterocycles: 2-hexylthiophene,4,5-
bis(octyloxy)benzo[1,2-b:6,5-b’|dithiophene and 4.,4-bisoctyl-cyclopentadithiophene we
could isolate the corrispective prodcuts: compounds 14 and 15 for 2-hexylthiophene,
compound 17 for 4,5-bis(octyloxy)benzo[1,2-b:6,5-b’|dithiophene and compound 18 for
4,4-bisoctyl-cyclopentadithiophene. The reasons for the low/moderate conversion yields
are different: from troublesome purification cause by the incomplete diarylation and the
low stability of the products and probably an optimization of the reaction conditions
would lead to an increase in them. Nevertheless, these are the first examples of post
functionalization of BTBT by direct arylation. Exploiting also the previous results we
have developed the synthesis of several promising [1]benzothieno[3,2-b][1]benzothiophene
with functionlizated side chain derivatives, indeed starting with the mono- or di-acylation
of BTBT with methyl adipoyl chloride is it possible to obtain the terminal alcohols
compounds 9 and 7 after reduction with aluminium hydride of the acylated intermediates
(8 and 6). Starting from ~y-cheto-carboxylic acid (10) is possible obtain BTBT-peptide
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conjugate 19 by standard Fmoc base solid phase peptide synthesis protocols. BTBT
n-core one-dimensional (1D) nanowires that are self-assembled in aqueous media for po-
tential use in bioelectronics and tissue engineering are obtained by self-assembling of 19
in water solution in different pH and ionic strength range. In particular the TEM images
of supramolecular structures obtained in high NaOH concentration water solution of 19
at 0.5 wt% are very interesting, indeed are fibrils with an average diameter of 5 nm up to
10 um long that run parallel for several microns, this behavior could lead to particular
anisotropic OFET conduction characteristics.

2.7 Experimental part

2.7.1 Synthesis of [1]benzothieno[3,2-b][1]benzothiophene (1)

NaHS

Y
e

NMP
180°C 5h 36% S

Sodium hydrosulfide hydrate (267.0g, 3.56 mol) was added to a solution of o-chlorobenz-
aldehyde (250.0 g, 1.78 mol) in NMP (500 mL) at 80 °C and stirred for 1 h. Then, mixture
was heated to 180 °C and stirred for 5 h at the same temperature. The resulting mix-
ture was cooled with an ice-bath and the resulting precipitate was collected by filtration
and washed with methanol and water. Pure [1]benzothieno[3,2-b|[1]benzothiophene was
obtained as a white crystallin solid (77.00 g, 0.3204 mol, 36% yield).

1H NMR (500.13 MHz,CDCI3) 7.93 (d, 2H,J=7.90 Hz), 7.89 (d, 2H, J= 8.10 Hz), 7.47 (dd,
2H, J1= 7.63 Hz J2=7.33 Hz), 7.41(dd, 2H, J1= 7.95 Hz J2=7.29 Hz): 13CNMR (125.70
MHz, CDCI3)143.13,134.31,133.98,125.88,125.76,124.92(d,J=10.41Hz),122.99(d;J=10.60
Hz);
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2.7. EXPERIMENTAL PART

2.7.2 Synthesis of [1]benzothieno[3,2-b|[1]benzothiophene-2-octan-

1-one (2)
0
O { S CHis~ Cl
O AICI5
S CH,Cl,

-84°C 4h 98%

[1]Benzothieno[3,2- b |[1]benzothiophene (4.000 g, 16.64 mmol) was disolved in dry dichlo-
romethane (200 mL), under nitrogen, followed by the addition of aluminum chloride (5.55
g, 41.6 mmol) at - 10 °C. The solution was cooled to -84 °C and octyl acid chloride (3.04
ml, 18.31 mmol) wa s added dropwise, and the mixture was stirred for 1h at the same
temperature. The reaction mixture was allowed to stand without cooling and stirred
for 3 h at rt. The reaction mixture was cooled to 0 °C, quenched with ice water (10
mL), and diluted with methanol to give a precipitate. The precipitate was filtered and
washed with water (2 x 50 mL)and methanol (2 x 50 mL), then dried in vacuo to give
[1]benzothieno[3,2- b ][1]benzothiophene -2- octan -1- one (6.031 g, 16.37 mmol, 98 %
yield) as white solid.

1 H NMR (400 MHz, CDC1 3 ) § 8.56 (d, J = 0.8 Hz, 1H), 8.06 (dd, J = 8.3, 1.4 Hz, 1H),
7.99 - 7.87 (m, 3H), 7.49 (pd, J = 7.1, 1.2 Hz, 2H), 3.08 (t, J = 7.4 Hz, 2H), 1.88 - 1.76
(q, J = 7.4 Hz, 2H), 1.51 - 1.26 (m, 8H), 0.93 (t, J = 6.8 Hz, 3H). 13 C NMR (101 MHz,
CDC13) 5 199.60, 142.81, 142.24, 136.93, 136.24, 133.63, 132.98, 132.77, 125.84, 125.14,
124.71, 124.53, 124.16, 122.07, 121.37, 38.83, 31.76, 29.41, 29.21, 24.56, 22.67, 14.13.
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2.7.3 Synthesis of [1]benzothieno[3,2-b|[1]benzothiophene-2-octan-
1-hydroxy (3)

OH
NaBHy4 O S
L)

Reflux 5h 92% S

[1]Benzothieno[3,2-b][1]benzothiophene-2-octan-1-one (1.658 g , 4.523 mmol) was dis-
solved in dry tetrahydrofuran (100 mL), under nitrogen, followed by the addition of
sodium borohydride (2.453 g, 65.36 mmol) at room temperature. The solution was stirred
for 11 h at relux. The reaction was cooled to 0°C, quenched with ice water (50 mL), the
resulting white precipitate was filtered and washed with water (2 x 50 mL) and methanol
(2 x 50 mL), then dried in vacuo to give [1]benzothieno[3,2-b][1]benzothiophene-2-octan-
1-one4(1.583 g , 4.295 mmol, 95% yield) as white solid. The product was used without
further purification for the next synthetic step, but it is possible obtained pure with
purification in toluene.

1H NMR (400 MHz, CDCI3) & 7.94 - 7.90 (m, 2H), 7.88 (ddd, J = 7.9, 1.4, 0.7 Hz, 1H),
7.85 (dd, J = 8.2, 0.4 Hz, 1H), 7.48 - 7.38 (m, 3H), 4.83 (dd, J = 7.4, 5.9 Hz, 1H), 1.99
~1.73 (m, 3H), 1.52 — 1.19 (m, 10H), 0.91 - 0.84 (m, 3H). 13C NMR (101 MHz, CDCI3)
d 142.54, 142.23, 142.19, 133.48, 133.19, 133.12, 132.44, 124.96, 124.88, 124.02, 123.18,
121.54, 121.50, 121.25, 74.71, 39.39, 31.79, 29.49, 29.20, 25.84, 22.62, 14.06.
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2.7.4 Synthesis of (E)-2-(oct-1-en-1-yl)benzo|b]benzo[4,5]thieno[2,3-
d]thiophene (4)

Q5

Toluene
Reflux 4h 76%

[1]Benzothieno[3,2-b][1]benzothiophene-2-octan-1-hydroxy (3.140g, 8.520 mmol) and p-
toluenesulfonic acid monohydrate (0.210g, 1.11 mmol) were dissolved in toluene (175
mL). The reaction was stirred at reflux for 4h. The reaction was cooled to room tempera-
ture. Toluene was evaporated at reduce pressure to obtain a yellow solid. Crude product
was dissolved in dichloromethane (200 mL) and washed with a satured solution of sodium
bicarbonate (4 x 20 mL) and brine (1 x 20 mL). The organic fraction was dried over mag-
nesium sulfate. dichloromethane was evaporated at reduced pressure. Crude product was
dispersed in methanol and filtered, washed with water and methanol. product was dried
overnight at 60°C overnight, to obtain (E)-2-(oct-1-en-1-yl)benzo|b]benzo[4,5]thieno[2,3-
dJthiophene as yellow solid (2.260 g , 6.457 mmol, 76% yield).

1H NMR (400 MHz, CDCI3) & 7.91 (ddd, J = 7.9, 1.2, 0.7 Hz, 1H), 7.86 (ddd, J =
7.9, 1.3, 0.7 Hz, 1H), 7.85 — 7.83 (m, 1H), 7.78 (d, J = 8.3 Hz, 1H), 7.49 - 7.36 (m,
3H), 6.53 — 6.47 (m, 1H), 6.35 (dt, J = 15.8, 6.9 Hz, 1H), 2.31 - 2.23 (m, 2H), 1.56 —
1.46 (m, 2H), 1.43 — 1.28 (m, 6H), 0.96 — 0.88 (m, 3H). 13C NMR (101 MHz, CDCI3)
5 142.89, 142.17, 135.33, 133.38, 133.23, 133.18, 131.98, 131.78, 129.32, 124.85, 124.84,
123.99, 123.12, 121.45, 121.44, 121.18, 33.18, 31.76, 29.36, 28.94, 22.64, 14.11.
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2.7.5 Synthesis of 2-octyl-[1]benzothieno[3,2-b][1]benzothiophene

(5)

NaBH4 A1C13 S
THF \
reflux 3h 96%

To a solution of [1]benzothieno[3,2-b][1]benzothiophene-2-octan-1-one (7.005 g, 19.11
mmol) in tetrahydrofuran (160 mL), was added of aluminium chloride (12.756 g, 95.67
mmol) at -10°C. The reaction mixture was stirred for 10 minutes at the same temperature
and after sodium borohydride was added stepwise (7.400 g, 195.61 mmol). The reaction
mixture was stirred 20 minutes at the same temperature and then for 4h at reflux. The re-
action was cooled down to 0°C and a mixture of methanol and ice was added stepwise very
slowly in order to obtain a precipitate. The white precipitate was filtered and disperse in
dichloromethane (200 mL) and aqueous sodium hydroxide solution (15% w/w , 100 mL )
was added dropwise and the mixture was stirred until the forn of two liquid phase. The
organic phase was washed with aqueous sodium hydroxide solution (3 x 50 mL),brine (50
mL) and dried over magnesium sulfate. The magnesium sulfate was removed by filtration
over celite. Dichloromethane was evaporated at reduced pressure. The product was crys-
tallized and washed with toluene to afford 2-octyl-[1]benzothieno|3,2-b][1]benzothiophene
was obtained as yellow solid ( 7.915g , 18,35 mmol, 96% yield).

1H NMR (500 MHz, CDCI3) & 7.91 (d, J = 7.9 Hz, 1H), 7.87 (d, J = 7.8 Hz, 1H), 7.79
(d, J = 8.1 Hz, 1H), 7.72 (s, 1H), 7.48 - 7.42 (m, 1H), 7.42 - 7.36 (m, 1H), 7.28 (dd, J =
8.1, 1.3 Hz, 1H), 2.81 — 2.73 (m, 2H), 1.75 - 1.66 (m, 2H), 1.32 (ddd, J = 13.9, 10.2, 4.4
Hz, 11H), 0.89 (t, J = 6.9 Hz, 3H).
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2.7.6 Synthesis of dimethyl 6,6’-([1]benzothieno[3,2-b]-[1]benzo-
thiophene-2,7-diyl)bis(6-oxohexanoate) (6)

0}
“ cl
s OM( \O
\ = (0]
AICly
S N\ / CH,Cl,
-84°C 12h 77%

[1]Benzothieno[3,2- b |[1]benzothiophene (1.903 g, 7.918 mmol) was disolved in dry dichlo-
romethane (200 mL), under nitrogen, followed by the addition of aluminum chloride (6.450
g, 48.37 mmol) at - 10 °C. The solution was cooled to -84 °C and methyl adipoylchloride
(3.536 g, 19.80 mmol) was added dropwise, and the mixture was stirred for 1h at the same
temperature. The reaction mixture was allowed to stand without cooling and stirred for
72 h at rt. The reaction mixture was cooled to 0 °C, quenched with ice water (10 mL),
and diluted with methanol to give a precipitate. The precipitate was filtered and washed
with water (2 x 50 mL)and methanol (2 x 50 mL). The crude product was hot filtered
in toluene and allowed crystallized upon cooling of the solvent to give 6,6’-([1]benzo-
thieno[3,2-b]-[1]benzothiophene-2,7-diyl)bis(6-oxohexanoate) (3.199 g, 6.097 mmol, 77 %
yield) as white solid.

1H NMR (400 MHz, CDCI13) § 8.56 (dd, J = 1.5, 0.6 Hz, 1H), 8.07 (dd, J = 8.4, 1.5 Hz,
1H), 7.98 (dd, J = 8.4, 0.6 Hz, 1H), 3.68 (s, 3H), 3.15 — 3.08 (m, 2H), 2.41 (t, J = 7.2
Hz, 2H), 1.89 — 1.73 (m, 19H). 13C NMR (101 MHz, CDCI3) 5 198.75, 173.87, 142.84,
136.31, 135.92, 134.13, 124.81, 124.58, 121.96, 51.56, 38.37, 33.88, 24.57, 23.73.
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2.7.7 Synthesis of 6,6 -([1]benzothieno[3,2-b]-[1]benzothiophene-
2,7-diyl)bis(hexan-1-ol) (7)

(0]

AN
oA s o
N O { NaBH, AICl HO s
THF
0 S o reflux 3h 85% \ O
e s

o \\/OH

Methyl 6-(benzo[b]benzo[4,5]thieno[2,3-d|thiophen-2-yl1)-6-oxohexanoate (2.03g, 3.87 mmol)
was dissolved in dry tetrahydrofuran (75 mL), under nitrogen, followed by the addition
of aluminum chloride (9.790 g, 73.43 mmol) at - 10 °C. The reaction mixture was stirred
10 min at the same temperature then sodium borohydride (5.623g, 148.6 mmol) was
added slowly. The reaction mixture was stirred at reflux for 3 h. The reaction was cooled
down at 0 °C with an ice bath. An aqueous sodium hydroxide solution (15% w/w ,
200 mL ) was added dropwise and the mixture stirred until the formation of two liquid
phase. The organic phase was washed with aqueous sodium hydroxide solution (3 x 50
mL),brine (50 mL) and dried over magnesium sulfate. The magnesium sulfate was re-
moved by filtration over celite. Tetrahydrofuran was evaporated at reduced pressure.The
crude product was crystallized and washed with toluene. 6,6 -([1]benzothieno[3,2 - b]-
[1]benzothiophene-2,7-diyl)bis(hexan-1-ol) was obtained like white solid ( 1.450 g , 3.290
mmol, 85% yield).

1 H NMR (400 MHz, CDCI3) & : 7.76 (d, J = 8.1 Hz, 2H), 7.70 (s, 2H), 7.27 (d, J = 8.2
Hz, 2H), 3.65 (td, J = 6.6 Hz, J = 5.4 Hz, 4H), 2.77 (t, J = 7.4 Hz, 4H), 1.72 (m, 4H),
1.57 (m, 4H), 1.42 (m, 8H), 1.21 (t, J = 5.4 Hz, 2H) ; 13 H NMR (400 MHz, CDCI3) 3
: 142.43, 139.85, 132.57, 131.23, 36.02, 63.01, 125.81, 123.33, 121.12, 32.71, 31.63, 29.04,
25.63
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2.7.8 Synthesis of methyl 6-(benzo[b]benzo[4,5]thieno[2,3-d]thiophen-
2-yl)-6-oxohexanoate (8)

gt g E—

S CH,Cl,
-84°C 12h 77%

[1]Benzothieno[3,2- b ][1]benzothiophene (6.569 g, 27.33 mmol) was disolved in dry di-
chloromethane (150 mL), under nitrogen, followed by the addition of aluminum chlo-
ride (11.170 g, 83.77 mmol) at - 10 °C. The solution was cooled to -84 °C and methyl
adipoylchloride (7.873 g, 44.08 mmol) was added dropwise, and the mixture was stirred
for 1h at the same temperature. The reaction mixture was allowed to stand without
cooling and stirred for 12 h at rt. The reaction mixture was cooled to 0 °C, quenched
with ice water (10 mL), and diluted with methanol to give a precipitate. The precipitate
was filtered and washed with water (2 x 50 mL)and methanol (2 x 50 mL). The crude
product was hot filtered in toluene and allowed crystallized upon cooling of the solvent
to give [1]benzothieno[3,2- b ][1]benzothiophene -2- octan -1- one (8.080 g, 16.37 mmol,
77 % yield) as white solid.

1H NMR (400 MHz, CDCI3) 5 8.48 (dd, J = 1.5, 0.6 Hz, 1H), 7.98 (dd, J = 8.4, 1.5 Hz,
1H), 7.92 - 7.86 (m, 2H), 7.85 (dd, J = 8.3, 0.6 Hz, 1H), 7.48 — 7.39 (m, 2H), 3.68 (s,
3H), 3.09 — 3.00 (m, 2H), 2.40 (t, J = 7.2 Hz, 2H), 1.87 — 1.71 (m, 4H).
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2.7.9 Synthesis of 6-(benzo[b]benzo[4,5]thieno[2,3-d|thiophen-2-
yl)hexan-1-ol (9)

S S
o NaBH, AICl3 OH
\ THF \
o) reflux 3h 83%

S S

Methyl 6-(benzo[b]benzo[4,5]thieno[2,3-d|thiophen-2-y1)-6-oxohexanoate (4.011g, 10.48
mmol) was dissolved in dry tetrahydrofuran (150 mL), under nitrogen, followed by the
addition of aluminum chloride (9.800 g, 73.49 mmol) at - 10 °C. The reaction mixture was
stirred 10 min at the same temperature then sodium borohydride (5.600g, 148.03 mmol)
was added slowly. The reaction mixture was stirred at reflux for 3 h. The reaction was
cooled down at 0 °C with an ice bath. An aqueous sodium hydroxide solution (15% w/w
, 200 mL ) was added dropwise and the mixture stirred until the formation of two liquid
phase. The organic phase was washed with aqueous sodium hydroxide solution (3 x 50
mL), brine (50 mL) and dried over magnesium sulfate. The magnesium sulfate was re-
moved by filtration over celite. Tetrahydrofuran was evaporated at reduced pressure.The
crude product was crystallized and washed with toluene. 6-(benzo[b]benzo[4,5]thieno|[2,3-
d]thiophen-2-yl)hexan-1-ol was obtained like white solid ( 2.963g , 8,70 mmol, 83%
yield).

1H NMR (400 MHz, CDCI3) & 7.91 (ddd, J = 7.9, 1.2, 0.7 Hz, 2H), 7.87 (ddd, J = 7.9,
1.3,0.7 Hz, 2H), 7.79 (dd, J = 8.1, 0.6 Hz, 2H), 7.72 (dd, J = 1.5, 0.6 Hz, 2H), 7.45 (ddd,
J=179,7.2, 1.2 Hz, 2H), 7.39 (ddd, J = 8.0, 7.2, 1.3 Hz, 2H), 7.28 (dd, J = 8.1, 1.5 Hz,
2H), 3.65 (t, J = 6.6 Hz, 4H), 2.81 — 2.74 (m, 4H), 1.78 — 1.68 (m, 4H), 1.63 — 1.54 (m,
4H), 1.49 - 1.36 (m, 13H). 13C NMR (101 MHz, CDCI3) & 142.59, 142.08, 140.14, 133.36,
133.25, 132.62, 131.07, 125.86, 124.81, 124.72, 123.99, 123.35, 121.40, 121.28, 62.97, 36.01,
32.68, 31.58, 29.01, 25.61.
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2.7. EXPERIMENTAL PART

2.7.10 Synthesis of 4-ox0-4-([1]benzothieno|3,2-b|[1]benzothienyl)-
butyric acid (10)

CH,Cl,
-50°C 4h 60%

[1]Benzothieno[3,2- b |[1]benzothiophene (5 g, 20.08 mmol) was disolved in dry dichlo-
romethane (500 mL), under nitrogen, followed by the addition of aluminum chloride 8.03,
60.22 mmol) at - 50 °C. The reaction mixture was stirred for 45 min, until the reaction
mixture become dark red. succinic anhydride (8.030 g, 60.22 mmol) was added dropwise
(2.3g, 22.98 mmol), and the mixture was stirred for 4 h at -20°C. The reaction mixture
was quenched with ice water (50 mL) and methanol (100 mL). The white precipitate
was filtered and disperse in 200 mL of a solution of chloridric acid in water (0,1 M)
and stirred for 4h at room temperature. The white solid was filtered and dry at 100°C
under vacuum overnight. The crude product was washed with hot toluene until the
toluene was clear. The solid was the ricrystallized in tetrahydrofuran with exctractive
crystallization in tetrahydrofuran to afford 4-oxo-([1]benzothieno[3,2-b][1]benzothienyl)-
butyric acid (4.100g, 12.04 mmol, 60 % yield) as crystallin white solid.

1H NMR (500 MHz, DMSO) & 12.19 (s, 1H), 8.91 (d, J = 1.1 Hz, 1H), 8.22 (dd, J = 6.7,
2.2 Hz, 1H), 8.19 (d, J = 8.4 Hz, 1H), 8.17 — 8.15 (m, 1H), 8.10 (dd, J = 8.3, 1.4 Hz,
1H), 7.61 — 7.53 (m, 2H), 3.42 - 3.37 (m, 2H), 2.68 - 2.63 (m, 2H). 13C NMR (126 MHz,
DMSO) b 198.95, 175.22, 143.53, 143.01, 137.92, 136.87, 134.52, 133.72, 133.41, 127.59,
126.87, 126.51, 125.93, 125.90, 123.56, 122.92, 34.64, 29.36.

59



CHAPTER 2. THE CHEMISTRY OF BTBT DERIVATIVES: CHALLENGES AND NEW

DERIVATIVES
= ]
£
; —
09935 —- —_— — 609522
'I;:P -
B -
w
=
=
o 4458.23
1.00— — o | Laas7.17
oo
] 1.00
4100.90
1.04 i — 5 L 092 54
o — 0.98 - et = 4057.97
0.97 496.7¢
| 2.09= 'r-——— - — . 3793.38
A 3791.85
s 378A.73
~ - = 3786.51
pa. =R 3784.38
= RN 3781.15
=] =i 3779.55
3 i 3773.95
a = 3772.39
~
=]
w -
~ "L_;
o
=~
B — I
1705.20
YIS SR — L9913
-1692.62
w
1333.24
Lz ——— ——— 1326.90
13070
JdoT
= f
=
e

60



wad) 14
0g 0 0s 09 0 0B 06 gor  OT1T  0ZT  0ET  OpT OST 09T 04T 0BT 06T O0DZ  OTZ O

0z

ot

01-

2.7. EXPERIMENTAL PART

OH

O

Qat

—25019.76

— 1H034.75

15049 46
fl?gaq.?g
r 17344.99
17212.30

j 1691667
16816.46
16777.31
_~16045.39
~— 15055 28
- 15909.75
15837.22
15832.93

- 15538.02
15458, 58

61

—4355.72

— 369210



CHAPTER 2. THE CHEMISTRY OF BTBT DERIVATIVES: CHALLENGES AND NEW
DERIVATIVES

2.7.11 Synthesis of decanyl 4-oxo0-4-([1]benzothieno[3,2-b][1]benzo-
thyenil)buttyrate (11)

v ( Sat {
O _OH Mel ) O
DBU S
0 Toluene O
45°C 24h 40%

A suspension of 4-oxo-4-([1]benzothieno[3,2-b][1]benzothienyl)-butyric acid (0.5033 , 1.48
mmol), 1,5-diazabiciclo[5.4.0Jundec-5-ene (0.228 g, 1.49 mmol) and iododecane (0.396
g, 1.48 mmol) in toluene (100 mL) was stirred at 45°C for 68 h. The precipitate
was removed by filtration and toluene was evaporated under reduce pressure. The
solid was dispersed in dichloromethane (10 mL) the white solid was removed by filtra-
tion. dichloromethane was removed under reduce pressure to obtain decanyl 4-oxo-4-

([1]benzothieno[3,2-b][1]benzothyenil )buttyrate (0.268 g, 0.537 mmol, 40% yield).

1H NMR (400 MHz, CDCI3) § 8.56 (dd, J = 1.5, 0.5 Hz, 1H), 8.07 (dd, J = 8.4, 1.5 Hz,
1H), 7.98 - 7.85 (m, 3H), 7.47 (pd, J = 7.2, 1.4 Hz, 2H), 4.11 (t, J = 6.7 Hz, 2H), 3.41
(t, J = 6.7 Hz, 2H), 2.82 (t, J = 6.6 Hz, 2H), 1.70 - 1.57 (m, 2H), 1.39 — 1.18 (m, 14H),
0.87 (t, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCI3) 5 197.13, 172.94, 142.83, 142.22,
137.12, 136.46, 133.11, 132.94, 132.71, 125.88, 125.14, 124.59, 124.55, 124.14, 122.08,
121.41, 64.95, 33.55, 31.87, 29.52, 29.30, 29.26, 28.61, 28.44, 25.92, 22.66, 14.09.
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2.7. EXPERIMENTAL PART

2.7.12 Synthesis of 2,7-di-bromo-[1]benzothieno[3,2-b][1]benzo-
thiophene (12)

O \S csz:lz o S\ O ’

s 48 h rt 20%

To an ice cold solution of [1]benzothieno[3,2-b]benzothiophene (1.024 g, 4.261 mmol)
in dichloromethane (60 mL) was added a solution of bromine ( 1.47 g, 9.17 mmol) in
dichloromethane (29 mL) using a dropping funnel. The solution was stirred for 2 hour
at 0° C and then warmed to room temperature. The contents were stirred at room
temperature for 46 hours. The precipitate was filtered and washed with aqueous sodium
bisulfite solution (10% w/w, 20 mL x 3) followed by water (20 mL x 2) , ethanol (20 mL
x 2) and dichloromethane (20 mL x 2) . Crude product was dried under vacuum at 70°C
for 12h. The crude product was hot filtered in dichloromethane (330 mL) and the hot
dichloromethane soluble fraction was allowed to crystallized upon cooling of the solvent to
afford 2,7-di-bromo-[1]benzothieno[3,2-b][1]benzothiophene (254 mg,0.639 mmol,15% par-
tial yield) as shiny colorless solid . The hot dichloromethane insoluble fraction was dried
under vacuum at 70°C for 2h to afford a second fraction of 2,7-di-bromo-[1]benzothieno-
[3,2-b][1]benzothiopheneas shiny colorless solid (85 mg, 0.21 mmol, 5% partial yield), (339
mg, 0.849 mmol, 20% yield).

s
Oy —= 30D

S 48 h rt 45%

To an ice cold solution of 2-bromo-[1]benzothieno[3,2 - b]benzothiophene ( 0.320 g, 1.000
mmol) in dichloromethane ( 18 mL) was added a solution of bromine ( 0.176 g, 1.10mmol)
in dichloromethane ( 3.6 mL) using a dropping funnel. The solution was stirred for 2
hour at 0° C and then warmed to room temperature. The contents were stirred at
room temperature for 46 hours. The precipitate was filtered and washed with aqueous
sodium bisulfite solution (10% w/w, 20 mL x 3) followed by water (20 mL x 2) , ethanol
(20 mL x 2) and dichloromethane (20 mL x 2) . Crude product was dried under vac-
uum at 70°C for 12h. The crude product was hot filtered in dichloromethane (80 mL)
and the hot dichloromethane soluble fraction was allowed to crystallized upon cooling of
the solvent to afford 2,7-di-bromo-[1]benzothieno[3,2-b][1]benzothiophene (136 mg, 0.342
mmol,34% partial yield) as shiny colorless solid . The hot dichloromethane insoluble
fraction was dried under vacuum at 70°C for 2h to afford a second fraction of 2,7-di-
bromo-[1]benzothieno[3,2-b][1]benzothiopheneas shiny colorless solid (45 mg, 0.21 mmol,
5% partial yield), (339 mg, 0.113 mmol, 45% yield).

1H NMR (500 MHz, CDCI3) 3 8.06 (d, J = 1.5 Hz, 1H), 7.74 (d, J = 8.6 Hz, 1H), 7.58
(dd,J= 8.6 , 1.5 Hz, 1H).) . 13 C NMR 75 MHz (C2D2C14,70°C ) : 5 143. 70, 13 3 .
29 ,131. 57, 128. 4 6, 126. 51, 122. 45 , 11 8. 91
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DERIVATIVES

2.7.13 Synthesis of 2-octyl-7-bromo-[1]benzothieno|[3,2-b][1]benzo-
thiophene (13)

S
CH,Cl,
S 72 h -21°C 60% \ O Br

S

To a solution of 2-octyl-[1]benzothieno[3,2-b]benzothiophene ( 4.020g, 11.40 mmol) in
dichloromethane ( 160 mL) was added a solution of bromine (2.010g, 12.50 mmol) in
dichloromethane (30 mL) using a dropping funnel at -21°C . The solution was stirred for
6 h at the same temperature. The contents were stored at -21°C for 64 h in freezer to form
pure 2-octyl-7-bromo-[1]benzothieno[3,2-b|[1]benzothiophene as white precipitate (1.402
g, 32.45 mmol, 28% partial yield). Filtered dichloromethane solution was washed with an
aqueous sodium bisulfite solution (10% w/w) and brine (50 mL x 2). Dichloromethane was
removed under reduce pressure to obtain crude product. Crude product was crysyallized
in heptane to afford a second fraction of 2-octyl-7-bromo-[1]benzothieno[3,2-b][1]benzo-
thiophene(1.600 g, 37.08 mmol, 32% partial yield) (3.002 g , 69.53 mmol, 60% total yield).

1 H NMR (CDCI 3, 500 MHz) & : 8.03 (d, J =1.7 Hz, 1H ), 7.76 (d, J = 8.1 Hz, 1H ),
7.71 (1H, s, H6 ), 7.69 (d, J = 8.3 Hz,1H ), 7.54 (dd, J = 8.5, 1.7 Hz, 1H), 7.28 (dd, J =
8.2, 1.4 Hz, 1H), 2.76 ( t, J = 7.7 Hz, 2H), 1.76 — 1.63 (m, 2H ), 1.42 — 1.21 (m, 10H ), 0.89
(t, J = 6.7 Hz,3H ); 13 C NMR (CDCI3 , 125.7 MHz) & : 143.63, 142.80, 140.92, 133.89,
132.23, 132.21, 130.88, 128.33, 126.59, 126.22, 123.51, 122.48, 121.42, 118.34, 36.30, 32.04,
31.81, 29.64, 29.46, 20.41, 22.82, 14.26;
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2.7.14 Synthesis of 2-(5-hexyl-2-thienyl)-[1]benzothieno[3,2-b]-
[1]benzothiophene (14)

S P(Cy);HBF,
Pd(OAc),
K,CO3
pivalic acid
DMA
24h 130°C 15%

2-Bromo-benzo|b]benzo[4,5]thieno[2,3-d]thiophene (3.220 g, 10.05 mmol) potassium car-
bonate (2.120g, 15.34 mmol), Pd(OAc), (55.01 mg, 0.246 mmol), PCy; - HBF, (148.13
mg, 0.40225 mmol), and pivalic acid (0.309 g, 3.03 mmol) were weighed to air and placed
in a screw-cap pressure tube with a magnetic stir bar. The vial was purged with argon,
and N,N-Dimethylacetamide (34 mL) was added. deoxygenated 2-Hexylthiophene (1.750
g, 10.40 mmol) were added under argon atmosphere. The reaction mixture was then vig-
orously stirred at 130 °C for 24h. The reaction mixture was then cooled to rt, diluted with
dichloromethane. Inorganic salts were removed by filtration. The solution was washed
with water (3x100 mL) and brine (2 x 50 mL), dried over magnesium sulfate, filtered, and
evaporated under reduced pressure. The most part of residue N,N-Dimethylacetamide
was removed by distillation with Claisen apparatus. The crude product was suspended
in water, filtered and dried under vacuum at 70°C for 12h.The product was purified
by silica gel column chromatography (eluent cyclohexane) and crystallized in toluene to
afford 2-(5-hexyl-2-thienyl)-[1]benzothieno[3,2-b][1]benzothiophene (0.596 g, 1.46 mmol,
15% yield).

1H NMR (500 MHz, CDCI3) 5 8.08 (d, J = 1.3 Hz, 1H), 7.90 (dd, J = 20.4, 7.9 Hz, 2H),
7.83 (d, J = 8.3 Hz, 1H), 7.66 (dd, J = 8.3, 1.6 Hz, 1H), 7.44 (ddd, J = 15.2, 10.9, 3.9 Hz,
2H), 7.22 (d, J = 3.5 Hz, 1H), 6.79 (d, J = 3.5 Hz, 1H), 2.85 (t, J = 7.6 Hz, 2H), 1.78 —
1.67 (m, 2H), 1.37 (tt, J = 7.0, 5.3 Hz, 6H), 0.91 (t, J = 7.0 Hz, 3H).13C NMR (126 MHz,
CDCI3) & 147.10, 143.97, 143.13, 142.04, 134.37, 134.20, 133.99, 132.89, 132.72, 126.11,
125.85, 125.80, 124.90, 123.98, 123.82, 122.61, 122.41, 121.26, 32.50, 32.47, 31.19, 29.67,
23.47, 14.97.
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2.7.15 Synthesis of 2,7-di-(5-hexyl-2-thienyl)-[1]benzothieno-
[3,2-b][1]benzothiophene (15)

s
Br
Br O ) O P(Cy);HBF,

Pd(OAc),
K,CO;3
pivalic acid
130°C 24h 15%

2,7-Dibromo-benzo[b]benzo[4,5]thieno[2,3-d]thiophene ( 0.500g, 1.26 mmol), potassium
carbonate (0.521g, 3.77 mmol), Pd(OAc), (11.0 mg, 0.0500 mmol), PCys - HBF, (37.1 mg,
0.100 mmol), and pivalic acid ( 77.0 mg, 0.754 mmol) were weighed to air and placed in a
screw-cap pressure tube with a magnetic stir bar. The tube was placed in glovebox under
argon atmosphere, and N,N-Dimethylacetamide (4.3 ml) and 2-Hexylthiophene (0.440 g,
2.612 mmol) were added. The tube was sealed in glovebox and extracted from the box.
The reaction mixture was then vigorously stirred at 130 °C for 24h. The reaction mixture
was then cooled to rt, diluted with dichloromethane. Inorganic salts were removed by
filtration. The solution was washed with water (3x100 mL) and brine (2 x 50 mL), dried
over magnesium sulfate, filtered, and evaporated under reduced pressure. The most part
of residue N N-Dimethylacetamide was removed by distillation with Claisen apparatus.
The crude product was suspended in water, filtered and dried under vacuum at 70°C for
24h. The product was purified by silica gel column chromatography (eluent heptane) and
crystallized in toluene to afford 2,7-di-(5-hexyl-2-thienyl)-[1]benzothieno|3,2-b][1]benzo-
thiophene ( 0.100 g, 0.174 mmol, 15 %).

1H NMR (400 MHz, CDCI3) 5 8.07 (dd, J = 1.6, 0.6 Hz, 1H), 7.83 (dd, J = 8.3, 0.6 Hz,
1H), 7.67 (dd, J = 8.3, 1.6 Hz, 1H), 7.23 (d, J = 3.6 Hz, 1H), 6.79 (dt, J = 3.6, 0.9 Hz,
1H), 2.85 (t, J = 7.7 Hz, 2H), 1.73 (dt, J = 15.4, 7.5 Hz, 2H), 1.37 (tt, J = 7.2, 5.5 Hz,
6H), 0.95 — 0.86 (m, 3H).13C NMR (101 MHz, CDCI3) & 146.23, 143.75, 141.16, 137.51,
131.97, 131.85, 125.24, 123.00, 122.99, 121.66, 120.35, 31.61, 31.58, 30.31, 28.78, 22.58,
14.08.
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2.7.16 Synthesis 7,7’-(4,5-bis(octyloxy) of benzo[1,2-b:6,5-b’]di-
thiophene-2,7-diyl)bis(2-octylbenzo[b]benzo[4,5|thieno-
[2,3-d]thiophene) and 2-(4,5-bis(octyloxy)benzol[1,2-b:6,5-
b’]dithiophen-2-yl)-7-octylbenzo[b]benzo|[4,5]thieno|2,3-
d]thiophene ( 16 end 17)

S S

s N\ / P(Cy);HBF4
Pd(OAc),
K,COs
Acido pivalico
DMA
24h 130°C

7-Octyl-2-bromo-benzo[b]benzo[4,5]thieno[2,3-d]thiophene (0.862 g, 2.00 mmol), potas-
sium carbonate (0.400g, 2.83 mmol), Pd(OAc)s (9.12 mg, 0.041 mmol), PCy; - HBF,
(28.15 mg, 0.07644 mmol), and pivalic acid (60 mg, 0.59 mmol) were weighed to air
and placed in a screw-cap pressure tube with a magnetic stir bar. The tube was
placed in glovebox under argon atmosphere, N ,N-Dimethylacetamide (34 mL) and 4,5-
Bis(Octyloxy)Benzo[2,1-B;3,4-B’|dithiophene (0.430 g, 0.963 mmol) were added . The
tube was sealed in glovebox and extracted from the box. The reaction mixture was
then vigorously stirred at 130 °C for 24h. The reaction mixture was then cooled to
rt, diluted with dichloromethane. Inorganic salts were removed by filtration. The
solution was washed with water (3x100 mL) and brine (2 x 50 mL), dried over mag-
nesium sulfate, filtered, and evaporated under reduced pressure. The most part of
residue N,N-Dimethylacetamide was removed by distillation with Claisen apparatus.
The crude product was suspended in water, filtered and dried under vacuum at 70°C
for 12h. Solid was filtered through a pad of silica with cyclohexane as eluent. Crude
product was suspended in boiling isopropanol (100 mL) and filtered. The fraction
soluble in hot isopropanol was left to crystallized to afford 2-(4,5-bis(octyloxy)benzo[1,2-
b:6,5-b’]dithiophen-2-yl)-7-octylbenzo[b]benzo[4,5]thieno[2,3-d|thiophene (80 mg, 0.10
mmol, 10%) as light green solid. The insoluble fraction in isopropanol was crystallized
in heptane to afford 7,7-(4,5-bis(octyloxy)benzol[1,2-b:6,5-b’|dithiophene-2,7-diyl)bis(2-
octylbenzo[b]benzo[4,5|thieno[2,3-d|thiophene) (200 mg , 0.175 mmol, 18%) as brown
solid.

1H NMR (400 MHz, C6D6) 5 8.05 (d, J = 1.1 Hz, 1H), 7.95 (s, 1H), 7.62 (dd, J = 8.3,
1.6 Hz, 1H), 7.57 (d, J = 8.1 Hz, 1H), 7.53 (d, J = 8.2 Hz, 1H), 7.39 (d, J = 0.5 Hz,
1H), 7.03 (dd, J = 8.1, 1.2 Hz, 1H), 4.38 (t, J = 6.6 Hz, 3H), 2.58 — 2.46 (m, 2H), 2.05
~1.92 (m, 3H), 1.66 — 1.60 (m, 2H), 1.58 — 1.53 (m, 2H), 1.47 — 1.24 (m, 24H), 0.99 —
0.89 (m, 7H), 0.39 (s, 2H).13C NMR (101 MHz, C6D6) 5 144.00, 143.05, 142.91, 142.44,
140.21, 135.77, 134.38, 132.89, 132.62, 131.14, 130.98, 128.79, 127.92, 127.68, 127.57,
127.44, 125.80, 123.41, 123.24, 121.46, 121.21, 117.76, 74.27, 36.05, 31.98, 31.58, 30.78,
29.85, 29.70, 29.60, 29.56, 20.45, 29.41, 26.46, 22.81, 22.77, 14.05, 14.02.
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1H NMR (400 MHz, CDCI13) § 8.25 (dd, J = 1.6, 0.6 Hz, 1H), 7.91 (dd, J = 8.3, 0.6 Hz,
1H), 7.83 (ddd, J = 8.1, 3.1, 1.1 Hz, 2H), 7.81 (s, 1H), 7.75 (dd, J = 1.4, 0.6 Hz, 1H),
753 (d, J = 5.4 Hz, 1H), 7.38 (d, J = 5.4 Hz, 1H), 7.32 (dd, J = 8.1, 1.5 Hz, 1H), 4.24
(dt, J = 13.3, 6.7 Hz, 4H), 2.88 — 2.74 (m, 2H), 1.99 — 1.81 (m, 4H), 1.77 - 1.69 (m, 2H),
1.64 — 1.52 (m, 6H), 1.49 — 1.27 (m, 30H), 0.96 — 0.89 (m, 10H).13C NMR (101 MHz,
CDCI3) & 143.75, 143.33, 142.98, 142.77, 142.03, 140.69, 135.34, 134.55, 134.24, 132.93,
132.45, 131.04, 130.96, 128.96, 128.66, 126.06, 124.35, 123.50, 123.39, 122.09, 121.69,
121.45, 121.34, 117.68, 74.42, 74.39, 36.17, 31.90, 31.87, 31.69, 30.50, 29.50, 29.39, 29.33,
29.27, 26.24, 22.68, 14.12.
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2.7.17 Synthesis of 7,7-(4,4-dioctyl-4H-cyclopenta[l,2-b:5,4-
b’]dithiophene-2,6-diyl)bis(2-octylbenzo[b]benzo[4,5]thieno-
[2,3-d]thiophene) (18)

CgH17 CeHi7

/ b \ Br %
= Ng P(Cy);HBF4

Pd(OAc),
K,CO3
pivalic acid
DMA
24h 130°C 44%

CgHy7 CgHi7

7-Octyl-2-bromo-benzo[b|benzo[4,5|thieno[2,3-d|thiophene (1.154 g, 2.677 mmol),K;CO3
(0.515g, 3.725 mmol), Pd(OAc), (11.20 mg, 0.04988 mmol), PCy; - HBF4 (37.02 mg,
0.1005 mmol), and pivalic acid (76.34 mg, 0.7475 mmol) were weighed to air and placed
in a screw-cap pressure tube with a magnetic stir bar. The tube was placed in glovebox un-
der argon atmosphere, N,N-Dimethylacetamide (8.8 ml) and 4,5-Bis(Octyloxy)Benzo[2,1-
B;3,4-B’]dithiophene were added (0.430 g, 0.963 mmol). The tube was sealed in glovebox
and extracted from the box. The reaction mixture was then vigorously stirred at 130 °C for
24h. The reaction mixture was then cooled to rt, diluted with dichloromethane. Inorganic
salts were removed by filtration. The solution was washed with water (3x100 ml) and brine
(2 x 50 ml), dried over magnesium sulfate, filtered, and evaporated under reduced pres-
sure. The most part of residue N,N-Dimethylacetamide was removed by distillation with
Claisen apparatus. The crude product was suspended in water, filtered and dried under
vacuum at 70°C for 12h. The product was purified by two silica gel column chromatog-
raphy as eluent a mixture of cyclohexane and chloroform (8:2) for the first column and
only cyclohexane for the second column to afford 7,7-(4,4-dioctyl-4H-cyclopenta|1,2-b:5,4-
b’|dithiophene-2,6-diyl)bis(2-octylbenzo|b]benzo[4,5]thieno[2,3-d]thiophene) as red solid
(605.15 mg, 0.5482 mmol, 44%).

1H NMR (500 MHz, CDCI3) § 8.10 (s, 1H), 7.74 (d, J = 8.2 Hz, 2H), 7.67 - 7.62 (m, 2H),
7.30 (s, 1H), 7.28 — 7.23 (m, 2H), 2.73 (t, J = 7.7 Hz, 2H), 1.96 — 1.89 (m, 2H), 1.69 (dt,
J =15.4, 7.7 Hz, 2H), 1.55 (s, 1H), 1.41 - 1.06 (m, 26H), 0.90 (t, J = 6.9 Hz, 4H), 0.83 (t,
J = 7.0 Hz, 3H).13C NMR (126 MHz, CDCI3) & 159.80, 145.18, 144.35, 143.92, 143.49,
141.23, 137.27, 134.40, 133.42, 132.96, 132.88, 131.87, 126.79, 124.17, 123.43, 122.45,
122.02, 120.69, 118.77, 55.09, 38.78, 37.03, 32.79, 32.72, 32.57, 31.01, 30.40, 30.28, 30.24,
30.22, 30.18, 25.59, 23.57, 23.52, 15.01, 14.97.
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2.7.18 Synthesis of [1]benzothieno[3,2-b|[1]benzothiophene-peptide
(19)

= standard Fmoc base solid phase “

=
S Rink amide resin (100-200 mesh, loading 1.6 mmol/gram) S

N !
° Fmoc protected amino acid (4 equiv) o H (o] \@ o \©

SPPS-General procedure Peptides were synthesized using standard solid phase 9-fluo-
renylmethoxycarbonyl (Fmoc) chemistry on Rink amide resin. When not in use the resin
was dried and stored at 0 °C. Equipment SPPS was performed manually in a standard
vessel for manual SPPS equipped with a glass frit (G2) and two outlets. Stirring was
achieved by bubbling nitrogen from below. A washing step implies 1 min of stirring and
then removal of solvent. In general, 10 mL of solvent must be used for 1 gram of resin.
Preparation of the resin 1. 2 gram of resin was dump into a reaction vessel for SPPS
2. 30 mL of DMF were added for resin swelling and stirred gently for 30 min. 3. The
solvent was removed and the resin was washed with DCM (2 x 20 mL) Attachment of
the first Amino Acid 4. A solution of the Fmoc protected amino acid (4 equiv) in DCM
(10 mL) was prepared in a vial. Then, DIPEA (12 equiv) was added and the resulting
solution was added to the resin and stirred for 3 hours. 5. The solvent was removed and
a mixture of DCM: methanol: DIPEA 17:2:1 (10 mL) was added to the resin and stirred
for 10 min. The process was repeated twice. 6. The solvent was removed and the resin
was washed with DCM (3 x 20 mL), DMF (2 x 20 mL) Fmoc deprotection and coupling
7. A 20% solution of piperidine in DMF (10 mL per gram of resin) was added to the
resin and stirred for 20 min. 8. The solvent was removed and step 7 was repeated 9. The
solvent was removed and the resin was washed with DMF (3 x 20 mL), DCM (3 x 20 mL)
and DMF (2 x 20 mL) 10. A solution of the corresponding Fmoc-protected amino acid (4
equiv), HOBt (3.9 equiv) and HBTU (3.9 equiv) in DMF (final concentration 0.3-0.5 M)
was prepared in a vial. Then, DIPEA (12 equiv) was added and the resulting solution
was added to the resin and stirred for 2 hours. When BTBT was used the coupling was
performed using 1.5 equiv of BTBT, 1.45 equiv of HBTU and HOBt and 4.5 equiv of
DIPEA. 11. The solvent was removed and the resin was washed with DMF (3 x 20 mL),
DCM (3 x 20 mL) and DMF (2 x 20 mL). 13. At this point the success of the reaction can
be checked using the Kaiser test. If necessary, the coupling (step 10) was repeated. 14.
At this point a stop in the synthesis may be done. In this case the resin should be washed
with DCM, dried under nitrogen flow and stored at 0°C. The resin should be brought to
room temperature and swelled again prior to use. Cleavage with TFA/ DCM 15. The
resin was swelled with DCM 16. A solution of 3% TFA in dry DCM was added to the
resin and stirred for 5 minutes. The solvents were collected in a flask and the process
was repeated 5 times. 17. Solvents collected were concentrated in rotavapor (a potassium
hydroxide trap was used) to the half. DCM was added and the volatiles were evaporated
again. The process was repeated 3 times, after which the solvents were evaporated to
dryness. 18. The product was precipitated from diethyl ether and lyophilized .
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Chapter 3

Green synthesis for molecular
organic semiconductors

3.1 General introduction

Among the key challenge for Organic Printed Electronics (cap. 1), identified by OE-A,
there are the cost and the scalability. OPE does not aim at substituting existing products
but at creating different one’s, yet costs have to be low in most cases. For some appli-
cations, such as rollable displays, a cost premium over conventional rigid displays may
be accepted, while for other applications, for example, in packaging, low cost will be a
major driving factor.! These challenges are linked also with the active materials: films
deposition technique and their synthesis. In particular the development scalable and sus-
tainable synthesis of organic semiconductors remain a key challenge. When moving from
the Lab to the Fab environment, high performance is not enough to ensure successful
technology transfer.? Active materials have to become available at the large scale and
through sustainable processes. All hazards have to be minimized thus leaving little room
for toxic and/or flammable solvents.? Current state of the art printable materials are far
from optimal on this respect.* The processes leading to their synthesis are expensive and
do not take into account established sustainability indexes like the E factor (kg of organic
waste/kg of product).® In general in order to achieve the development of more sustainable
and scalable Organic Semiconductor synthesis the 12 principles® of green chemistry listed
below must be taken into account. The concept of Green Chemistry was born in 1991
with the launch of the Green Chemistry Program by the United States Environmental
Protection Agency (EPA). Aim of the program was “to promote the research, develop-
ment, and implementation of innovative chemical technologies that accomplish pollution

prevention in both a scientifically sound and cost-effective manner”.”

1. Prevention : It is better to prevent waste than to treat or clean up waste after it
has been created.

2. Atom Economy: Synthetic methods should be designed to maximize the incorpo-
ration of all materials used in the process into the final product.

3. Less Hazardous Chemical: Syntheses Wherever practicable, synthetic methods
should be designed to use and generate substances that possess little or no toxicity
to human health and the environment.
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4. Designing Safer Chemicals: Chemical products should be designed to affect
their desired function while minimizing their toxicity.

5. Safer Solvents and Auxiliaries: The use of auxiliary substances (e.g., solvents,
separation agents, etc.) should be made unnecessary wherever possible and innocu-
ous when used.

6. Design for Energy Efficiency: Energy requirements of chemical processes should
be recognized for their environmental and economic impacts and should be mini-
mized. If possible, synthetic methods should be conducted at ambient temperature
and pressure.

7. Use of Renewable Feedstocks: A raw material or feedstock should be renewable
rather than depleting whenever technically and economically practicable.

8. Reduce Derivatives: Unnecessary derivatization (use of blocking groups, protec-
tion/ deprotection, temporary modification of physical/chemical processes) should
be minimized or avoided if possible, because such steps require additional reagents
and can generate waste.

9. Catalysis: Catalytic reagents (as selective as possible) are superior to stoichiomet-
ric reagents.

10. Design for Degradation: Chemical products should be designed so that at the
end of their function they break down into innocuous degradation products and do
not persist in the environment.

11. Real-time analysis for Pollution Prevention: Analytical methodologies need
to be further developed to allow for real-time, in-process monitoring and control
prior to the formation of hazardous substances.

12. Inherently Safer Chemistry for Accident Prevention: Substances and the
form of a substance used in a chemical process should be chosen to minimize the
potential for chemical accidents, including releases, explosions, and fires.

Among the twelve principles of green chemistry, proper solvent selection to minimize tox-
icity, energy demand, pollution and so on is a key issue that has spurred great efforts in
the development of alternative green solvents. Enormous amount of organic waste gener-
ated each year from reactions run in organic media is mainly attributable to solvents.® °
Likewise, the waste water streams contaminated by miscible solvents further exacerbate
this major environmental problem.!® ! In chemical reactions, solvents account for about
80% of the total mass handled'?and in 70% of the cases they are incinerated to recover
heat.!® Therefore their substitution with more environmentally friendly ones can directly
have a positive effect on both emissions and safety issues.'* Replacement of the use of
organic solvents in the synthesis of organic semiconductors with water would provide more
economically and environmentally sustainable process. In the next sections of this intro-
duction I explain the reason for the water choice as alternative reaction medium (section
3.1.1) and our strategy (section 3.2) in order to develop more sustainable and scalable
syntheses compared to literature protocols giving acess to popular OS. In pharmaceuti-
cal chemistry there are several academic and industrial examples following this strategy
but for the organic semiconductor field, only a few pioneering papers are published.!® 17
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Potential low cost of devices is one of the driving forces behind the development of OPE
technologies for this reason the development of more sustainable and scalable synthesis is
an important challenge for the Organic Semiconductor chemist.

3.1.1 Water the green solvent par excellence

Solvents play several roles at the same time, e.g. to ensure contacts between substrates
of different polarity, to control heat transfer, and to favor the interaction that leads to
the final transformation.'® Historically organic chemistry has embraced volatile organic
solvents as the reaction media of choice.” Over the previous decades, organic solvents have
been associated with a series of environmental and health issues (environmental damage,
toxicity, hazards in handling). A huge research effort has been directed towards alterna-
tives to chlorinated solvents and volatile Volatile Organic Compounds (VOCs) in general.
The different approaches taken into consideration are rewieved in Clark work® , alter-
native reaction solvents are reviewed in terms of life cycle. Supercritical CO4 (scCOs)
Ionic Liquid (IL), fluorinated solvents, water, and renewable organics are compared on the
basis of their solvency, ease of use, reusability, health and safety, environmental impact,
and economic cost. Designer IL solvents and scCOs, are recognized as useful solvents for
a range of applications, but they suffer from several drawbacks limiting their applicabil-
ity. The authors believe that water and no-solvent approaches (mechanochemistry) to
the problem deserve greater attention; the advantages of these will be even greater as a
life cycle approach to solvent assessment, including transportation, becomes more widely
adopted. Among all possible liquids, water is certainly the one with the smallest impact
on the environment. Water as a solvent has been selected by Nature to carry out all
kinds of chemical transformations unregarding to the substrates hydrophilic or hydropho-
bic nature.'® ' Water as a solvent is extremely economical, non-toxic, non-flammable,
it does not contribute to greenhouse emissions, it does not require synthesis, the energy
necessary for its isolation in the pure form is modest. Additional properties are tuneable
acidity, a large heat capacity and heat of evaporation which allow easy control of exother-
mic reactions, high polarity, and the coexistence of hydrogen bond donor and acceptor
functionalities that often make catalysis easier. In one word it is the green solvent par
excellence. Despite these excellent properties, it is among the least used solvents simply
because it is highly polar and its strong hydrogen bonds give rise to the hydrophobic
effect, i.e. the property of water to segregate apolar species rather than provide single
molecule solvation.'® Historically, it has been known since the 1980s that the hydrophobic
effect can greatly accelerate reactions between poorly water soluble substrates? but water
has been routinely used at times in combination with organic solvents; that is, reactions
run “with water”.?! More recently the concept of water as the only medium has been put
forward; that is, reactions “on water”.?? Performing reactions truly “in water”, however,
is especially challenging, requiring the substrate to be water-soluble. But for most cases,
substrate and catalyst solubility issues exist, and therefore, water tends to be overlooked
unless high temperatures are applied.?® However, the need for product extraction from
aqueous phases poses some critical issues about the green character of catalysis in water,
such as (i) the volume of organic solvent used in the workup often exceeds the total volume
of water used in the reaction by factors of up to 30-fold and this operation is of major
concern for the overall green character of the system and (ii) the resulting water solution
is essentially a water stream contaminated by organics that is subject to strict regulations
and purified usually by stripping under vacuum or adsorption of activated carbon.?! From

95



CHAPTER 3. GREEN SYNTHESIS FOR MOLECULAR ORGANIC SEMICONDUCTORS

this point of view the green character of aqueous media in replacing organic solvents while
using an organic solvent to extract products from water is questionable, but as long as
water provides extra performance in terms of activity and selectivity, the concerns about
the use of limited amounts of traditional solvents at the end of the reaction are at least
mitigated and in the cases of successful recycling, reduced to a minimum.'® In order to
provides extra performance in terms of activity and selectivity by reactions run in water
we must take inspiration from Nature indeed doing chemistry in water is very old news
also with lipophilic substrates, for example they react in enzymatic hydrophobic pock-
ets formed in water.!® Another important aspects is that, Nature runs reactions under
very mild conditions, near room temperature reaction and heating reaction mixtures is
oftentimes the prime source of byproduct formation. Development of artificial enzyme
models mimicking natural enzymes is a promising and active field that has been pursued
by researchers for several decades?* a second simplest option for doing chemistry in water
is the micellar catalysis. The use of surfactants under micellar conditions represents one
of the simplest methods to achieve catalysis in water since surfactants are in most cases
very economical thanks to their extensive everyday use in detergency and formulation in
general '

3.1.2 Surfactants and their characterization

Surfactants is the short name for surface active agents. Surfactants are amphiphilic
molecules, composed by hydrophilic and lipophilic parts. Generally the polar part is
called head and nonpolar group is called tail.? head and tail can have different nature
(see Figure 3.1) for example the head can be feature the presence or absence of electric
charge (cationic, anionic, zwitterionic, non-ionic) whilst the tale can have different compo-
sition (hydrocarbon, fluorocarbon, siloxane). The tail length ranges from small molecule
to polymer, with linear or branched chains, or containing insaturations and rings. Partic-
ular classes of surfactants possess two heads (“bola surfactants”), or both a double head
and tail (they are called “gemini”).?% 26 When a surfactant is in the presence of water and
immiscible organic species tend to mediate between the two phases. If water is present in
a large amount the hydrophobic effect drives the formation of spontaneous micellar aggre-
gates in solution when the surfactant is present above a certain minimum concentration
called critical micellar concentration (cmc). The nanoscale assemblies, micelle, formed by
aggregation of about 50-100 monomers are in thermodynamic equilibrium with monomers
rapidly exchanging in solution. For example, the typical lifetime of a surfactant micelle
is on the order of 1073~ 1072 s.26 The type of aggregate formed is a function of sev-
eral variables: (i) the molecular structure of the amphiphile, (ii) the proportion between
hydrophilic and hydrophobic parts, (iii) the geometry of the molecule and (iv) the exper-
imental conditions in which they are used such as temperature, pH and ionic strength
of the disperding phase.?’ The effect of concentration is extremely important since possi-
ble aggregates are initially typically spherical micelles, but as soon as the concentration
increases also ellipsoidal micelles, rods, hexagonal liquid crystal phase (LC, hexagonal
arrangement of long cylinders), lamellar LC phase and, eventually, reverse phases are
possible.?6 The first information needed in order to be sure to work under micellar con-
ditions is the value of the cmc of the surfactant employed. Several methods are available,
all based on the observation that the properties of the solution drastically change crossing
the cmce value. The most common methods for the determination of the cmc are based
on surface tension measurements, UV-VIS , fluorescence analysis, conductometry?® and
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NMR spectroscopy,?® The average size of micellar aggregates can be easily determined
Dynamic Light Scattering (DLS) analyses® providing information concerning the hydro-
dynamic radius of the aggregates and the distribution of the different structures present in
solution even if the measurement is an average of the contribution from all different kinds
of aggregates. Complementary to this, Transmission electron cryomicroscopy (cryo-TEM)
analysis allows achieving real pictures of the aggregates formed by the surfactant.?”
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Figure 3.1 Structures of commercially available surfactants. The Red part is the head group and the
black part is the tail group.

3.1.3 Micellar catalysis

A micellar solution appears completely homogeneous to the eye inspection due to the
small dimensions of micellar associating colloids; however, in reality the absorbed reac-
tants are in a microheterogeneous two-phase system.3!In the presence of large amounts of
substrates, usually liquids, to favor their intimate contact with water and the surfactant,
microemulsions are obtained and also under these conditions, enhancement of catalytic
activity and selectivity has been observed.!® Organic species added to micellar media
are distributed between bulk water and micelles depending on their polarity, charge and
dimension. It has been established, by spectroscopic measurement, that nonpolar com-
pounds such as hydrocarbons are generally to be found in the hydrophobic core while
semipolar and polar compounds such as alcohols, carboxylic acids, and amines are lo-
cated in the palisade layer. Aromatic compounds are often found to be present in both
the head-group region and the core and they can be described using equilibria.®? The ef-
fect of micelles , according to Brown et al,?” be ascribed to a combination of the following
factors :

1. The dielectric constant in the micelle is lower than in water, which causes a solvent
effect.

97



CHAPTER 3. GREEN SYNTHESIS FOR MOLECULAR ORGANIC SEMICONDUCTORS

2. The transition state of the reaction can be stabilized by interaction with the polar
head groups.

3. The reactants are concentrated relative to the surrounding water phase through
interactions with the micelle surface or through insertion into the micelle itself, thus
leading to an increased rate of bimolecular reactions.

The concentration effect (N°3) can be considered as dominant in many cases. In general,
the micellar effect is referred to as “micellar catalysis” when it refers to the alteration of the
rate of a reaction. One of the simplest kinetic model of reactions in micellar systems can be
accomplished by considering them as microheterogeneous two-phase systems?’ . From a
certain point of view micelles behave like enzymes, isolating species from the bulk solvent,
playing several roles at a time like improving solubilization of organic reagents in water,
helping compartmentalization of reagents with enhancement of the local concentration and
reactivity, imparting unique chemo-, regio- and stereoselectivities.'® The rules of micellar
chemistry are still not completely clear, for examples is not know which and why surfactant
is best for a given reaction type, if micellar shape and size play a role in successfully
enabling a desired transformation or what is the role of co-solvents in the documented
examples where they are required.!®

3.1.4 Organic reaction in micellar media

Micellar reactions are a well established topic in modern organic synthesis, indeed the
numbers of reactions reported in literature to date in micellar condition is quite im-
pressive. I report some examples: Oxidation,?*3° reduction,*** dehydratation,* C-C
or C-heteroatom Bondig former reaction. Reactions leading to the formation of C-C
or C-N bonds can be sorted in two classes: TM catalyzed and not. They are part of
the first group: Michael additions,*® aldol addition,*” *® Friedel-Crafts alkylation®® and
Diels-Alder cycloaddition.®® Copper,’* 5Rhodium,””Gold®® *® and Palladium-catalyzed
reactions belong instead to the second group. In particular we can find several of Pd-
catalyzed cross-coupling reactions reported like Buchwald-Hartwig , Sonogashira, Negishi,
Heck,Stille,Olefin metathesis, Suzuki-Miyaura, direct arylation reaction. These last exam-
ples are very relevant for OS synthesis Indeed TM-catalyzed cross-coupling methodologies,
in particolar Pd-catalyzed reaction have evolved over the past four decades into one of the
most powerful and versatile methods for C—C bond formation, enabling the construction
of a diverse and sophisticated range of & -conjugated molecules and polymers.®® Nearly
all organic electronic materials consist of t-conjugated backbones. Most of these are com-
prised of polyaromatic or heteroaromatic units. For this reason micellar Pd-catalyzed
cross-coupling are very interesting for the development of green OS synthesis. Literature
reports a large number of surfactants suitable to carry out SM coupling in high yield
and at room temperature under micellar conditions.* Some of them are well established
industrial surfactants (eg Triton X 100, brije) originally developed for the needs of formu-
lation chemistry.'® Others specifically designed for micellar reactions( PTS, TPGS,NOk)
have been shown to feature superior performances in terms of yield and/or reduction
of the reaction time.?® 26> Despite the seminal value of these observations, there are
no general structure-property relationships clearly correlating performances in micellar
reactions with the surfactant chemical nature. Mostly, the difference in performances
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are ascribed to the aspect ratio (spherical vs worm like) and/or dimensions of the mi-
celles obtained in water solution. Recently, a seminal computational investigation of the
association behaviour of micelles was also reported.®®The use of micellar Pd-catalyzed
cross-coupling in the field of organic semiconductors is still limited and only a few exam-
ples of conjugated molecular materials have been reported.® 1*17 7Our research group in
the last three years have been focusing on the development of micellar condition for the
synthesis of OS materials. In particoular we have developed SM couplings on different
OS classes, along with an example on Buchwald-Hartwig reaction.

3.2 General Aims: Micellar catalysis for organic
semiconductors

Within my phD i helped working on the scaling up of an OS to 100g batches. This expe-
rience made it clear that sustainability is not a priority in the field. Indeed According to
the literature the synthesis of that compound is a multi step synthesis requiring the use
of several liters of toxic and flammable organic solvents both as a reaction medium and
for different chromatographic purification. Also, the protocol was based on Stille coupling
a notoriously troublesome reaction involving the use of toxic organotin compounds. Par-
tially to adress this specific issue and more in to promote a change in the general approach
to the preparation of OS, we focused on the development of micellar synthetic protocol
for OS molecular materials. Micellar strategy is already giving excellent results in the
industrial pharmaceutical synthesis.®® We focused first on the reaction of Suzuki-Miyaura
cross coupling reaction like greener alternative to Stille reaction, but we have begun to
extend the work also to different reations such as Buchwald-Hartwig Reaction.The use of
micellar catalysis for OS material in not trivial indeed organic semiconductors are usually
heavily functionalized molecules, higly crystalline and they can interfere with surfactant
micellization these lead to low conversion, consequently long purification steps and low
yield. The major issue is that the cooupling partner and the catalyst must be localized
in the same micellar compartment in order to perform the coupling of instead of parasitic
reaction as dehalogenation and homo-coupling or incomplete conversion.
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3.3 Previous work and the discovering of the New
Rules

The results reported in this section are already pubblished. more relevant findings are
summarized. For the details is refer to published works (coauthorated within phD).

3.3.1 Surfactant choice

The first big difference between the literature works and ours works is the surfactant
choice. In the last decade, thanks to the intuition of Lipshutz and co-workers, the na-
ture of the surfactant started to become the subject of in depth investigations. This
led to the design, synthesis, development and application of new surfactants in catalysis
application, these new surfactants covers several aspects of palladium-catalyzed cross-
coupling reactions specifically carried out under mild room temperature conditions in
water. These surfactants are specifically designed to boost the nanoreactor properties
of micelles, for this reason are called disigner surfacatant (see figure 3.2). This is the
case of PTS that is a non-ionic surfactant composed of racemic vitamin E as the apolar
portion, sebacic acid, and PEG-600 as the hydrophilic portion. An evolution of PTS
is polyoxyethanyl-a-tocopheryl succinate TPGS that represents a second example of a
designer green surfactant. It is composed of a lipophilic a-tocopherol moiety, a succinic
spacer and a hydrophilic poly(ethylene-glycol) methyl ether chain (PEG-750-M) with
the average mole of 750 u.m.a. These two designer surfactants, even if sharing similar
lipophilic structures, lead to different outcomes in several catalyzed reactions. This is
likely due to the different kinds and shapes of micellar aggregates formed. While PTS
forms both 8-10 nm spheres and larger worm- or rod-like particles with the overall aver-
age size of 25 nm, TPGS in water provides very sharp 12-13 nm spherical micelles. The
same group developed the latest designer surfactant SPGS-550-M called “Nok” based on
a [3-sitosterol methoxypolyethyleneglycol succinate structure, prepared in only two steps
from {-sitosterol with succinic anhydride and PEG-550-M. Despite the existence of these
designed surfactants we focused on the use a large-scale, commercially available surfac-
tant, called Kolliphor® EL(see figure 3.2). Kolliphor® EL is BASF’s non-ionic solubilizer
and emulsifier for the production of semi-solid and liquid formulations of water-insoluble
drugs and other hydrophobic compounds. Kolliphor® EL is a complex mixture, the main
component of Kolliphor® EL is glycerol polyethylene glycol ricinoleate. Together with
fatty acid esters of polyethylene glycol, this forms the hydrophobic part of the product.
The smaller hydrophylic part consists of free polyethylene glycols and ethoxylated glyc-
erol. The main reason for our choice is that,a previous phD thesis demostrated that the
core of Kolliphor’s nanomicelles is oxygen free, this offering advantages in oxygen sensi-
tive reactions such as SM reaction. Other Kolliphor advantages are the low cost, indeed
for example his prices for grams is around 0.23 €/g against Nok price of 17.23 €/g from
the same supplier (Sigma-Aldrich), and the cost is a important factor to consider for a
scalable synthesis. Kolliphor EL is a low-toxic product for human health, in fact it is
approved by the competent administrations ( e.g. Food and Drugs Administration) for
the formulation of several drugs (Taxol and its derivatives.®?). Kolliphor® EL is made
from a natural precursor in fact is made by reacting castor oil with ethylene oxide in a
molar ratio of 1 : 35.
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Kolliphor® main components
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Figure 3.2 Disigner surfactants on the Left and Kolliphor® EL on the right

In the first work titled “ Suzuki—Miyaura Micellar Cross-Coupling in Water, at Room
Temperature, and under Aerobic Atmosphere” published on Organic letters (DOI:
10.1021/acs.orglett.6b03817) we compared the yield of SM reaction between 3-Bromoiso-
quinoline (109) and 3-thienylboronic acid (110) in different 2 wt% surfactant solution
in water (scheme 3.1 ). We compared Kolliphor® EL with two other established cou-
pling promoting surfactants like Triton X-100 and TPGS-750-M. We tested the method
under a set of experimental conditions generally accepted as appropriate in the ded-
icated literature: room temperature, a 2 wt % solution of the surfactant in distilled
water, 0.5 M concentration of the halide (bromide in all our reactions), [1,1 -bis(di-tert-
butylphosphino)ferrocene|dichloropalladium(IT) (Pd(dtbpf)Cly) 2 mol % with respect to
the bromide as the catalyst, and triethylamine (N(Et)3) as the base. The result are shown
in the table of scheme 3.1.

109 S
N Xy B _~_ B(OH), 110 70
| = = " @/ h
N S Pd(dtbpf)Cl, P
N(Et)3 N

Surfactant wt 2%
r.t. time[h] yield [%] (atmosphere)
| Entry | Swrfactant | Atmosphere | Time [h] | Yield [%] |

1 Kolliphor EL air 1 90
2 Triton X-100 air 2 68
3 Triton X-100 Ns 2 80
4 TPGS-750-M air 2 69
5) TPGS-750-M N, 2 95

Scheme 3.1 Reaction of 3-bromoisoquinoline with 3-thienylboronic acid in different surfactant disper-
sions.
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For the entry 1,2,4 of table of scheme 3.1 the reactions were carried under air (without the
use of inert atmosphere or degassed water), the comparison of the yields is demostrates
that the Kolliphor Oxygen barrier effect allows running reactions without special pre-
caution in high yield (90%). In order to confirm our hypothesis we perform the same
reactions under nitrogen atmosphere and with degased water for Triton X-100 (entry 3)
and TPGS-750-M (entry 5). The yelds increase from 68% to 80% for Triton X-100 and
from 69% to 95% for TPGS-750-M. Triton X-100 result less performant in both con-
dition (under air or nitrogen atmosphere) in stead of TPGS-750-M that resulted more
performing than Kolliphor® EL. The absolute higher yields of TPGS-750-M, under ni-
trogen, respect Kolliphor® EL being a designer surfactant it is not surprising but the
Kolliphor-catalyzed yied was only little lower (90% against 95%), and the possibility of
work without particular precaution is a great advantage from the stand point of scalability
of the reaction. We made several examples on model small malecolules and the conclu-
sions were that Kolliphor® EL-catalyzed reaction were comparable in terms of yield with
TPGS-750-catalyzed reaction but with the advantage of oxygen insensitivity.

3.3.2 Synthesis of organic semiconductors in micellar condi-
tions, first examples

After choosing surfactant we started finally to make some OS derivatives. We used the
standard micelle-condition that we devoloped with the model small molecoules: 0.5 M
Ar-Br, 1.5 M 2- Ar-boronic acid, 3 M N(Et); and 2 mol% with respect to the bromide of
Pd(dppf)Cly, at room temperatue under air atmosphere.We started with the optimization
of 9,10-dibromoanthracene (DBA;111) phenylation reaction (scheme 3.2, and we started
to observe that the exploitation of micellar catalysis for OS synthesis is not trivial as
shown in Entry 2 of table of the scheme 3.2 that standard micelle-condition bring to
low yield (25%) despite a reaction’s time of 24h. We decided of study the influnce of
DBA concetration, as shown in table of the scheme 3.2 we observed that the reaction
yield increased (from 10% to 95%) as the bromide concentration increased (from 0.25M
to 1M).

e (o0
e <
O Pd(dtbpf)Cl,

Br O N(Et)3

rt. 24h (Air)
| Entry | DBA Concetration [M] | Yield [%] |
1 0.25 10
2 0.50 25
3 1.00 95

Scheme 3.2 Micellar phenylation reaction of 111

We think this behaviour is connected with a problem of localization of the coupling
partners in the different micelle’s compartments, indeed a similar effect was observed in
a previous work while focusing on phosphorescent compounds.”™ The use of Oxigen-free
Kolliphormicelle-core enviroment aimed at observing an oxygen sensitive nonlinear optical
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phenomena called Up-Conversion (UC) gave best result only at incresing concentration of
the hydrophobic molecules involved in the process. In short; the capability to succesfully
carry out a micellar coupling is connected with the colocalization of reactive species within
the compartment of the micelle where the Pd(0) catalyst is localized. The increase of
concentration of bromide ( the most hydrophobic components) favors saturation of all the
pokets of the micelle, including those that are O, free and catalyst loaded, thus favoring
the oxydative insertion of palladium kick starting the reaction. In the same article we
reported also the synthesis of others 9,10-diarylanthracene derivatives (113, 114and 115)
with different aryl groups and the synthesis of others OS compounds belonging to the
classes of: diarylbenzothiadiazoles (20,21), diketopyrrolopyrroles (116), perylenediimides
(117) and isoindigos (118, 119). The prodcuts structure are shown in scheme 3.4.

Ar—B(OH),
Pd(dtbpf)Cl,

N(Et)s
r.t. 12h (Air)

1 15 COOH

HOOC I I

90%

Scheme 3.3 Synthesis of 9,10-diarylanthracene derivatives

20 oy 21

96% 2h 87% 2h

C2H5/<C4H5 C2H5/<C4H5 S CeHu
70% 24h 62% 24h
Ci2Has_C1oH21
1 17 e CzHs
116 "o

C1oH21)\C12H25
70% 24h

Scheme 3.4 Couplings of brominated precursors (in red) and arylboronic acids or esters (in black)
performed in a 2 wt% Kolliphor EL solution in deionized water. Isolated yields and reaction times are
given.
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Using the same protocol we isolated the OS compounds with yields between the 50% to
96% ( scheme 3.4). In the case of higly crystalline compounds like 112, 113 ,114 and
115 they can be directly filtered from the reaction medium and purified by crystallization.
Derivatives 118 and 117 are examples of heavily functionalized compounds that could
interfere with the micellar structure of Kolliphor EL in solution. Characteristics of such
isoindigo derivatives made the reaction mixture difficult to efficiently stir, as most of the
material formed an oily and sticky residue on the walls of the reaction flask. To deal
with the problem, we mechanically shook the reaction mixture and increased the reaction
time to 24 h. Derivatives 117 and 116 are examples of a coupling reaction involving a
boronic ester instead of an acid. The reactions proved to be significantly slower, again
mostly due to the high viscosity of the reaction mixture, all other products could, in any
case, be isolated after chromatographic purification in moderate to good yields. Further
optimization of our method will likely require the devising of improved mixing procedures.
For benzothiadiazole derivatives like 20 and 21 we have developed a more sustainable
non-chromatographic purification which will be discussed later in the section 3.4.

3.3.3 Synthesis of latent pigment in emulsion conditions

The results reported in this section are pubblished in the article “Suzuki-Miyaura
Cross-Coupling of latent pigments in water/toluene emulsion under aerobic atmosphere”
(DOI:10.1016/j.dyepig.2017.11.044).

Aiming at extending the generality of the approach, we focused our attention on the elab-
oration of latent pigments, a very peculiar class of organic semiconductors recently singled
out when a tradeoff between performances and sustainability is paramount. The latent
pigments strategy was originally developed as a tool to process organic pigments from so-
lution by reversibly turning them into dyes.”" Latent pigments are thermosensitive dyes
that can be reverted to insoluble pigments via thermal treatment, are a well-established
component of high performance inks which find uses in OLEDs and OPVs. Latent pig-
ment strategy are discussed in greater detail in chapter 3. Latent pigments derivatives
synthesis is challenging due to the thermal sensitivity of the protecting group, indeed
Boc group is often present in that compounds. SM cross-coupling reactions involving
latent pigments have been reported yet, yields are generally poor. This is particularly
true when a thiophene ring is present in one or both the reactions partners.””> We chose
as a representative example of a troublesome SM reaction, the coupling shown in scheme
3.5 involving the latent isoindigo pigment 120 and 2-thienylboronic acid .

s
E/fﬁa(om2

1M K2CO3 54
Pd(dpppf)Cl,
THF
1h, Reflux, 16h
29%

4-DMAP,THF, r.t.
80%

Scheme 3.5 Literature approach for the couplings of thiophene-2-boronic acid and the latent pigment
120
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We tested this reaction under micellar conditions both with Kolliphor EL and TPGS-
750-M. In both cases the reaction medium was a 2% by weight solution of the surfactant
in deionized water. We used N(Et); as the base and a number of different palladium
catalysts (including Pd(dtbpf)Cly)and palladium precatalyst/phosphine mixtures, all of
which have documented use in the SM couplings. Rather surprisingly, none of the at-
tempts resulted in the target compound. We tested a wide range of different reactions
conditions, namely: the nature and stoichiometry of the catalyst, the concentration of the
reaction medium, the temperature, the reaction time and the reaction atmosphere (air vs
Ns). In all cases, we recovered some of the starting material along with a dark, insoluble
residue. The result was particularly surprising because we did not expect this behavior as
we were able to syntitize the very similar compounds 118 and 117 with these conditions.
Likewise this wasn’t a problem of reactivity but was a problem of unsuitable localization
of the coupling partner whithin the micelle’s compartment, in some way BOC protect-
ing group altered the correct partitioning of the reagent in the micelle’s compartments.
According to formulation chemistry guidelines, such issue requires either a change in the
surfactant or the introduction of a co-surfactant and/or a co-solvent capable of tuning
the Hydrophylic-Liphophylic Balance (HLB factor) of the reaction medium, indeed As we
started to isolate some product(122) only when we start to add small amount of co-solvent
in the reaction medium. Prof. Lipshutz described the benefits of using small amounts of
an organic co-solvents in improving micellar couplings.”? The effect was rationalized in
terms of a swelling effect of the micelles’s core. This results in a larger effective volume
for the reactions to take place. The use of a co-solvent was found particularly beneficial
with highly crystalline or poorly soluble starting materials, but is not our case, indeed
compound 120 is soluble in low polarity organic solvents and not particularly prone to
crystallization, yet the use of a co-solvent proved successful. 0.5 M dibromide 120 , 1.5 M
2-thiehylboronic acid , 3 M N(Et)s3, 2 mol% with respect to the bromide of Pd(dppf)Cls
at room temperatue under air atmosphere and used a mixtur of Kolliphor 2% solution in
water mixed with a co-solvent add at 10% in volume respect the Kolliphor solution.We
tested different co-solvent: THF, Acetone and Toluene. When we employed the water-
soluble solvents THF and Acetone we reamain in the micellar regime like is possible to
see in the DLS analysis (line red and green in figure 3.3 ), the swelling of the micelle lead
to an avarage bigger micelle size from 10 nm without co-solvent to 21 nm for THF and 16
nm for Acetone. In 2 h and with a mild heating of 60 °C, we were able to isolate derivative
122 after chromatographic purification in around 40% yield using Pd(dtbpf)Cly as the
catalyst and N(Et)3 as the base.
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Figure 3.3 DLS spectra of Kolliphor EL 2 % by weight in water (black) and of the corresponding 10 %
by volume mixtures with acetone (red), THF (green) and toluene (blue)

Remarkably, we did not observe any difference in the reaction yield when working un-
der nitrogen or under standard laboratory atmosphere. In all cases, we still observed
formation of sizeable amounts of compound 121. This indicates a continuing issue of
localization of 120 within the swollen micelles. When Toluene was tested, a solvent in
which compound 120 is particularly soluble, we observed a remarkably different behavior.
Firstly, a 10% by volume mixture of toluene in 2% by weight Kolliphor EL in water no
longer forms a micellar solution but rather an emulsion(see blu line in figure 3.3). In
an emulsion the reaction medium is biphasic, the surfactant constitutes the separation
layer between phases, instead of being the reaction medium itself like in standard micellar
couplings.Emulsion conditions proved to be definitively more efficient than micellar ones
for this set of reaction substrates. The use of toluene as a co-solvent gave the expected
product quantitatively, as evaluated by TLC. Isolated yield was limited to 80% due to
the pronounced tendency of 120 to deprotect over the silica employed during purification.
We did not observe any change in the reaction behavior when working under inert instead
of oxygenated atmosphere. This is surprising: the solubility of oxygen in toluene is far
greater than in water, yet the peculiar effect of Kolliphor, in this case only acting as a
barrier layer rather than being the reaction medium, was preserved.

106



3.3. PREVIOUS WORK AND THE DISCOVERING OF THE NEW RULES

S
UB(OH)Z

Pd(dtbpf)Cl,
N Br Kolliphor (2% in H,0):Co-solvent (10:1 by volume)
o%o 60°C Time [h] yield [%] (0]

| Entry | reaction medium (Volume ratio) | Atmosphere | Time [h] | yield [%] |

1 Kolliphor EL /acetone (10:1) Air 2 42
2 Kolliphor EL /acetone(10:1) N, 2 40
3 Kolliphor EL. /THF (10:1) Air 2 38
4 Kolliphor EL. /THF (10:1) N, 2 39
5 Kolliphor EL /toluene(10:1) Air 1 80
6 Kolliphor EL /toluene(10:1) Ny 1 79

Scheme 3.6 Cosolvent optimization for the couplings of thiophene-2-boronic acid and the latent pigment
120

The table of scheme 3.6 summarizes the results of the co-solvent experiments. We tested
the method’s scope and generality by carrying out several reactions involving both isoindi-
gos and diketopyrrolopyrroles as latent pigment precursors. The boronic counterparts
included: thiophene-2-boronic acid, 5 -N-hexyl- 2,2 -bithiophene-5-boronic acid pinacol
ester, phenylboronic acid, 6-methoxynaphthalene-2-boronic acid and 1- methylpyrrole-2-
boronic acid pinacol ester. Scheme 3.7 summarizes the results.

Scheme 3.7 Cosolvent approach for the couplings of thiophene-2-boronic acid and the latent pigment
120
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Scheme 3.8 Test reaction selected to optimize the BHA protocol

3.3.4 Kolliphor® EL-catalyzed Buchwald—Hartwig amination

The results reported in this section are pubblished in the article “Synthesis of Fluorinated
Acridines via Sequential Micellar Buchwald—Hartwig Amination/Cyclization of Aryl Bro-
mides” (DOI:10.1055/s-0036-1591937).

Aiming at extending the Kolliphor-micellar catalysis also to other cross-coupling reac-
tions, we focused on the palladium-catalyzed Buchwald—Hartwig amination (BHA). BHA
is a palladium-catalyzed cross-coupling reaction of amines and aryl halides that results
in formation of C-N bonds and widely utilized in medicinal chemistry and material
chemistry.”™®" Recently, the compounds having 9H-carbazole-9-yl group have attracted
much attention in organic electronic materials®® ®® and have been synthesized through
the Buchwald-Hartwig amination. In addition to BHA, the Cu-catalyzed Ulmann reac-
tion® % or Ni-catalyzed amination® % are known for the syntheses of the compounds
having 9H-carbazole-9-yl group from (hetero)aryl halides with 9H-carbazole derivatives.
However, they have some disadvantage; the use of large amount of catalyst or peculiar
apparatus, harsh condition and limitation of a substrate. In order to optimize the micel-
lar B-H protocol, we selected the test reaction shown in Scheme 3.8. Derivative 128 was
previously prepared by our group via the reaction of bromide 129 and azepine 130 ac-
cording to a microwave-enhanced protocol, with toluene as the solvent and working under
a nitrogen atmosphere. This molecule behaves as a fluorescent molecular rotor and finds
application in the monitoring of the self-assembly process of relevant block copolymers in
water.%

Micellar B-H amination has a relevant track record in the dedicated literature, TPGS-
750-M is the surfactant of choice, several studies have highlighted the critical role of
both the precatalyst/phosphine system and the base employed in the reaction kinetics
and yield. Restricting to readily available materials, Takesago’s cBRIDP phosphine and
(allyl)PdCl, are generally considered a good starting point while optimizing a method.?” %8
It is also important to note that the role of the employed base is crucial. In fact, the
group of Lipshutz pointed out that in order to achieve co-localization of all reaction
partners within the micelle core, the lipophilicity of the base is crucial. As such, the
addition of commercially available triisopropylsilanol (TIPS-OH) to the standard t-BuOK
(obviously corresponding to a KOH/t-BuOH mixture while working in water) greatly
reduces reaction times due to the formation in situ of lipophilic TIPS-OK.%” We tested
this reaction under micellar conditions both with Kolliphor EL and TPGS-750-M (see

scheme 3.9). In both cases the reaction medium was a 2% by weight solution of the
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surfactant in deionized water. We tried different bases and base mixtures (t-BuOK,t-
BuONa,t-BuOK/TIPS-OH and KOH/TIPS-OH) and a number of different palladium
catalysts and palladium precatalyst/phosphine mixtures, all of which have documented
use in the BHA couplings (see table in scheme 3.9 ).

\f;\o( 130 T

OO Pd precatalyst/Phosphlne
Surfactant 2% in H,O N
24h T[°C] Yield [%] O O

128

3}

e}

‘81

Entry Surfactant Catalyst Base Yield [%]
Temp.
1 Kolliphor (allylPdCl, / t-BuOK r.t. -
cBRIDP /TIPS-
OH
2 Kolliphor (allyl)PdCly t-BuOK 50 °C -
/¢cBRIDP /TIPS-
OH
3 Kolliphor (allyl)PdCly/ r.t. -
KOH /TIPS
t-BusP.HBF, OH
4 Kolliphor (allyl)PdCly/ 50 °C -
KOH /TIPS
t—BUf;P.HBF4 OH
5 Kolliphor Pd(OAc), / 50 °C -
KOH /TIPS
t-BusP.HBF, OH
6 Kolliphor Pd(OAc), / t-BuONa 50 °C 2
t—BUf;P.HBF4
7 Kolliphor (allyl)PdCly/ t-BuOK r.t. -
cBRIDP
8 Kolliphor (allyl)PdCly/ t-BuOK 50 °C 3
cBRIDP
9 TPGS-750M Pd(OAc), / t-BuOK r.t. 4
t-BusP.HBF, /TIPS-
OH
10 TPGS-750M Pd(OAc); / +-BuOK 50 °C 23
t-BusP.HBF, /TIPS-
QH

Scheme 3.9 BHA under Micellar Conditions

Conditions tested in the solution of Kolliphor (entry from 1 to 8) give traces or very
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low yield (max 4%), better result with TPGS-750M but anyway only 23% yield despite
50°C and lipophilic base TIPSOK generated in situ. once again the micellar conditions
reported in the literature did not give satisfactory results on OS systems. We think that
the problem was always the same, a correct micellar partitioning of the reagents and not a
reactivity problem. Indeed in the entry 6 we use the same catalytic system and the same
base that were used in literature solution condition and the reaction yield was only of 2%.
In order to tune the micellar environments we decided to use the co-solvent strategy: a
10% by volume mixture of co-solvent in 2% by weight Kolliphor EL, we tested different
co-solvents: THF, Acetone and Toluene, the result are summired in table 3.10

129 130 128
(0]

7
= N
H
O N Pd talyst/Phosphi
recatalyst/Phosphine
P ) t-guOK P
Surfactant 2% in H,O: co-solvent (10:1)
time[h] 60°C Yield [%]
r

Bi

| Entry | Co-solvent | Catalyst system | Time | yield [%] |
1 Acetone | Pd(OAc), / t-BusP.HBF, 4 30
5 THF | Pd(OAc), /t-Bu,D.HBF, | 4 50
3 Toluene | Pd(OAc), /t-BusP.HBF, 4 80
4 Toluene Pdy(dba)s / dppf 24 89

Scheme 3.10 BHAunder Micellar/Emulsion Conditions Aided by a Cosolvent

With the co-solvent adding , the polarity of the micelle core is tuned. In other words, the
hydrophilic-lipophilic balance (HLB) of the micellar nano-reactor is changed. When we
worked with a 10% by volume of toluene within a 2% by weight Kolliphor EL solution,
we were able to go from no reaction at all to 80% isolated yield in just 4 hours at 60 °C
while using the very simple and affordable Pd(OAc),/t-BusP catalytic system . The yield
increased to 89% when the well-established Buchwald—Hartwig Pds(dba)s/dppf catalytic
system was used(Table in scheme 3.10 ). Even more interestingly, the reaction could
be performed directly in air, confirming the peculiar resistance to oxygen of Kolliphor
EL/Toluene reaction medium even in we worked in emulsion rather than micellar solution.
In the article is possible to find synthesis of fluorinated acridines via amination/cyclization
that exploit the conditions developed by us for the first step of BHA.

110



3.4. SYNTHESIS OF BENZOTHIADIAZOLE DERIVATIVES IN MICELLAR CONDITION

3.4 Synthesis of benzothiadiazole derivatives in mi-
cellar condition

3.4.1 Introduction

4,7-Di(thiophene-2-y1)-5,6-difluoro-2,1,3-benzothiadiazole DTBF (scheme 3.11) is a com-
mercially available, rather expensive, building block that is gaining a relevant momentum
in the dedicated literature.”?12In the last 8 years DBTF was reported, directly as it is
or as a part of more complex polymer or molecule, in nearly 300 papers, with a steady
increase in the number of hits per year (See 3.4).

sz(dba)3 O
P(o-tol)3 S_B
NaHCO; U 0
THF/H,0

3 days reflux
74%

» NN
NN
5 - A S \
r Br | N
Pdy(dba)s S Pdy(OAC),

FF P(o-tol)3 F F .
DBBT Chlorobenzene DTBF Ef\tlgllfza)gg HBF, g F
140°C 60 min co 132
95% K2COs
0 toluene
120°C 3 days
Pd(dtbpf)Cl, vt
s OH N(Et)s
Q/B\ Kolliphor EL/Span 80 (2% in H,0)
\ OH rt. 2 hair
97%
.S,
N N
\
Br—QBr E factor = 4.39
F F
DBBF
GREEN WAY

Scheme 3.11 Scheme 1 Literature vs micellar approach for the preparation of DTBF
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Figure 3.4 Number of hits per year for papers containing DTBF either as such or as a portion of a more
complex structure. Extraction of data done on march 24th 2018, source:SciFinder

As shown in scheme 3.11, DTBF can be prepared according to three routes: a) from
4,7-dibromo-5,6-difluoro-2,1,3-benzothiadiazole (DBBF') and 2-tributylstannyl thiophene
with various Stille coupling protocols,!?® 104 for example in chlorobenzene and under mi-
crowave irradiation'®® b) from 4,7- diiodo-5,6-difluoro-2,1,3-benzothiadiazole (131) and 2-
thienylboronic acid pinacol ester viaSM coupling in water/THF mixture in moderate to
good yield;'% c) directly from 5,6-difluoro-2,1,3-benzothiadiazole (132) and 2- bromoth-
iophene via C-H activation, in modest yield.'®” None of such methods can be considered
sustainable. The Stille route is efficient but involves both the use of organic solvents and
of tin compounds. The Suzuki coupling is generally inefficient in the case of thiophene
containing derivatives as the poor reactivity of the thienyl-boronic acid is connected with a
pronounced tendency to protodeborylation, particularly at high temperature.!’® Finally,
the C-H activation is attractive, as it does not require activation of 5,6-difluoro-2,1,3-
benzothiadiazole. However, the need for prolonged heating in an organic solvent in com-
bination with a poor yield limit convenience. Micellar synthesis has demonstrated strong
potential to improve sustainability.? as discussed extensively in the introduction of this
chapter. In this section we show that the careful tuning of reaction conditions - in this
case particularly referring to the definition of the micellar environment through a formula-
tion chemistry approach - enables the preparation in quantitative yield of DTBF in water
as the only solvent, at room temperature and under standard laboratory environment
by means of the SM coupling of DBBF and 2-thienylboronic acid. We also show that
conditions can be tuned in order to prepare unsymmetrical derivatives bearing two differ-
ent aryl residues in a one pot procedure not requiring the isolation of the monoarylated
intermediate. Results are relevant both as they provide a simple and sustainable access
to valuable intermediates and because they shed some light on the peculiar characteristic
of microheterogeneous micellar reactions over homogeneous phase approaches.
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3.4.2 Results
3.4.2.1 Micellar synthesis of DTBF

We recently prepared the two 4,7-diaryl-2,1,3-benzothiadiazole derivatives (20,21) shown
in 3.12 by means of an efficient room temperature micellar SM reaction, carried out in a 2
wt% water solution of Kolliphor EL.!"Whilst the phenyl end-capped derivative 20 can be
prepared in quantitative yield using 2 mol% Pd(dppf)Cly as the catalysts, the synthesis
of 21 requires the use of the more efficient Pd(dtbpf)Clsy in analogous stoichiometry. No
doubt, this is connected with the poor reactivity of 2-thienylboronic acid. However, in
both reactions we did not observe the formation of the monoarylated species. Reactions
where selective towards the formation of the diarylated compounds, even in the case of
excess of 4,7-dibromo-2,1,3-benzothiadiazole(133) over the boronic acid employed (scheme

3.12).
B(OH),
@ N’S‘N
OO0
.S, 96%

N N
b N(Et)s 20
Br Br
Kolliphor EL 2% in H,O

.S,
Cr s
| N
Pd(dtbpf)Cl, S
87% 21
85% 13% 2%

s Pd(dppf)Cl,

S B(OH
NN @/( )2

.S,
W .S, NN S,
NN " No N
Br Br N(Et)s \I/ S S
Br B | Br [ |
Kolliphor EL 2% in H,0 r s \
F F
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TBF

r.t. 2h

DBBF DTBF
0% 32% 68%

Pd(dtbpf)Cl,

Scheme 3.12 Difference in the mono vs diarylation selectivity in SM reactions carried out on 4,7-
dibromo-2,1,3-benzothiadiazole (133) vs DBBF.

When moving from compound 133 to DBBF, the reaction behaviour changes completely.
As it is shown in scheme 3.12, the reaction carried out with Pd(dppf)Cls gives very little
conversion, mostly leading to the monoarylated species. The only byproducts we observed
by GC-MS of the reaction mixture were bithiophene (the homocoupling product of the
boronic acid) and 4-(thiophene-2-yl1)-5,6-difluoro-2,1,3-benzothiadiazole, both of them in
concentration below 0.5%. TLC inspection and NMR analysis confirmed that the 2-
thienylboronic acid was still present, so that protodeborylation can be ruled out as the
reason for the reaction not reaching full conversion. When switching to Pd(dtbpf)Cly,
the conversion increases substantially yet the reaction does not go to completion. Further
extension of the reaction time does not influence the composition of the reaction mixture.
As in the previous case, the homocoupling and debromination byproducts are barely
distinguishable from the background noise in the GC-MS chromatograms.
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In order to evaluate the generality of the effect, we also tested the coupling of DBBF with
two additional boronic acids: 3- thienylboronic acid and phenylboronic acid. Reactions
were performed in 2 wt% Kolliphor EL under standardized conditions: 0.5 M DBBF, 1.5
M boronic acid, 3 M N(Et); and 2 mol% with respect to the bromide of Pd(dppf)Cl, .
Scheme 3.13 shows the results we obtained.

22 mono 22

s, S
,S\ N N N’ ‘N
NN b I
B(OH S
S \ Br ST\ /s
— Br Br == SN =
FF FoF FF

.S,
N\ /N 1% 26% 3%
Br—<§ é}—Br . N/S\N S
3:1 excess boronic acid NN \ N° N
F_F B(OH) \ A
DBBF Pd(dtbpf)Cl, 2 O O Br
N(Et)s Br Br
Kolliphor EL 2% in H,0O F
rt.24h £ OF F F F
35% 54% 11%
23 mono 23

Scheme 3.13 Examples of SM reactions carried out on DBBF and leading to limited conversion.

None of the reaction gave complete conversion and the monocoupling product was the
dominating component. Results also reflect the different reactivity of the boronic acids
employed: the reaction performed with phenylboronic acid was sizeably more effective.

As discuss before in the section 3.3.3 , we observed a similar behaviour in the SM coupling
of both thiophene and phenyl boronic acid with di-bromides pertaining to the family of the
latent pigments. Such species give essentially no conversion with a variety of surfactants
(including the popular designer surfactant TPGS-750-M%) and catalysts. The reaction
becomes very efficient in the presence of a small amount of a water immiscible co-solvent of
suitable polarity.'® Such observation hinted at a problem of unsuitable localization of the
reactive species within the micelles, thus requiring evolution from micellar to an emulsion
approach. The use of a co-solvent is a known and resourceful tool.!%® Although efficient,
it remains unsatisfactory from the stand point of sustainability and E-factor reduction,
as the use of organic solvents should be limited as much as possible. In this work we
aim both at finding a satisfactory protocol leading to DTBF in high yield and without
the use of organic solvents and at the elucidation of the factors limiting the conversion in
schemes 3.12 and 3.13 reactions. We thus decided to use the SM coupling of DBBF and 2-
thienylboronic acid as a relevant case study and we evaluated the product distribution as
a function of key reaction parameters: the concentration and nature of the surfactant(s),
the concentration of the reagents, and the nature of the catalyst. The computationally
aided rationalization of the results was finally exploited for the identification of conditions
preferentially giving mono vs double SM coupling in order to prepare unsymmetrically
substituted derivatives in a one pot procedure.
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3.4.2.2 Influence of the surfactant concentration

The first parameter we investigated was the concentration of the surfactant. Literature
data mostly refer to a 2 wt% as the best trade-off between efficiency and cost. The latter
factor is not that relevant in the case of Kolliphor EL, we thus examined 2, 5, 10 and 20
wt% solutions (see figure 3.5).

25+ :
Kolliphor 2%
—— Kolliphor 5%
204 Kolliphor 10%
- — Kolliphor 20%
o~
S— 15_
=
w
o 10-
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Figure 3.5 DLS measurements of Kolliphor EL solutions in water as the function of the surfactant
concentration.

Dispersion Size peak 1 Size peak 2
(Integrated % (Integrated %
intensity) intensity)

Kolliphor EL 2% | 12.7 nm (100%) -
Kolliphor EL 5% | 12.6 nm (100%) -
Kolliphor EL 10% | 12.5 nm (100%) -
Kolliphor EL 20% | 12.6 nm (91%) 1600 nm (9%)

Table 3.1 peak peaks of micellar layer distributions and their relative intensities

The DLS analysis of the surfactant solution (see figures 3.5 and table 3.1 ) shows that
while there is little difference between 2, 5 and 10 wt% solutions in terms of the dimensions
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of the micelles obtained, the 20 wt% one also contains aggregates of larger dimensions. We
carried out all reactions under standardized conditions: 0.5 M DBBF, 1.5 M 2- thienyl-
boronic acid, 3 M N(Et); and 2 mol% with respect to the bromide of Pd(dppf)Cl, .
Initially, we purposefully decided to use Pd(dppf)Cly over the more reactive Pd(dtbpf)Cl,
in order to magnify the differences between the various reaction conditions employed. All
reactions were quenched after 12 h stirring at room temperature, extracted with CH,Cls,
filtered over a pad of silica gel and submitted to GC-MS characterization. Table 3.2 shows
the product distributions we obtained, corrected for the instrument response factor for
the three diferent analytes (See Appendix 3.4.6.1 for details).

Entry | Surfactant DBBF TBF DTBF
(mol%) | (mol%) | (mol%)
concentration
(wt%)

1 2 85 13 2

2 5 64 33 3

3 10 28 65 7

4 20 61 34 )

Table 3.2 Influence of the Surfactant concentration in the SM coupling reaction between DBBF and
2-thienylboronic acid. Conditions: 0.5 M DBBF, 1.5 M 2-thienylboronic acid, 3 M N(Et)3 and 2 mol%
with respect to the bromide of Pd(dppf)Cl2. Room temperature, 12 h.

With the exclusion of the data relative to the 20 wt% solution — where in any case the
mixture is out of the micellar regime as evidenced by the DLS data - the reaction becomes
increasingly more efficient at higher surfactant concentration. The reaction is somewhat
selective to the monoarylated product even in the presence of a large excess of boronic
acid. Running the reaction for a longer time and/or under nitrogen atmosphere did not
influence the conversion nor changed in any way the product distribution.
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3.4.2.3 Influence of the reagents formal concentration

At a fixed surfactant concentration of 2 wt%, we varied the formal concentration of
the reagents, while leaving fixed the respective stoichiometry ratio of 1:3:6:0.02 for
DBBF:boronic acid:N(Et)s:catalyst respectively. It should be noted that in a micellar
reaction, in our concentration range, most of the reagents and products are just sus-
pended in water, only a fraction of them being incorporated into the micelles where the
coupling reaction takes place. As such, the nominal concentration may not be correlated
with the stoichiometric ratio within the micelle. Table 3.3 shows the results we obtained.
The reaction shows very little sensitivity to the concentration of the reagents, coherently
with the fact that in all of the cases the reaction mixture contains way more lipophilic
molecules than those that can be simultaneously accommodated by the micelles. Within
the 0.5 -1.0 M nominal concentration the reaction gives best results. It should be noted
that at 1.0 M concentration the reaction mixture is very viscous and mechanical stirring
is recommended.

[Entry | DBBF (M) | DBBF (mol%) | TBF (mol%) | DTBF (mol%) |

1 0.3 84 15 1
2 0.5 85 13 2
3 1.0 77 21 2
4 1.5 92 8 0

Table 3.3 Influence of the reagents molarity at 2 wt% Kolliphor concentration in the SM coupling
reaction between DBBF and 2-thienylboronic acid. Reaction carried out at room temperature, 12 h.

3.4.2.4 Influence of the Surfactant

An alternative solution to the development of a new surfactant is the use of a mixture of
existing and readily available ones, aimed at tuning the interaction of the micelles with
either the reagents or the products of a given reaction. In such an approach, the synthetic
chemist resorts to the formulation chemist’s toolbox to tailor the reaction microenviron-
ment as needed. Commercial surfactants are complex molecules possessing functional
groups of different polarity. In the case of polyethoxylated species, like Kolliphor EL,
they are also intrinsically polydisperse. In order to be able to qualitatively describe the
affinity of a given surfactant with respect to a phase to be dispersed/emulsified, formula-
tion chemists developed the concept of the Hydrophilic-Lipophilic Balance (HLB). This is
a completely empirical parameter, not necessarily linearly correlated for example with the
dielectric constant, that gives a qualitative idea of the affinity of a surfactant for water
(HLB>10) or for oil (HLB<10)."°The HLB of Kolliphor EL is 13.5, which identifies it
as water soluble and appropriate for the preparation of oil in water emulsions. Aiming
at tuning the interaction of Kolliphor EL with the components of the reaction mixture,
we decided to mix it with two other neutral and polyethoxylated industrial surfactants,
Tween 80 and Span 80, featuring an HLB of 15 and 4.3, respectively. In both cases we
mixed the surfactants in a 7:3 ratio Kolliphor/co-surfactant. As it is discussed below,
this proportion is dictated by the limited solubility in water of Span 80. The HLB values
of the two mixtures can be calculated as the weighted average of the HLB of the pure
constituents, thus the Kolliphor EL/Span 80 mixture has an HLB value of 10.7 and the
Kolliphor EL/Tween 80 mixture of 14.0. As we have previously stressed, the HLB cannot
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be directly related to the dielectric constant or the partition coefficient of the surfactants,
yet it is safe to assume that at higher HLB values more polar derivatives will be preferen-
tially dispersed. Table 3.4 shows the results we obtained while running the reaction at a
2 wt% surfactant concentration and at a nominal concentration of 0.5 M for the bromide.
The decision to work at 2 wt% was dictated by the very limited solubility of Span 80 in
water.

| Entry | Surfactant (HLB) | DBBF (mol %) | TBF (mol %) | DTBF (mol %) |

1 Kolliphor EL 85 13 2
(13.5)
2 70% Kolliphor EL 76 22 2

30% Span 80

(10.7)
3 70% Kolliphor EL 95 5 0

30% Tween 80

(14.0)

Table 3.4 Influence of the Surfactants nature at 2 wt% concentration in the SM coupling reaction
between DBBF and 2-thienylboronic acid. Conditions: 0.5 M DBBF, 1.5 M 2- thienylboronic acid, 3 M
N(Et)s and 2 mol% with respect to the bromide of Pd(dppf)Cle. Room temperature, 12 h.

The conversion degree is poor in all three cases, yet sizeably improving when working at
low HLB values. In principle, it could be interesting to explore even lower HLB values,
yet this is technically difficult as surfactants approaching an HLB value of 10 are perfectly
balanced between lipophilic and hydrophilic behaviour and are only partially soluble in
water. Span 80 in particular is not water soluble and can be homogeneously dispersed in
water only in the employed 7:3 mixture with Kolliphor EL and even then, requiring the
use of an high shear mixer. Simple stirring does not provide a homogeneous formulation.

3.4.2.5 Influence of the catalyst

Having assessed that the reaction is favoured by higher surfactant concentration and, at
least to some extent by lower HLB values, we tested under selected formulation condi-
tions the use of the way more reactive catalysts Pd(dtbpf)Cly instead of Pd(dppf)Cl, .
Table 3.5 shows the results. The use of Pd(dtbpf)Cly greatly improves the conversion
under all conditions explored, we however managed to push reaction to completion, with
nearly quantitative formation of the diarylation product, only in the case of the Kolliphor
EL/Span 80 mixture, corresponding to the lowest HLB mixture we explored. The mono
Vs diarylation ratio can be controlled by tuning the stoichiometry of the 2-thienylboronic
acid. Entry 8 of table 3.5, corresponding to a reaction where the boronic acid was used in
1.5 to 1 stoichiometric ratio over DBBF instead of the larger excess of 3:1 we employed
in all other trials, shows that is it possible to prepare the monoarylated species at 83%
yield without appreciable unreacted DBBF and in the presence of only 17% of DTBF.
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As it is discussed below, this result opens the way to the preparation of unsymmetrical
derivatives

Entry Surfactant Catalyst DBBF TBF DTBF
(mol %) | (mol %) | (mol %)

1 Kolliphor EL Pd(dppf)Cly 85 13 2

2 Kolliphor EL Pd(dtbpf)Cl 0 32 68

3 70% Kolliphor EL Pd(dppf)Cly 76 22 2

30% Span 80
4 70% Kolliphor EL Pd(dtbpf)Cly 0 3 97

30% Span 80
5 70% Kolliphor EL Pd(dppf)Cly 95 5 0

30% Tween 80
6 | 70% Kolliphor EL | Pd(dtbph)Cl 0 25 75

30% Tween 80
7| 70% Kolliphor EL a | Pd(dtbpf)Cl 0 75 2%

30% Span 80
8 | 70% Kolliphor EL a | Pd(dtbpf)Cl 0 83 17

30% Tween 80
9 | 70% Kolliphor EL b | Pd(dtbph)Cl, | 48 14 5

30% Span 80

Table 3.5 Influence of the catalyst as the function of reaction formulation in the SM coupling reaction
between DBBF and 2- thienylboronic acid. Conditions: 0.5 M DBBF, 1.5 M 2- thienylboronic acid, 3 M
N(Et)s and 2 mol% with respect to the bromide of the catalyst. Room temperature, 12 h. a) Reaction
conditions: 0.5 M DFBT, 0.75 M 2-thienylboronic acid, 1.5 M N(Et)3 and 2 mol% with respect to the
bromide of Pd(dtbpf)Cly. b) Conditions: 0.5 M DBBF, 1.5 M 2-thienylboronic acid, 3 M N(Et)3 and
0.05 mol% with respect to the bromide of the catalyst. Room temperature, 12 h.
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3.4.2.6 Computational analysis

The datasets described in tables 3.2,3.3,3.4 and 3.5 demonstrates that the nature of the
micellar environment where reactions take place has a strong influence on the product
distributions and overall conversion. It remains however an open question the reason why
reactions performed on 4,7-dibromo-2,1,3- benzothiadiazole (133) are selective towards
double SM coupling whilst the opposite is true for DBBF. We carried out a computational
analysis of the various aryl halides and corresponding products of mono- and di-arylation
in order to get relevant parameters, such as the dipole moment, to be used as a guide
in the elucidation of surfactant/molecules interaction within the micelles. A quantitative
correlation of the dipole moment of the chemical species involved and the HLB of the sur-
factant(s) employed would be an overstretching of an empirical parameter introduced to
describe the stability of industrial formulations. Nonetheless the comparison of the calcu-
lated dipole moments in water and toluene of DBBF, 4,7-dibromo- 2,1,3-benzothiadiazole
(133) and the corresponding mono and diarylation products with the various boronic
acids we employed, table 3.6 could show relevant trends.
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Table 3.6 Calculated dipole moments in toluene for 4,7- dibromo-2,1,3-benzothiadiazole(133), DBBF
and the corresponding mono and diarylation products with 2-thienylboronic acid, 3- thienylboronic acid
and phenylboronic acid. Values are averaged amongst the two (for monoarylation products) and three
(for diarylation products) almost degenerate rotamers available (see Appendix 3.4.6.2).

We thus carried out a series of ab initio simulations based on density functional theory
(DFT), performed by using the ORCA suite of programs.’* We report first that all the
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mono- and diarylated compounds are characterized by the occurrence of almost degen-
erate (energy difference never larger than 0.013 eV) stable rotamers. In 2- and 3-thienyl
adducts, the solid angle between the DBBF and thienyl planes generally approaches 0°
or 180° values, corresponding to two nonequivalent isomers in the case of monoarylated
compounds. Such isomers are characterized by similar molecular dipoles, always higher
than that calculated for the unsubstituted DBBF and 4,7-dibromo-2,1,3- benzothiadia-
zole (133). The two equivalent monosubstituted phenyl rotamers (solid angle of 40°) are
also characterized by a similar increase in the molecular dipole. Such increase is due to
the strong component of the dipole moment rotated astray from the C2 symmetry axis
of DBBF (4,7-dibromo-2,1,3- benzothiadiazole) in all monoarylated compounds. The ad-
dition of a second aryl group generally leads to the formation of three possible and again
almost-degenerate isomers, and, in turn, to the symmetrization of the molecule, with the
dipole of monoarylated compounds counterbalanced by the presence of a second thienyl
or phenyl group. The resultant dipole vector is far shorter in diarylated molecules than
in monoarylated, and also shorter than that calculated for DBBF, while is it longer in the
case of 4,7-dibromo-2,1,3benzothiadiazole, having a dipole vector collinear but inverted
with respect to DBBF. Without loss of generality, dipole values reported in table 3.6 are
averaged on rotational isomers; a detailed description of all the investigated isomers, in-
cluding relative energies and interconversion barriers, has been reported in the appendix.
Even if the calculated values of the dipole moments in water and toluene are different, the
same trend is reproduced in both datasets. Only derivatives 20 and 21 shows a polarity
similar or higher than that of the starting dibromide. In all other cases, the diaryla-
tion product is sizeably less polar than both the starting bromide and the monoarylated
intermediate.
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3.4.3 Discussion

Most micellar reactions described in the literature require the use of a 2 to 5 wt% solution
of surfactant in the presence of 0.5 to 1.0 M solutions of the reagents. As it is also
quite clear from the various pictures that can be found in the published papers or from
figure 3.6, reaction vessels contain way more water insoluble material than the maximum
amount that can be incorporated within the micelles at a given time. Actually, micellar
synthesis is not a completely appropriate term as the reaction mixture is a suspension.
Achievement of complete conversion in such kind of reactions requires that a single micelle
takes up reagents, localizes them in the same compartment where the catalyst is also
present, assists to their transformation in the product and eventually releases the latter
to replace it with a fresh aliquot of the former. This cycle has to be repeated several times,
depending on the concentration of the surfactant. In the absence of a selective affinity for
products vs reagents, within the normal uptake/release equilibria involving all micelles,
products and reagents will have a probability of being incorporated that will depend on
their relative concentration. The reaction will eventually slow down but go to complete
conversion anyway. If, however the aryl halide and the corresponding arylation product
have a sizeably different affinity for the micelle compartment where the reactions take
place, one of the two will be preferentially incorporated. If micelles preferentially take
up the halide, the reaction will be particularly efficient. On the opposite, in the case of
preferential uptake of the product, the reaction will be severely slowed down by saturation
of the active sites. The latter effect appears to be affecting the coupling of DBBF and
2-thienylboronic acid. Indeed, the conversion degree depends linearly upon the amount of
surfactant employed. The dependency of the mono vs diarylation ratio with the surfactant
concentration is less pronounced. Within the experimental error connected with the small
amount of DTBF obtained, the ratio can be assumed to be almost independent from the
surfactant concentration. The data suggest that a saturation effect prevents the micelles
from performing the coupling reactions multiple times, opposite to what is happening
in the case of, for example, the preparation of 134 and 135. To gain further evidence
that reactions do not proceed above a certain conversion degree due to selective affinity
towards the products, we carried out 3.14 reaction working at 0.5 M nominal concentration
of bromide in a 2 wt% Kolliphor EL solution. We let the formulation equilibrate for 24
h under stirring, prior to add the catalyst and the base. The formation of the diarylated
species was barely detectable. Actually, at least half of the DTBF detected by the GC-MS
after 24 h was already present at the beginning of the reaction as a contaminant of the
monoarylated specie, whose chromatographic purification from DTBF is troublesome.
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Figure 3.6 Pictures of typical micellar reactions taken at various times. Dispersing medium: from left
to right Kolliphor, Kolliphor/span 80 and Kolliphore/Tween 80 mixtures.

S_B(OH
N,S\N Q;;y/-( )2

.S,
N’S\N N N
\ o/ S \ S S \
N\ Pd(dtbpf)Cl, S
F F FF
TBF

N(Et)3
Kolliphor EL 2% in H,O

DTBF
TBF rt. 24 h

98% 2%

Scheme 3.14 SM reaction of TBF and 2-thienylboronic acid in 2 wt% Kolliphor EL demonstrating the
micelles saturation effect.

It is accepted that in a micellar protocol, chemical transformations happen preferentially
within the apolar core, where the catalyst is localized (this is in particular demonstrated
in the case of Kolliphor EL according to our previous experience).!” The computational
results summarized in table 3.6 differentiate fluorinated from nonfluorinated derivatives
on the basis of the polarity of both precursors and reagents. In both cases the polarity
is increased by the first coupling and decreased by the second one, essentially due to
geometrical reasons. Fluorinated derivatives remain however in all of the cases less polar
than the nonfluorinated ones. When we carried out reactions in Kolliphor EL, at the
relatively high HLB values of 13.5, we privileged the emulsification of polar over nonpolar
substances. In the nonfluorinated series, likewise generally better matched with Kolliphor
EL HLB, dibromide and diarylated derivatives possess similar and relatively high polarity.
The micelles do not preferentially stabilize neither of them and the reaction goes to
completion. The most polar species, the monoarylated intermediate, is never observed
as it reacts directly prior to leave the micelle. In the fluorinated series the polarity of
all involved species is smaller so that the emulsification of DBBF in the first place is
sluggish (indeed even by eye inspection it takes several minutes to observe the formation
of a homogeneous dispersion). Moreover, reaction leads to a further reduction of polarity
on going from DBBF to the diarylated species. At high HLB values the reaction does
not perform for lack of compatibility. At low HLB values the situation improves yet
the conversion remains limited by the preferential accumulation of diarylation product
(the less polar species) over reagent within the micelles. Due to the aforementioned slow
homogenization of the reaction mixture, the saturation effect takes some time to happen.
When Pd(dppf)Cl, is used the reaction is very slow and the micelles saturation effect is
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dominating over conversion. The opposite is true when Pd(dtbpf)Cls is used, the reaction
is very fast (GC-MS traces after 30 min and 12 h are identical) and proceeds smoothly, in
the low HLB mixture (Table 4 entry 4) and somewhat less performinghly at higher HLB
factors (Table 4, Entries 2 and 6). Interestingly, at catalyst loading of 0.05 mol%, when
the reaction is in any case slow, even with Pd(dtbpf)Cly and in the low HLB surfactant
mixture, we obtained results fully comparable with those obtained with Pd(dppf)Cl,
(Table 4, entry 9). The Entry 4 of Table 4 shows that the use of 2 mol% of Pd(dtbpf)Cl,
in combination with a Kolliphor EL/Span 80 7:3 mixture gives access, in quantitative
yield, at room temperature and without the use of any cosolvent, to DTBF. The reaction
is so efficient that the product can be isolated at analytical purity directly by filtration
of the reaction mixture over a sintered silica filter followed by washing with water and
MeOH. The reaction was scaled up to 20 g of starting DBBF in order to precisely evaluate
the E-factor. As the only organic waste produced was the MeOH employed for the final
washing step (performed in a Soxhlet continuous extractor), we were able to get an E-
factor as low as 4.4, to be compared with the values spanning from a minimum of 9.9 to
a maximum of 48.8, excluding purifications as no suitable data are available. Tuning the
reaction stoichiometry enables the control of mono vs diarylation, thus opening the way
for the preparation of unsymmetrically substituted derivatives in a one pot procedure.
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3.4.3.1 One pot synthesis of nonsymmetric derivatives

The entry 8 of table 3.5 shows that when the reaction is carried out with a 1.5 to 1
stoichiometric ratio of 2-thienylboronic acid over DBBF and in a Kolliphor EL/Tween 80
mixture, the product distribution is 83% monoarylated and 17% diarylated. In principle
this result could open the way for the one pot synthesis of unsymmetrically substituted
derivatives. According to the same Table however, the only way to drive the reaction to
completion is to use a Kolliphor EL/Span 80 mixture. As such, we devised a two-step,
but still one pot as no isolation of the intermediate monoarylation product is necessary,
procedure. Firstly, we carried out the reaction according to the conditions reported in
table 3.5, entry 8. Once verified that no DBBF was left, we added a second aliquot of
another arylboronic acid and as much Span 80 as it is required to reach the HLB value of
10.7, necessary to drive the reaction to completion, thus giving access to unsymmetrically
substituted derivatives. Scheme 6 shows the general reactions scheme as well as the exam-
ples we obtained of original 4,7-diaryl-5,6-difluoro-2,1,3- benzothiadiazole derivatives. In
details, DBBF:2-thienylboronic acid: N(Et)s;:Pd(dtbpf)Cly are mixed in the 1:1.5:6:0.02
proportion working at 0.5 M concentration of DBBF. The reaction is stirred at room
temperature for 3 h. At this stage the GC-MS analysis of the reaction mixture only
shows traces of unreacted DBBF. 1.5 equivalents of a different boronic acid (or pinacol
ester) are added along with Span 80, and mixture is stirred at r.t. overnight. The final
unsymmetrically substituted derivatives are isolated by chromatographical purification of
the reaction mixture. All reactions proceed till complete conversion of the TBF remained
after the first step. We did not observe the formation of byproducts, other than the DTBF
formed in the first step.

S

B(OH
1) U (OH)2

Pd(dtbpf)Cl,
N(Et)s
S : . . ) oL i N
NN (Kolliphor EL:Tween 80 7:3 wt%) 2 wt% in H,O NN
v/ rt.3h \
Br Br Ar 7 |
S
F F 2) Ar—B(OH), F F
DBBF span 80
136 rt12h 137 138
S .S. N/S\N
N °N F N N v
7 ]
S
7]

F F
40%P°

Scheme 3.15 a) Low yield due to troublesome chromatographic separation. b) From the pinacol ester
of the corresponding boronic acid.

The moderate to good isolated yields shown in schemee 3.15 are limited by the sometimes
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troublesome (particularly in the case of derivatives 139 and 143) chromatographic pu-
rification of the target product from DTBF. All unsymmetrically substituted derivatives
we made are original and could have direct applications as luminescent compounds in
applications the like of Luminescent Solar Collectors, imaging or OLEDs. Indeed, they
all share a good separation between absorption and emission spectra (Stokes Shifts) con-
nected with a moderate to good emission efficiency, figure 3.7 shows the absorption and
emission spectra for all asymmetric compounds.
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Figure 3.7 Normalized absorption (solid line) and emission (dotted line) spectra for derivatives 136-143
in CH5Cl; solution.
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3.4.4 Conclusion

Micellar reactions are rapidly revolutionising established synthetic methods. In particu-
lar, the micellar Suzuki-Miyaura coupling represents one of the most successful examples
of the capability of such techniques to dramatically improve sustainability while maintain-
ing performances. When not immediately satisfactory, particular reactions might require
tuning of conditions while moving from standard organic solvent to micellar environment.
The peculiar characteristic of micro-heterogeneous micellar reactions requires a specifically
devised approach where tuning of common reaction parameters (concentration, tempera-
ture time, catalyst) has to go hand in hand with the toolbox of the formulation chemist.
In the case of the synthesis of the popular conjugated building block DTBF and of sev-
eral unsymmetrically substituted derivatives of the same family, reactions can be driven
to completion only when the characteristics of the employed micellar environment are
appropriate. The dedicated literature so far approached the problem of underperforming
reactions by the introduction of new, improved surfactants. We show that the careful
selection and mixing of readily available and fully sustainable commercial surfactants can
lead to compete conversion where single component micellar solutions fail. We particu-
larly focused on Kolliphor EL as the main micellar forming surfactants and on Tween 80
and Span 80 as hydrophilic and lipophilic co-surfactants respectively. We offer an inter-
pretation of the data based on the preferential interaction of reagents vs products with
micelles assembled with one or more surfactants, hampering or speeding up the reaction
depending on the micelles dominating lipophilic over hydrophilic character. In particular
we have found an empirical correlation between the surfactant mixture HLB value and
the performance of the reaction in all cases when the polarity of reagents and products
is remarkably different. Within such optimized micellar environment, it is possible to
control the degree of mono vs diarylation to the point of being able to prepare unsym-
metrically substituted derivatives by the sequential reaction of DBBF with two different
arylboronic acids. Obviously, the generality of our results is limited to the case of the
peculiar halides/boronic acids we investigated. The extension of such model to a general
interpretation of the results of micellar couplings remains a tantalizing task, so far only
partially undergirded by the available evidences.
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3.4.5 Experimental part

Reactions were carried in a Biotage microwave vial (12 mm inner diameter) equipped with
two piled round stirring bars (VWR 442-0411, crosshead, double 8x10mm) and closed with
a Suba-Seal septum

3.4.5.1 Synthesis of 4,7-diphenyl-2,1,3-benzothiadiazole (20)

S S
N N QB(OH)Z N N
\ \ /
L T OO
N(Et)s

Kolliphor EL 2 wt % in HO
RT 2h 96%

4,7-Dibromo-2,1,3-benzothiadiazole ( 147 mg, 0.5 mmol) and phenylboronic acid (183 mg,
1.5 mmol) are weighted in the vessel, then 1 mL of Kolliphor 2% dispersion in water is
added. The mixture is stirred, then N(Et)3 (303 mg, 3.0 mmol) is added. The mixture is
allowed to homogenize for 5 minutes before addition of Pd(dtbpf)C12 (7.3 mg, 0.01 mmol).
The mixture was diluted with 10 mL of CH,Cl; and filtered through a pad of silica. The
filtrated was evaporated under reduced pressure and purified by chromatography with
CH2CI12 . 4,7-diphenyl-2,1,3-benzothiadiazole was obtained as bright yellow solid (138
mg , 0.48 mmol, 96% ).

1 H NMR (CDCI3 , 500 MHz): & 7.97 (d, J= 7.78 Hz, 4H), 7.80 (s, 2H), 7.56 (t, J= 7.44
Hz, 4H), 7.47 (t, J = 7.44 Hz, 2H); 13C (CDCI 3 , 125.7 MHz): 5 129.0, 129.3, 129.5,
130.1, 134.3, 138.3, 155.0.
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3.4.5.2 Synthesis of 4,7-di(thien-2-yl)-2,1,3-benzothiadiazole (21)

S B(OH),
s s
NN g NN
Br Br Pd(dtbpfCh | AN J |

N(Et)3 S S
Kolliphor EL 2 wt % in HO

RT 3h 87%

4,7-Dibromo-2,1,3-benzothiadiazole ( 144 mg, 0.5 mmol) and 2-thienylboronic acid ( 193
mg, 1.5 mmol) are weighted in the vessel, then 1 mL of Kolliphor 2% dispersion in water
is added. The mixture is stirred, then N(Et)3 (305 mg, 3.0 mmol) is added. The mixture
is allowed to homogenize for 5 minutes before addition of Pd(dtbpf)CI2 (6.5 mg, 0.01
mmol). After 2 h, the reaction is diluted with 10 mL of water and filtered. The crude is
crystallized from heptane to afford 125 mg of the pure product (87% yield).

1H NMR (400 MHz, CDCI3): 8 7.22-7.24 (dd, J = 5.2, 4 Hz, 2H), 7.47-7.48 (dd, J = 5.2,
1.2 Hz, 2H), 7.88 (s, 2H), 8.13-8.14 (dd, J = 3.6, 1.2 Hz, 2H). 13C (400 MHz,CDCI3): &
125.8, 126.0, 126.8, 127.5, 128.0, 139.3, 152.6.
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3.4.5.3 Synthesis of symmetrical 4,7-Diaryl-5,6-difluoro-2,1,3- benzothiadia-
zole derivatives

S B(OH),
S S
(W T o
S S
Br Br Pd(dtbpf)Ch | y S |
N(Et)s
= (Kolliphor EL/Span 80 7:3) 2 wt % in4® = =

RT 12h 97%

3.4.5.3.1 Synthesis of 4,7-di(thien-2-yl)-5,6-difluoro-2,1,3- benzothiadiazole
(DTBF) Scaled up synthesis of DTBF

DBBF (20.0 g, 60.6 mmol) and 2-thienylboronic acid (23.3 g, 182 mmol) are weighted in a
500 mL round bottom flask, then 121 mL of 2% (Kolliphor EL/Span 80 7:3) dispersion in
water are added. The mixture is stirred with a mechanical stirrer, then N(Et)3 (36.7 g, 364
mmol) is added. The mixture is allowed to homogenize before addition of Pd(dtbpf)Cls,
(790 mg, 1.21 mmol). After 12 h stirring at room temperature, the reaction mixture
is filtered over a sintered silica filter and the filtering cake is repeatedly washed with
deionized water. The crude solid (25 g) was continuously extracted with MeOH in a
Soxlet extractor until colorless extract. A total volume of 50 ml of MeOH was employed.
The pure product was recovered from the thimble as analytically pure sample. The
product was recovered as a bright yellow solid. (19.8 g, 97% ).

1H (CDCI3, 400 MHz): § 8.30 (dd, J=3.9, 1.1 Hz, 2H), 7.62 (dd, J=5.2, 1.1 Hz, 2H), 7.27
(m, 2H). 13C (CDCI3, 400 MHz): & 149.7 (dd, J=260.0, 20.4 Hz), 148.9 (t, J=4.4 Hz),
131.5, 130.9 (t, J=3.9 Hz), 128.9 (t, J=3.1 Hz), 127.4, 111.8 (d, J=9.4 Hz).
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. . BOH):2 ]
RGN SQ/ NN
\ \

Br Br Pd(dtbpf)Ch
N(Et)s
E - (Kolliphor EL/Span 80 7:3) 2 wt % in J©
RT 12h 76%

3.4.5.3.2 Synthesis of 4,7-di(thien-3-yl)-5,6-difluoro-2,1,3-benzothiadiazole
(22) DBBF (165 mg, 0.5 mmol) and 3-thienylboronic acid (192 mg, 1.5 mmol) are
weighted in the vessel, then 1 mL of 2% (Kolliphor EL/Span 80 7:3) dispersion in water
is added. The mixture is stirred, then N(Et)3 (303 mg, 3.0 mmol) is added. The mixture
is allowed to homogenize for 5 minutes before addition of Pd(dtbpf)Cly (6.5 mg, 0.01
mmol). After 12 h, the reaction is diluted with 10 mL of water and filtered. The crude is
washed with cold methanol, and then crystallized from methanol to afford 128 mg of the
pure product (76% yield). Anal caled for {, 49.98; H, 1.80; N, 8.33. Found: C, 49.35; H,
1.46; N, 8.06.

1H (CDCI3, 400 MHz): & 8.37 (dd, J=3.0, 1.3 Hz, 2H), 7.94 (dq, J=5.1, 1.1 Hz, 2H), 7.51
(dd, J=5.1, 3.0 Hz, 2H).13C (CDCI3, 400 MHz): & 150.5 (dd, J=258.6, 20.4 Hz), 150.0,
130.2, 128.9 (t, J=2.9 Hz), 128.2, 125.2, 113.1.
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B(OH)»
S S
N/ \N ©/ N/ \N
\ \
e e OO
N(Et)s

F = (Kolliphor EL/Span 80 7:3) 2 wt % in J©
RT 12h 95%

3.4.5.3.3 Synthesis of 4,7-diphenyl-5,6-difluoro-2,1,3-benzothiadiazole (23)
DBBF (165 mg, 0.5 mmol) and phenylboronic acid (183 mg, 1.5 mmol) are weighted in
the vessel, then 1 mL of Kolliphor 10% dispersion in water is added. The mixture is
stirred, then N(Et); (303 mg, 3.0 mmol) is added. The mixture is allowed to homogenize
for 5 minutes before addition ofPd(dtbpf)Cly (6.5 mg, 0.01 mmol). After 12 h, the reac-
tion is diluted with 10 mL of water and filtered. The crude is crystallized from heptane
to afford 153 mg of the pure product (95% yield). Anal caled for CisHigFaN2S: C, 66.65;
H, 3.11; N, 8.64. Found: C, 66.26; H, 2.76; N, 8.54.

1H (CDCI3, 400 MHz): § 7.83 (d, J=7.4 Hz, 4H), 7.59 (t,J=7.5 Hz, 4H), 7.52 (t, J=7.4
Hz, 2H).13C (CDCI3, 400 MHz): & 151.4 (t, J=3.9 Hz), 151.3 (dd, J=258.6, 20.4 Hz),
131.4, 131.1, 130.0, 129.4, 119.7 (dd, J=10.5, 4.4 Hz).
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3.4.5.4 Synthesis of unsymmetrical 4,7-Diaryl-5,6-difluoro-2,1,3- benzothia-
diazole (24, 25,26,27,28,29,30 and 31)

S S

N N
\ 7 /
Br Br Ds B(OH), | N\ Ar
Q uj : Q
F F F

F Pd(dtbpf)Cl,
N(Et)
(Kolliphor EL:Tween 80 7:3 wt) 2 wt % in H,O
RT 3h

2) Ar B(OH)2 ,Span 80,RT,12h

/S\ /S\
N N/
ls gaseses

- 52% 54 50% 25 P sav 26 s0% 27
\ /
e 28 53% 29 o 31

3.4.5.4.1 General synthetic procedure for unsymmetrically substituted deriva-
tives Reactions were carried in a Biotage microwave vial (12 mm inner diameter)
equipped with a cylindrical stirring bar (VWR 442-4525, 6x30mm) in vertical position
and closed with a Suba-Seal septum. DBBF (330 mg, 1.0 mmol), 2-thienylboronic acid
(192 mg, 1.5 mmol) and Pd(dtbpf)Cly (13.2 mg, 0.02 mmol) are weighted in the vessel,
then 2 mL of 2% (Kolliphor/Tween 7:3) dispersion in water are added. The mixture is
allowed to homogenize for 5 minutes before addition of N(Et)s (607 mg, 6.0 mmol). The
reaction is stirred for 3 h, then 1.5 mmol of the 2nd boronic acid/ester are added in
the vessel. 20 mg of Span 80 are added as well. The reaction is stirred overnight, and
subsequently diluted with 10 mL of water and filtered. The crude was finally purified by
column chromatography or crystallization.

Purification of 4-phenyl-7-(thien-2-yl)-5,6-difluoro-2,1,3- benzothiadiazole
(136)

The crude is purified by column chromatography using heptane:DCM=8:2 as eluent. Iso-
lated product: 172 mg (52%).

Anal caled for CigHgFoNoSy: C) 58.17; H, 2.44; N, 8.48. Found: C, 57.82; H, 2.12; N,
8.45.

H (CDCI3, 400 MHz): & 8.31 (d, J = 3.9 Hz, 1H), 7.82 (d, J = 8.3 Hz, 2H), 7.63 (dd,
J =5.3,0.9 Hz, 1H), 7.58 (t, J = 7.4, 0.9 Hz, 2H), 7.49-7.52 (m, 1H), 7.29 (m, 1H).13C
(CDCI3, 400 MHz): 5 151.33 (d, 8.6 Hz), 151.32 (dd, J = 255.9, 19.0 Hz), 150.6 (dd, J
= 259.8, 20.0 Hz), 149.9 (d, J = 8.8 Hz), 132.4 (dd, J = 5.4, 3.4 Hz), 131.9 (d, J = 8.3
Hz), 131.4 (d, J = 2.6 Hz), 131.1, 130.0, 129.8 (d, J = 6.4 Hz), 129.4, 128.3, 118.7 (d, J
= 14.2 Hz), 113.6 (dd, J = 12.2, 1.2 Hz).

Purification of 4-(2,4-difluoro-phenyl)-7-(thien-2-yl)-5,6-difluoro-2,1,3- ben-
zothiadiazole (137)
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The crude is purified by column chromatography using heptane:toluene=7:3 as eluent.
Isolated product: 183 mg (50%).

Anal caled for CigHgF4NoSo: C, 52.45; H, 1.65; N, 7.65. Found: C, 52.07; H, 1.31; N,
7.59.

1H (CDCI3, 400 MHz): 5 8.35 (ddd, J=3.8, 1.2, 0.6 Hz, 1H), 7.62-7.68 (m, 2H), 7.31 (ddd,
J=5.2, 3.8, 1.4 Hz, 1H), 7.05-7.15 (m, 2H).13C (CDCI3, 400 MHz): § 163.8 (dd, J=252.1,
11.6 Hz), 160.5 (dd, J=253.4, 12.3 Hz), 151.2 (dd, J=260.7, 21.1 Hz), 150.3 (d, J=8.8
Hz), 149.4 (dd, J=265.1, 23.2 Hz), 148.8 (d, J=8.7 Hz), 133.2 (dd, J=9.9, 3.7 Hz), 131.4
(d, J=8.3 Hz), 131.2, 129.3 (d, J=6.5 Hz), 127.5, 114.1 (d, J=16.1), 113.8 (d, J=11.7 Hz),
111.8 (dd, J=21.7, 3.6 Hz), 111.2 (d, J=16.0 Hz), 104.7 (t, J=25.5 Hz).

Purification of 4-(4-formyl-phenyl)-7-(thien-2-yl)-5,6-difluoro-2,1,3- benzoth-
iadiazole (138)

The crude is purified by column chromatography using heptane:DCM=8:2 as eluent. Iso-
lated product: 194 mg (54%).

Anal caled for Ci7;HgFoN,OS,: C, 56.97; H, 2.25; N, 7.82. Found: C, 54.64; H, 1.94; N,
7.77.

1H (CDCI3, 400 MHz): 5 10.17 (s, 1H), 8.38 (ddd, J=3.8, 1.1, 0.7 Hz, 1H), 8.09-8.12
(m, 2H), 8.03-8.06 (m, 2H), 7.69 (dd, J=5.1, 1.1 Hz, 1H), 7.33 (ddd, J=5.3, 3.9, 1.4 Hz,
1H)13C (CDCI3, 400 MHz): 5 191.7, 150.9 (dd, J=259.3, 19.6 Hz), 149.9 (d, J=8.0 Hz),
149.4 (dd, J=260.6, 19.6 Hz), 149.0 (d, J=8.7 Hz), 136.3, 136.2 (m), 131.5 (d, J=8.7 Hz),
131.3 (d, J=2.9 Hz), 131.2, 129.7, 129.5 (d, J=6.5 Hz), 127.5, 116.2 (d, J=13.8 Hz), 113.8
(dd, J=12.5, 2.1 Hz)

Purification of 4-(4-(trifluoromethyl)-phenyl)-7-(thien-2-yl)-5,6-difluoro-2,1,3-
benzothiadiazole (139)

No eluent combination allowed to separate chromatographically the product from DTBF.
Therefore, the crude was refluxed in methanol and hot filtered twice to remove the sym-
metrical DTBF derivative. The obtained solid was then crystallized three times from
heptane. Isolated product: 131 mg (33%).

Anal caled for Ci7H7;F5NoSe: C, 51.25; H, 1.77; N, 7.03. Found: C, 50.90; H, 1.42; N,
6.99.

1H (CDCI3, 400 MHz): 5 8.37 (ddd, J=3.8, 1.0, 0.7 Hz, 1H), 7.97-8.00 (m, 2H), 7.84-7.87
(m, 2H), 7.69 (dd, J=5.1, 1.1 Hz, 1H), 7.33 (ddd, J=5.2, 3.9, 1.4 Hz, 1H)13C (CDCI3, 400
MHz): 5 150.8 (dd, J=257.9, 18.9 Hz), 150.0 (d, J=8.7 Hz), 149.3 (dd, J=260.7, 19.6 Hz),
149.0 (d, J=8.7 Hz), 133.8 (m), 131.4 (d, J=8.7 Hz), 131.3 (m), 131.01 (q, J=32.7 Hz),
130.95 (d, J=2.9 Hz), 129.4 (d, J=6.5 Hz), 127.5, 125.5 (q, J=3.6 Hz), 124.0 (q, J=272.5
Hz), 116.1 (d, J=13.8 Hz), 113.7 (dd, J=12.3, 2.1 Hz)

Purification of 4-(2,5-dimethyl-phenyl)-7-(thien-2-yl)-5,6-difluoro-2,1,3- ben-
zothiadiazole (140)

The crude is purified by column chromatography using petroleum ether:toluene==8:2 as
eluent. Isolated product: 190 mg (53%).

Anal caled for CigHoF3NoSs: C, 60.32; H, 3.37; N, 7.82. Found: C, 60.46; H, 3.41; N,
7.56.
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1H (CDCI3, 400 MHz): 5 8.33 (ddd, J=3.8, 1.1, 0.6 Hz, 1H), 7.64 (dd, J=5.1, 1.1 Hz, 1H),
7.28-7.32 (m, 2H), 7.24-7.26 (m, 1H), 7.20 (br, 1H), 2.41 (s, 3H), 2.15 (s, 3H).13C (CDCI3,
400 MHz): 5 150.9 (d, J=8.7 Hz), 150.4 (dd, J=255.0, 18.9 Hz), 149.7 (dd, J=260.9, 19.7
Hz), 148.8 (d, J=8.7 Hz), 135.4, 134.2, 131.5 (dd, J=5.8, 3.6 Hz Hz), 131.02, 131.00 (d,
J=8.7 Hz), 130.5, 130.3, 129.4 (d, J=1.1 Hz), 128.9 (d, J=6.5 Hz), 127.4, 118.2 (d, J=16.4
Hz), 112.9 (dd, J=12.4, 1.4 Hz), 21.0, 19.6 (d, J=1.5 Hz)

Purification of 4-(naphtalen-1-yl)-7-(thien-2-yl)-5,6-difluoro-2,1,3- benzothia-
diazole (144)

The crude is purified by column chromatography using heptane:DCM=8:2 as eluent. Iso-
lated product: 207 mg (54%).

Anal caled for CyoHi1gFoN3So: C, 63.14; H, 2.65; N, 7.36. Found: C, 63.58; H, 2.85; N,
6.98.

1H (CDCI3, 400 MHz): d 8.38 (ddd, J=3.8, 1.1, 0.6 Hz, 1H), 8.05 (dd, J=7.0, 2.4 Hz,
1H), 7.98 (d, J=8.2 Hz, 1H), 7.64-7.69 (m, 3H), 7.54 (ddd, J=8.3, 6.6, 1.4 Hz, 1H), 7.48-
7.51 (m, 1H), 7.43 (ddd, J=8.5, 6.6, 1.3 Hz, 1H), 7.32 (ddd, J=5.2, 3.8, 1.3 Hz, 1H).13C
(CDCI3, 400 MHz): & 151.4 (d, J=8.4 Hz), 151.2 (dd, J=256.8, 20.1 Hz), 149.4 (dd,
J=262.1, 21.4 Hz), 148.8 (d, J=8.3 Hz), 133.8, 131.6, 131.5 (m), 131.1 (d, J=8.0 Hz),
129.9, 129.0 (m), 128.7, 127.7 (d, J=2.5 Hz), 127.4, 126.7, 126.2, 125.30, 125.27, 116.8 (d,
J=16.7 Hz), 113.4 (d, J=12.0 Hz).

Purification of 4-(9H-fluoren-2-yl)-7-(thien-2-yl)-5,6-difluoro-2,1,3- benzothia-
diazole (142)

The crude is purified by column chromatography using petroleum ether:toluene=7:3 as
eluent. Isolated product: 335 mg (80%).

Anal caled for Cy3Hi9F9N3So: C, 66.01; H, 2.89; N, 6.69. Found: C, 65.60; H, 2.67; N,
6.67.

1H (CDCI3, 400 MHz): 5 8.34 (ddd, J= 3.8, 1.1, 0.6 Hz, 1H), 8.02 (m, 1H), 7.9 (dd,
J=17.9, 0.6 Hz, 1H), 7.85-7.90 (m, 2H), 7.66 (dd, J=5.2, 1.1 Hz, 1H), 7.61 (d, J=7.3 Hz,
1H), 7.45 (t, J=7.5 Hz, 1H), 7.38 (td, J=7.4, 1.3 Hz), 7.31 (ddd, J=5.2, 3.9, 1.3 Hz, 1H),
4.05 (s, 2H)13C (CDCI3, 400 MHz): 5 150.6 (d, J=8.7 Hz), 150.4 (dd, J=255.5, 18.9 Hz),
149.8 (dd, J=260.7, 20.3 Hz), 149.0 (d, J=8.7 Hz), 143.8, 143.4, 142.7, 141.1, 131.6 (dd,
J=5.8, 3.6 Hz), 131.0 (d, J=8.7 Hz), 129.4 (d, J=2.9 Hz), 128.9 (d, J=6.5 Hz), 128.4,
127.4, 127.3, 127.1 (d, J=2.9 Hz), 126.9, 125.1, 120.3, 119.9, 118.2 (d, J=14.1 Hz), 112.5
(dd, J=12.4, 1.4 Hz), 37.1.

Purification of 4-(5’-hexyl-2’,3’-dihydro-[2,2’-bithiophen]-5-yl)-7-(thien-2-yl)-
5,6-difluoro-2,1,3- benzothiadiazole (143)

The crude is purified by column chromatography using petroleum ether:toluene=6:4 as
eluent. Isolated product: 201 mg (40%).

Anal caled for CyyHogF9NySy: C, 57.34; H, 4.01; N, 5.57. Found: C, 56.86; H, 3.79; N,
5.49.

1H (CDCI3, 400 MHz): 5 8.28 (dd, J=3.8, 1.1 Hz, 1H), 8.19 (d, J=4.0 Hz, 1H), 7.60 (dd,
J=5.2, 1.2 Hz, 1H), 7.25-7.27 (m, 1H), 7.22 (d, J=4.1 Hz, 1H), 7.73 (dt, J=3.6, 1.0 Hz,
1H), 2.82 (t, J=7.6 Hz, 2H), 1.71 (m, 2H), 1.31-1.43 (m, 6H), 0.91 (t, J=7.1, 3H).13C
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(CDCI3, 400 MHz): & 149.9 (dd, J=260.0, 20.4 Hz), 149.6 (dd, J=259.4, 20.8 Hz), 148.9,
148.7, 146.6, 141.5 (t, J=2.9 Hz), 134.2, 131.9 (dd, J=5.7, 3.6 Hz), 131.7, 130.8 (t, J=3.6
Hz), 129.7 (d, J=2.2 Hz), 128.8 (t, J=2.9 Hz), 127.4, 125.1, 124.2, 123.2, 111.7 (dd, J=9.5,
3.6 Hz), 111.3 (dd, J=8.9, 5.1 Hz),31.6, 31.5, 30.3, 28.8, 22.6, 14.1.
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3.4.5.4.2 NMR spectra of unsymmetrically substituted derivatives

3.4.5.5 Synthesis of 4-bromo-7-(thien-2-yl)-5,6-difluoro-2,1,3- benzothiadia-

zole (TBF)
S B(OH);
S S
S g S
\_/ \
Br Br Pd(dtbpf)Ch | A\ Br
N(Et)s S
F F (Kolliphor EL:Tween 80 7:3 wt) 2 wt % in D = =
RT 3h

DBBF (330 mg, 1.0 mmol) and 3-thienylboronic acid (192 mg, 1.5 mmol) are weighted
in the vial, then 2 mL of 10% Kolliphor EL dispersion in water is added. The mixture is
stirred, then N(Et)3 (303 mg, 3.0 mmol) is added. The mixture is allowed to homogenize
for 5 minutes before addition of Pd(dtbpf)Cl2 (13.2 mg, 0.02 mmol). After 12 h, the
reaction is diluted with 10 mL of water and filtered. The crude precipitate is purified by
column chromatography using heptane:toluene=7:3 as eluent. Isolated product: 187 mg

(56% yield).

Anal caled for CioH3BrFoN,So: C, 36.05; H, 0.91; N, 8.41. Found: C, 36.03; H, 0.61; N,
8.32.

1H (CDCI3, 400 MHz): & 8.26 (ddd, J=3.9, 1.1, 0.7 Hz, 1H), 7.64 (dd, J=5.2, 1.1 Hz,
1H), 7.27 (ddd, J=5.2, 3.9, 1.4 Hz, 1H).13C (CDCI3, 400 MHz): § 152.4 (dd, J=256.5,
20.3 Hz), 149.1 (dd, J=262.3, 19.0 Hz), 149.9 (d, J=5.1 Hz), 147.9, 131.4 (d, J=8.7 Hz),
130.8 (dd, J=5.8, 3.6 Hz), 129.5 (d, J=6.6 Hz), 127.5, 113.4 (dd, J=12.3 Hz, 1.4 Hz), 97.1
(dd, J=21.8, 1.4 Hz).

155



CHAPTER 3. GREEN SYNTHESIS FOR MOLECULAR ORGANIC SEMICONDUCTORS

wad) 14
0 S+ 05 S5 09 S§9 0/ &,/ 08 &8 06 §6 00T S0T OO0 517

S'E

ST 0¢ ST O0O¢E

g §

§0- 00 50

0T-

11.00— ;

10.99=
11.53—=

ig

£8

(wdd) 14
Lt 08 T8 78

SL

EL ¥i

2L

156

L 6L

7.65

7.65
@.54
Y764

8.27
8.27
8.27
8.27
8.26
8.26
8.26
8.26

.7.28
-7.27
L 7.27
L7207
L7.26

+7.26
+7.25



3.4.

{tuaa) T
06 00T 01t 0zt DET 0FT 0sT 09T 04T 0BT 06T 00
i I I I I I I 1 I I

09 08
I I

0E

0z

0T

STt

(1] 8!

19

P
e
—_— 0 -
=N
=
3
—
—
-
— g
I
=]
(%, ]
S ——
L
—_—
-
—
L
Iu
-
w
L]
—
(o]
rJ
-
(]
=
=
P
=)
-
= o
ER=
—

6zl

£21

e

157

(wdd) 14

15T £ST GS1
T e

6kt

b1

SYNTHESIS OF BENZOTHIADIAZOLE DERIVATIVES IN MICELLAR CONDITION

-153.70
153,50
15115
[150.95
150.57
150.38
149.90
- 149.85

147,96
%47.8?

147.77

==

7T

131.41
131.32

129.49
\129.42
1933t
%113.44
113.33
1113.32
97.16
97.15
96.95

96.93

—77.20




CHAPTER 3. GREEN SYNTHESIS FOR MOLECULAR ORGANIC SEMICONDUCTORS

3.4.6 Appendix

3.4.6.1 Details on The Gc-Ms response factor calibration

We quantified the crude product composition in terms of DBBF, TBF and DTBF by
gas chromatography coupled with mass spectroscopy (GC-MS). We estimated the reac-
tion mixture composition through area normalization based on response factors method.
In order to obtain the relative response factors (f) of the different compounds, we pre-
pared four standard solutions at known concentration of the three pure compounds in
dichloromethane in a volumetric flask. Each standard solution was analyzed three times
by GC-MS. Averaged areas of each peak A, were plotted as function of the concentra-

tion. Slopes of the linear fitting S, = VSV—Z were used to calculate the response factor of
compound x using the formula f, = fsf% = fSSSSL

where the s labels the chosen standard. We decided to use DTBF as standard, thus
fs = forer = 1.00 £ 0.01 and using the formula, we found f, = frpr = 3.1 £0.1
fs = frer = 1.03 £ 0.03. The weight percentage (Weight%a) and the mole percentage
(7/n%) of each component in reactions were calculated with the following formulas:

foiample

sample sample sample )
IoBerApppr + frBrATEE  + fDTBFADTER

* 100

Weight%, = (

M/Weight%DBBF oy Weight%rpp | Weigh

MW, %VDTBF] * 100

MWDBBF MWrgrp M

where A3*™P!¢ is compound x peak area in sample and MW, is the compound x molecular
weight.

3.4.6.2 Theoretical details

All ab initio simulations based on density functional theory (DFT) have been performed
by using the ORCA suite of programs!!! in a localized-basis-set framework. In detail,
the Kohn—Sham orbitals have been expanded on a def2-TZVPP Gaussian type basis
set.112 113 The corresponding def2/J basis has been also used as an auxiliary basis set
for Coulomb fitting in a resolution-of-identity /chain-of-spheres (RIJCOSX) framework.!
Molecular geometries have been fully optimized and their properties investigated by using
the B3LYP functional.''® In order to simulate molecular properties inside and outside
the micellar environment, the SMD continuum solvation model has been used to solvate
the investigated molecules in toluene and water, respectively.!6: 117
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(BTBT) DERIVATIVES IN MICELLAR CONDITION

3.5 Synthesis of 2(,7)-aryl-[1]benzothieno[3,2-b][1]-

benzothiophene (BTBT) derivatives in micellar
condition

3.5.1 Introduction

[1]Benzothieno[3,2-b]benzothiophene (BTBT) derivatives have gained a considerable in-
terest as active, p-dopable molecular materials in the preparation of OFETs. The reasons
of BTBT success were well explained in the introduction of chapter 1. In this section
i want focus on arylated BTBT derivatives in oreder to improve molecular packing and
tune HOMO and LUMO levels. BTBT’s conjugated system was extended with a wide
variety of aryl and heteroaryl groups''® 120 (see scheme 3.16 ) Generally, such 7-extended
derivatives are very poorly soluble thus requiring functionalization with side chains.

R2

R1= R2= H 32 R1= R2= H R2=H X=S 147
R1=CqoH21 R2=H 34 Ri= CgH47 Ry=H X=S 148
Ri=H Ro=CioH21 145 R1=CqoH21 R2=CeH1iz  X=S 149
Ri=H Ro=C12Hos 146 R,=H R,=CeHis  X=0 150
R1=H Ro=CeH1iz  X=Se 151
Ri=H Ro= ConHpe1 X=S 152

n=2,4,5,6,7,8,12,16

Scheme 3.16 Selection of arylated BTBT derivatives in the literature

Arylated-BTBT compounds show improved mobility in OFET as they offer highly ordered
thin film morphology, thermal stability, chemical and morphological as well.'?” Already
mentioned, the presence of the alkyl chains inproves solubility alongside with the intro-
duction of a favorable morphology. However, dialkyl substitution often causes low thermal
stability of polycrystalline thin films because the chemical modification with long alkyl
chains reduce the melting point at the same time: for example BTBT has a melting point
around 215°C against 2,7-dioctyl-[1]benzothieno[3,2-b]benzothiophene (diC8-BTBT,153,
figure 3.8) melted at around 100°C'?® | which is not high enough for the thermal pro-
cesses required in device fabrication. Therefore, this chemical modification cannot solve
the dilemma between the solubility and thermal stability in the soluble OFET materials.
diC8-BTBT exhibits a liquid-like smectic mesophase of SmA,'? which is responsible for
the low thermal durability. This problem could be solved if the OFET materials exhibit
any highly ordered smectic mesophase: because the highly ordered smectic mesophases
exhibit a solid-like nature, their crystalline films can stay in film form when heated at
their temperature range and go back to the crystal state when cooled down to the crys-
tallization temperature; this gives the crystalline film high thermal durability. For ex-
ample 2-(5-octyl-2-thienyl)-[1]benzothieno[3,2-b][1]benzothiophene (BTBT-Th-C8, com-
pound 152 n= 8, scheme 3.16) exhibited a highly ordered liquid crystal phase of SmE
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phase at the temperature range from 131 °C to 180 °C next to the crystal phase.'®® Hanna
and coworkes prepared molecularly flat and uniform thin films of BTBT-Th-C8 by spin-
coating of its solution at the temperatures for the SmE phase. In addition, the thermal
stability of polycrystalline thin films was very much improved up to 180 °C. BTBT-Th-C8
crystalline films can maintain their film form and never melt into a droplet when heated at
150 °C. Figure 3.8 shows the FET mobility in bottom-gate top-contact FETs fabricated
with 2,7-didecyl-[1]benzothieno[3,2-b]benzothiophene (diC10-BTBT, 154, figure 3.8) and
BTBT-Th-C8, which exhibit SmA and SmE phases, respectively, after being subjected to
thermal stress at a given temperature for 5 min. The FET fabricated with BTBT-Th-C8
can be operated well even after undergoing thermal stress at 150 °C for 5 min, whereas
the FET from diC10-BTBT is substantially degraded because the diC10-BTBT melts
(see figure 3.8a).131 Wang at al. made an optimization of the carbon chain length for the
compounds serie of 2-(5-alkylthien-2-yl)[1]benzothieno[3,2-b][1]benzothiophene (series of
which also belongs BTBT-Th-C8, 152 ). They described the synthesis and characteriza-
tion of compounds with a carbons chains of 2,4,5,6,7,8,12 and 16 carbon (see figure 3.8b).
All of the compounds with n > 4 show mesomorphism and display smectic A, smectic B
(n = 4), or smectic E (n > 4) phases and then crystalline phases . Alkyl chain length has
a noticeable influence on the microstructures of vacuum-deposited films and therefore on
the performance of the organic thin-film transistors (OTFTs). All molecules except for
2-(thiophen-2-yl)[1]benzothieno[3,2-b][1]benzothiophene (147) and 2-(5-ethylthiophen-2-
y1)[1]-benzothieno[3,2-b][1]benzothiophene (152, n= 2) feature OTFT mobilities above
5 em?V ~1s71. 2-(5-Hexylthiophen-2-yl)[1]benzothieno-[3,2-b][1]benzothiophene (BTBT-
Th-C6,155,figure 3.8) shows the greatest OTFT performance with reliable hole mobilities
(1) up to 10.5 em*V~1s7!1 because they form highly ordered and homogeneous films with
diminished grain boundarie (see figure 3.8c ).!?3 In a another work of the same authors
they study the influence of the change of the calcogen atoms on the heterocycle cou-
pled with the BTBT scaffold. They replace Solfur with Selenium (Se, compound 151)
and Oxygen (O, 150), but 155 remain the best OFET materials in terms of hole mo-
bility, the other compounds exhibited mobilites lower than 1 cm2V-1s-1 except for 151
that exhibited hole mobility of 4.68 cm?V ~1s71.122 2_decyl-7-phenyl-[1]benzothieno|3,2-
b][1]benzothiophene(34, C10-BTBT-Ph, figure 3.8) is another promising BTBT liquid
cristal compounds. This material provides uniform and molecularly flat polycrystalline
thin films reproducibly,deposed by spin coating, when SmE precursor thin films are crys-
tallized, and also exhibits high durability of films up to 200 °C. In addition, the mobility of
FETs is dramatically enhanced by about one order of magnitude (over 10 cm?V ~1s71) af-
ter thermal annealing at 120 °C in bottom-gate-bottom-contact FETs (see figure 3.8¢).'®
Full X-ray crystal structure analysis of C10-BTBT-Ph were reprted like flake-like single-
domain crystals'®? and also crystal structure in thin-film on polyimide gate insulator.'3 A
study of alkyl chain length in C10-BTBT-Ph related compound are reported by Hasegawa
at al.'?6and others various studies on OFET conduction.?* 135
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Arylated-BTBT compounds are prepared with Stille and Suzuki-Miyaura cross coupling
reaction in organic solvent. For examples scheme 3.17 shows the last synthetic step
reported in literature for compounds 14'% and 34.118 126: 136 For Compound 34 are re-
ported two diffent routes (a and b), both are a SM coupling. Phenylbornic acid is coupled
with 2-decyl-7T-iodio-[1]benzothieno[3,2-b][1]benzothiophene(156) in the rout a, instead in
route b is coupled with 2-decyl-7-bromo-[1]benzothieno[3,2-b][1]benzothiophene(33), de-
spite the use of the more reactive iodide rispect the bromide, the moderate yelds are
comparable, around 65%. The preaparation of compound 156 is a 4 step synthesis from
2-decyl-[1]benzothieno[3,2-b][1]benzothiophene (157) with a total yield of 22% and in-
cludes two chromatographic columns while the preaparation of compound (33) is only
1 synthetic step with a yield of 45%. We can affirm that the route b is a better syn-
thesis, but anyway includes the use of a large amount organic solvent, moderate yield,
long reaction time (14h), argon atmosphere, degassed solvents and moderate high tem-
perature (90°C). Scheme 3.17 shows also the last step for the preparation of compound
14: a Stille coupling between 2-bromo-[1]benzothieno[3,2-b|[1]benzothiophene(83) and
2-(Tributylstannyl)thiophene with a yield of 77%. The synthesis includes a chromato-
graphic columns, long reaction time (12h), argon atmsphere, degassed solvents, moderate
high temperature (90°C) and the use and production of high toxic tin compounds. Simi-
lar conclusion can be done analyzing the synthesis reported also for the other compounds
reported in scheme 3.16. Micellar synthesis has already demonstrated strong potential to
improve sustainability of OS materials as shows in the previous section (3.3 and 3.4). In
the chapter 2 (section 2.4) is described another alternative synthesis for 155 with direct
arylation (DA) protocol, DA is a more sustainable cross-coupling but the yield is low
and chromatographic purification are required, so further optimizations are required. In
this section we show the development of two different SM micellar-catalyzed approach
in order to increase the scalability and sustainability of the synthesis of the promising
arylated-BTBT.

162



3.5. SYNTHESIS OF 2(,7)-ARYL-[1]BENZOTHIENO|3,2-B][1]BENZOTHIOPHENE
(BTBT) DERIVATIVES IN MICELLAR CONDITION

a 1536 ©/B(OH)2 14
S
C1oHz1 Q J O | C1oH21 Q / O
s Pd(PPhs)s s

P(Cy)s
KoPOy4 2M in H,O
dioxane
95°C 22h (Ar) 63%

b 33 B(OH),
© 34
S s
C1oHa1 Q J O Br CroH21 Q / O
S Pd(PPhs),

K,CO3
H,O:Toluene (1:4)
90°C 14h (Ar) 66%

¢ 83 S 14
S C6H13USH(BU)4 S 3 o
/ O Br Q / O 6H13
Q S Pd(PPhs)4 S \ /
KoCO3
DMF

90°C 12h (Ar) 77%

Scheme 3.17 synthesis reported in literature for compounds 34 and 14 a)synthesis of compound 34
reported in references!!® 136 stoichiometry = 2-octyl-7-iodio-[1]benzothieno|3,2-b]benzothiophene 156 1
eq , phenylboronic acid 2 eq , palladium tetrakis 0.05 eq. , tricyclohexylphosphine 0,1 eq.; solvents and
concetration = dioxane: water (18:1) and 0.05 M is the concetratio of the iodide. b)synthesis of com-
pound 34 reported in reference,'?% stoichiometry = 2-octyl-7-bromo-[1]benzothieno[3,2-b]benzothiophene
33 leq.,phenylboronic acid 1.5 eq, K2CO3 3 eq.,palladium tetrakis 0.05 eq.; solvents and concetration
= toluene : water (4:1) and 0.05 M is the concetratio of the bromide. c¢)synthesis of compound 14
reported in reference!?® stoichiometry = 2-bromo-[1]benzothieno[3,2-b]benzothiophene 83 1 eq, 2-hexyl-
5-tributylstannylthiophene 1.1 eq., palladium tetrakis 0.01 eq.; solvents and concetration = dimethylfor-
mamide and 0.10 M of the bromide.

3.5.2 Results and discussion

3.5.2.1 2(,7)-aryl-[1]benzothieno[3,2-b]benzothiophene’s synthesis in emul-
sion condition

Aiming at developing sustainable approaches to some of the aforementioned derviatives,
our first attempt was the synthesis of in 2% Kolliphor solution in water, with BTBT-Br
(83 (1 eq.) , Phenylboronic acid (1.5 eq.) , N(Et)3(3 eq.) like base and Pd(dtbpf)Cl, like
catalyst (2 % in mol rispect the bromide) at room temperature for 6 days. The reaction’s
yield is only 23% and the conversion is uncomplete. Thr increase in the temperature to
45°C doesn’t give any improvement. As standard condition did not work well we decide
to make an optimization study for BTBT derivatives micellar SM coupling.

We focused on a simpler model reaction (Table 3.7), the phenylation of compound 83.
Table 3.7 summarize the optimization, more and more experts about the micellar OS
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(0]
i ,‘B@/\/\A 14
o Oy
Pd(dtbpf)Cl, s\

N(Et)s
Kolliphor 2%
r.t. 6 days 23%
(Air)

83
S
S

Scheme 3.18 First attempt of synthesis of compound 14 under standard micellar conditions. stoichiom-
etry = 2-bromo-[1]benzothieno[3,2-b]benzothiophene 83 1 eq., 5-Hexyl-2-thiopheneboronic acid pinacol
ester 1.5 eq, Pd(dtbpf)Cly 0.02 eq, N(Et)3 3 eq. reaction medium and concetration = 2 wt% Kolliphor
EL solution in Water and 0.50 M of the bromide

synthesis, we started with co-solvent approach in order to tune the micelle’s HLB. as well
as improve dispersability of the highly crystalline BTBTs. Like in the work on latent pig-
ment (reported in section 3.3.4) we used a Kolliphor 2% solution in water and Co-solvent,
10% in volume respect to the Kolliphor solution. We tested Kolliphor 2% /THF micellar
solution and the Kolliphor 2% /Toluene emulsion. We observed the same behaviour of the
work reported in section 3.3.3 and 3.3.4. The Kolliphor 2% /Toluene emulsion provide
a complete conversion and 90% yield , main byproducts are due to debromination and
regioisomer fromed by coupling with impurities of the reagent 83.

838 ©/B(OH)2 328
QY™ Oy
S Pd(dtbpf)Cl, S

N(Et)3
reaction medium

T[°C] time [h] yield [%]

(Air)
| Entry | Reaction medium | Temperature | Time (h) | yield (%) |
1 Kolliphor 2% r.t. 6 26
2 Kolliphor 2%:THF (10:1) r.t. 6 50
3 Kolliphor 2%:Toluene (10:1) 80°C 1 90

Table 3.7 Phenylation of compound 83 as model reaction for the optimization of the cosolvent ap-
proach. stechiomety = 2-bromo-[1]benzothieno[3,2-b]benzothiophene 83 1 eq., Phenylboronic acid 1.5
eq, Pd(dtbpf)Cls 0.02 eq, N(Et)s 3 eq. concetration = 0.50 M of the bromide

As it is shown in 3.19 we extended such optimized conditions to the synthesis of com-
pound 34, prepared by phenylation of compound 33. In only one hour we could obtain the
product without chromatographic purification and under air atmosphere with high yield
(92%). After that we tried our conditions with the more problematic 2-thienylboronic
acid aaiming at the preparation of compound 14 (BTBT-Th-C6). We synthetized also a
regiosomer of compound 14, the compound 158 , with similar yield and simple purifica-
tion. Compounds 14 and 158 are under devices characterzzation phase in order to study
the influnce of the alkyl chain position on OFET performances.
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34
3 asas e
C1oH21 O \ O Br C1oH21 \ O
Pd(dtbpf)Cl, s

S
N(Et)s
Kolliphor 2% in H,0 : Toluene (10:1)
1h 80°C (Air) 92%

83

s j: ﬂ s s
O LI
Pd(dtbpf)Cl, S ’

N(Et)3
Kolliphor 2% in H,0 : Toluene (10:1) R¢=CgHizRo=H 80% 14
1h 80°C (Air) Ro= CeHi3 Ri=H 83% 158

Scheme 3.19 Synthesis of compounds 34, 14 and 158 under emulsion conditions. stoichiometry =
BTBT’s bromide (33,83) 1 eq., arylboronic acid 1.5 eq, Pd(dtbpf)Cly 0.02 eq, N(Et)5 3 eq. reaction
medium and concetration = Kolliphor 2% in Water :Toluene (10:1)and 0.50 M of the bromide

We extended the reaction’s scope to symmetrical bromide 12, more problematic due higher
crystallinity and extremely poor solubility. Even though the reaction time was extended
from 1 h to 12 h but we succeeded in the isolation of the compounds 15 and 159 without
chromatographic purification, with a extractive recrystillazation in boiling methanol with
a good yield, around 80%.14 derivative was determined by GC-MS analysis and NMR
spectroscopy to be the main impurity.

o s R
12 B | R
S id ﬂRZ s 1
e e

S Pd(dtbpf)Cl, \ s s
N(Et)3 R1
Kolliphor 2% in H,O : Toluene (10:1)
12h 80°C 73% R4= CegH43 Ro=H 74% 15

Ro=CgHi3Ri=H 73% 159

Scheme 3.20 Synthesis of compounds 15 and 159 under emulsion conditions. stoichiometry =
2,7-dibromo-[1]benzothieno[3,2-b]benzothiophene 12 1 eq., thienylboronic acid pinacol ester 3.0 eq,
Pd(dtbpf)Cls 0.04 eq, N(Et)3 6 eq. reaction medium and concetration = Kolliphor 2% in Water :Toluene
(10:1)and 0.50 M of the bromide

Co-solvent approach is thus efficient strategy to increase the yields of OS synthesis re-
actions catalyzed by Kolliphor® EL, in particular the kolliphor emulsion 2% / Toluene
proved to be the most efficient. The amount of toluene used in these reactions is very low
when compared to the amounts of toluene used in the SM reactions reported in literature
for SM standard biphasic condition. For example, for the synthesis of compound 34 we
employed 0,2 ml of Toluene for Immol of isolated product instead of 24 mL /g as in the
standard approach'?® | we thus saved around the 99% of toluene. Despite the excellent
data provided by the co-solvent approach, it requires the use of an organic solvent that
should preferentially be avoided in the event of industrial scaling up. We develop a third
strategy, the development of designer n-surfactants not requiring the use of cosolvent (see
section 3.5.2.3).
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3.5.2.2 Kolliphor® EL-catalyzed Buchwald-Hartwig amination on [1]benzo-
thieno[3,2-b][1]benzothiophene derivatives

In order to prove the scope of our Buchwald-Hartwig amination in micellar/emulsion con-
dition exposed in the section 3.3.4 we test the ractivity of BTBT bromide 37 under such
condition, a second reason of interest for this kind of compound , N-BTBT-arylated struc-
tures, is that they are reported from different patent like primising OS materials.!37 141
Figure 3.9 shows the structures reported the patents.

n=1, 2 X=C-H
X=N

e
%Q %

R= H3
R

Figure 3.9 N-BTBT-arylated structures reported in patents.!37 141

We decided to try the BHA reaction between the bromide 33 and dibenzoazepine 130
and we could isolate the compound 37 with a yield of 79%, using a Kolliphor 2% so-
lution in water and THF as co-solvent (10:1 volume ratio), with mild heating (60°C)
under air atmosphere, aaccording to our previous experience with naphtalene monoimide
derivatives.

130 H

N
33 O 37
Pd(OAc) S
t-BuF’HBF24 O

t-BuONa
Kolliphor 2% in H,O: THF (10:1)
24 h 60°C 79%

Scheme 3.21 Synthesis of 5-(7-decylbenzo[b]benzo[4,5]thieno[2,3-d]thiophen-2-y1)-5H-
dibenzo[b,flazepine 37 by BHA under micellar Conditions.  stoichiometry = 2-decyl-7-bromo-
[1]benzothieno[3,2-b]benzothiophene 33 1 eq., dibenzoazepine 130 1.0 eq, Pd(OAc)s 0.03 eq,tBuPHBF,
0.06 eq, tBuONa 1.5 eq. reaction medium and concetration = Kolliphor 2% in Water :Toluene (10:1)and
0.50 M of the bromide

3.5.2.3 Designer n-surfactant for BTBT’s derivatives synthesis

The main problem in a standard micellar approach for BTBT derivatives SM reaction
is that the surfactant isn’t able to disperse efficently the bromides, due the strong n- n
interaction between the BTBT cores and a lack of specific interactions between surfactant
and bromide. We decided to develop a new surfactant class for the micellar synthesis of
highly crystallin/insoluble OS precursor. In order to add some specific interaction between
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the surfactant and the reagents, we added a m conjugated moiety. Figure 3.10shows
the general structure and “mechanism” of interaction of our disigner surfactant. For
the synthesis of our disigner surfactant (designer n-surfactant) we adapted the design
guidelines developped by Lipshutz group (TPGS-750M and Nok see section 3.1.4). Indeed
we exploited PEG chain as hydrophilic group, long carbon chain as hydrophobic group
and a succinic bridge as linker between the two groups.

a polar head
apalar tail
J 2 TS 9] -~
m 5 8]
n
succinic bridge
b

insoluble/crystaline bromatde
strong r-n intes actions e
o=

- Disigner surfactant can

ﬁ vy interac with bromige
- (s}

. by n-m inleractons
—

Figure 3.10 a) General structure of designer n-surfactant b) supposed mechanism of specific interaction
of designer n-surfactant and conjgated bromides

o~ s o Pi-BTBT-750M
c‘o»«z/\w, . Pi-Nap-550M
18 s T Pi-Nap-750M

Volume (%)

T T T T
0,1 1 10 100 1000 10000
Diameter (nm)

Figure 3.11 DLS analysis of disigner n-surfactants 2% dispersion in water. The Pi-BTBT-750M analysis
is reported in blu, the curve exhibits a maximum around 12 nm compatible with a micelle structures. The
Pi-Nap-550M analysis is reported in black, the curve exhibits four relative maximum. The maximum at
12 nm is compatible with a micelle structures the others ( 28 nm , 1.0 pwm and 5.6um) are correlable with
bigger complex supramolecular aggregates. The Pi-BTBT-750M analysis is reported in red, the curve
exhibits two relative maximum both correlable with complex supramolecular aggregates (43 nm and 1.2

pm )

3.5.2.3.1 Pi-BTBT-750M synthesis and testing Our first choice for the conjgated
moiety was a BTBT core, firstly because we thought that inserting a BTBT portion in
our surfactant would probably lead to a n-interaction with BTBT-bromide and secondly
because we already developed conditions for acylating BTBT with a succinic portion
(see. section 2.3.2.2). Scheme 3.22 shows the synthesis of Pi-BTBT-750M (compound
39). The synthesis reoported in the scheme start from the alkylated compound 157, the
condition for the alkylation of BTBT’s scaffold were described in the first chapter (see
section 2.3.1), the chain is introduce in position 2 of BTBT scaffold with a Friedel-Crafts
acylation followed by carbonyl group’s reduction to methylene group. In order to acylate
the 7 position of compound 157, we used the conditions developed for the synthesis
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of compound 160: succinic anhydride in the presence of alluminium chloride (AlCl3)
in dichloromethane at low temperature to maximize the regioselectivity of the aromatic
elettrophilic substitution in order to obtain compound 38. The reaction yield is low
because the purification of 38 from its regioisomer, that was formed during the reaction,
its troublesome. The last step is Fischer esterification between the alcohol PEG-750M
and the carboxylic acid 38 catalyzed by p-toluenesulfonic acid (p-TsOH). Pi-BTBT-750M
( 39) was obtained in good yield (83%) but with a little impurity of PEGchain (see NMR
spectrum in the experimental parts 3.5.3), not a serious problem for our purposes as peg
impurities are a common component of most ethoxylated surfacatants.

157

o 38 39
O 7 O L s o
CioHas \ O ———— CioHx \ O OH __ PEGTSOM | CioHa1 O ) O
s AlCls s p-TsOH s OfA
DCM 0 4 0}
ca.17

from -83°C to r.t. 8h 20% Toluene
Reflux 2h 83%

Scheme 3.22 Synthesis of Pi-BTBT-750M

DLS characterization of Pi-BTBT-750M 2 wt % solution in deionized water 3.11 confirms
the capability of such surfactant to form micelles with an avarage hydrodynamic diameter
of 12 nm and bigger complex supramolecular aggregates.

We tested Pi-BTBT-750M on the model reaction in the same conditons employed in
the optimization of the emulsion condition (scheme 3.23): with BTBT-Br (83, 1 eq. |,
Phenylboronic acid (1.5 eq.) , N(Et)3(3 eq.) and Pd(dtbpf)Cl, as the catalyst (2 % in
mol with respect to the bromide) at room temperature for 1 day. The comparison of
the yield of this experiments with the same rection carried out in Kolliphor 2% water
solution (Entry 1, table 3.7) i’'ts possible to affirm that Pi-BTBT-750M is a more effective
surfactant nanoreactor for the phenylation reaction of compound 83, probably thanks
to the specific n- © interactions between the surfactant and the reagent 83 which are
instead absent with Kolliphor. The reaction was slower with respect to the reaction in
Kolliphor2%:toluene emulsion, also because we carried the reaction at room temperature
as opposed to 80°C of the emulsion condition. The conversion wasn’t complete but this
could be related to poisoning of the catalyst as we performed the reaction under standard
lab. conditions and there are no reasons to beleave that Pi-BTBT-750M could behave as
Kolliphor EL in the presence of Os.

838 ©/ B(OH), lg
Oy Oy U
s Pd(dtbpf)Cl S

N(Et)
Pi-BTBT-750M 2% in HyO
rt. 24h 73%

(Aiir)

Scheme 3.23 Phenylation of compound 83 in Pi-BTBT-750M 2 wtstoichiometry = 2-bromo-
[1]benzothieno[3,2 - blbenzothiophene 83 1 eq., Phenylboronic acid 1.5 eq, Pd(dtbpf)Cls 0.02 eq, N(Et)s3
3 eq. reaction medium and concetration = Pi-BTBT-750M 2 wt% in water and 0.50 M of the bromide
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3.5.2.3.2 Pi-Nap-550M synthesis and testing Once verified that the introduction
of a conjugated portion inside the surfactant structure leads to an effective increase in
the efficiency of the micellar catalysis for micellar SM coupling on BTBT derivatives,
we develop improved surfactants, The key is to improve the interaction’s strength be-
tween the reagents and our designer n-surfactant. It’s well know in the literature that
aromatic donor—acceptor interactions are very usefull supramolecular tools in defining
m-stacked aggregates. Indeed a great number of research groups have successfully used al-
ternating electron-rich and electron-deficient aromatic stacking as a supramolecular design
principle to create a wide variety of architectures and assemblies.!#>14® BTBT deriva-
tives are electron-rich compounds likely to interact with an electron-deficient aromatic
compound, We chose an NDI (1,4,5,8-naphthalene-tetracarboxylic diimide ) scaffold as
electron-deficient conjugated moiety. Scheme 3.24 shows the synthesis of our second
disigner m-surfactant called Pi-Nap-550M. The synthesis starts from naphthalenetetracar-
boxylic dianhydride (161), which is reacted with nonylamine and ethanolamine in order to
obtain the asymmetric NDI 40, the two symmetric NDIs that were obtained as byprod-
uct were separate thanks to the respective different solubilities, leading to a moderate
yield of 36%. In the second step the alcohol 40 was reacted with succinic anhydride in
presence of triethylamine in order to obtain the carboxylic acid 41 with moderate yield
(58%). The last step is a Steglich-like esterification, where BocyO was used in order
to activate the carboxylic acid 41 and reacted with PEG-550M to afford Pi-Nap-550M.
DLS characterization of Pi-Nap-550M 2 wt % solution in deionized water 3.11 confirms
that our surfactant forms micelles with an avarage size of 12 nm and bigger complex
supramolecular aggregates.

CgH19 CgH19 CoHig
0§00 0 o O._N__0O
Nonylamine v
OO Ethanolamine OO OO PEG-550M OO
DMF Boc,0, DMAP
130 °C 17 h 36% T°'“e”e CH4Cly
070" 0 ° N Reflux 20h 58% 07 N0 r.t. 6 days 68% 07 "N" 0

T 5 5

) S s

(0] ca. 12

Scheme 3.24 Synthesis of Pi-Nap-550M

We tested Pi-Nap-550M on the model reaction in the same conditons employed in the
optimization of the emulsion condition (scheme 3.23): with BTBT-Br (83, 1 eq. , Phenyl-
boronic acid (1.5 eq.) , N(Et)3(3 eq.) and Pd(dtbpf)Cl, as the catalyst (with 2 % in mol
respect the bromide) at room temperature for 1 h. The reaction’s mixture apperance was
very different from the other micellar reaction. Indeed, instead of the familiar grey color
associated with clusters of Pd(0), the suspension was blue and the reaction was strongly
exothermic (see figure 3.12) . The reaction was extremly fast with respect to the reaction
Kolliphor-catalyzed and probably fast at least as much as under the emulsion condition

reaction, despite the much lower temperature, after 1 h the conversion was complete as
confirmed by TLC and GC-MS analyses.
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83 @/B(OH)2 14
oy " O
s o™ -0y
s Pd(dtbpf)Cl, s

N(Et)3
Pi-Nap-550M 2% in H,O
rt. 1h 78%

(Air)

Scheme 3.25 Phenylation of compound 83 in Pi-Nap-550M 2 wt% in water solution. stoichiometry
= 2-bromo-[1]benzothieno[3,2-b]benzothiophene 83 1 eq., Phenylboronic acid 1.5 eq, Pd(dtbpf)Cly 0.02
eq, N(Et)3 3 eq. reaction medium and concetration = Pi-Nap-550M 2 wt% in water and 0.50 M of the
bromide

4

(a) Pi-Nap-550M-catalyzed reaction  (b) Kolliphor-catalyzed reaction

Figure 3.12 Reaction’s mixture picture of the model reaction. phenylation of compound 83
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Scheme 3.26 Synthesis of compounds 34, 14, 158 and 162 in Pi-Nap-550M 2 wt% water solution.
stoichiometry = BTBT’s bromide (33,83) 1 eq., arylboronic acid 1.5 eq, Pd(dtbpf)Cly 0.02 eq, N(Et)s3
3 eq. reaction medium and concetration = Pi-Nap-550M 2% in Water :Toluene (10:1)and 0.50 M of the
bromide

In order to widen the reaction’s scope and better compare with the emulsion conditions,
we synthetized the compounds 34,14 and 158. We keep all the other conditions fixed
(1:3:6:0.02 for bromide :boronic acid (pinacol ester):N(Et)s:catalyst respectively) and we
carried the reaction in a Pi-Nap-550M 2% solution in deionized water at room tempera-
ture (see scheme 3.26). Despite room temperature we managed to isolate products with
comparable yields at the same reaction time and with the same simple purification of
the respective reaction reported in scheme 3.19. The blu color and heating of reaction’s
mixture was observed in all of the case reported in scheme3.26 except for the attempt at
synthesising of 162 , where the heating was less intense. It was not possible to charac-
terize, by NMR, the product 162 because of its very poor solubility in organic solvents,
even at high temperature.

o 15
12 b _S_ o s S
s oL N \ O S
Br\ Br S s

S Pd(dtbpf)Cl, CeH13 Conversion <10%
N(Et)3
Pi-Nap-550M 2% in H,0
7 days r.t. (Air)

CeH13

Scheme 3.27 Attempt at synthesis of compound 15 in Pi-Nap-550M 2 wt% water solution. stoichiometry
= 2,7-dibromo-[1]benzothieno[3,2-b]benzothiophene 12 1 eq., 5-Hexyl-2-thienylboronic acid pinacol ester
3.0 eq, Pd(dtbpf)Cly 0.04 eq, N(Et)3 6 eq. reaction medium and concetration = Pi-Nap-550M 2 wt%
water solution and 0.50 M of the bromide
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We also tried to synthetize the symmetric compound 15 using Pi-Nap-550M, we mostly
recovered the unreacted, and esssentially insoluble, dibromide 12. Pi-Nap-550M is not
able to disperse efficently the compound 12 at room temperature. The NMR spectrum
of crude product confirm that the compound 15 was formed only in traces.

3.5.2.3.3 Pi-Nap-750M synthesis and testing Pi-Nap-550M shows very peculiar
behavoiur in the catalyst of SM coupling of BTBT derivatives and also was tested with
other reaction that involved strongly conjugated m-material like 9,10-Dibromoanthracene
(see scheme 3.28) and also with this substrate confirm his efficency and our hypotesis
of donor-acceptor aromatic interactions. The reaction behaves in same way: very fast,
esotermic and with a characteristic blu appearance

164
CHO

163

x B(OH), O
Br | P
OHC
O S C

Br N(Et)3
a) Pi-Nap550M 2% in H,O O
b) Pi-Nap750M 2% in HaO
r.t. 1h 98% CHO

Scheme 3.28 9,10-Dibromoanthracene phenylation in micellar condition in Pi-Nap-550M and Pi-Nap-
750M 2 wt% in water. stoichiometry = 9,10-Dibromoanthracene 163 1 eq., 4-formylphenilboronic acid
3 eq., Pd(dtbpf)Cls 0.02 eq, N(Et)s 6 eq. reaction medium and concetration = Pi-Nap-550M 2 wt% in
water for condition a, Pi-Nap-750M 2 wt% in water for condition b and 0.50 M of the bromide.

Pi-Nap-750M proved to be a very promising designer surfactant, yet limitations also
became apparent. First of all the derivative is very poorly water soluble (possesing a
HLB number of 10.5). Also, the complex aggregation behavoiur shown in the DLS spectra
makes comparison with kolliphor more troublesome. We thus designed derivative Pi-Nap-
750M having two improved features: a longer PEG chain and a Ciy instead of a Cq
saturate chain.

Scheme 3.29 shows the Pi-Nap-750M synthesis , the first step conditions were optimized
the two different amine ( dodecylamine and ethanolamine) were added in two different
steps and also the temperature was gradually raised during the reaction with beneficial
suppression of symmetric byproducts. The second and third steps were done in the same
condition of the related precursors but yield was higher in both steps. For the third step a
non-chromatographic method for the purification of compound 44 has already been found,
which consists in the removal with soxhlet apparatus with heptane and isoproyl methyl
ether, this led to a cleaner product respect to the chromatographic purified compound
and a considerable reduction in the amount of organic solvent. In scheme 3.28 is shown a
comparison between the two designer n-surfactants (Pi-Nap-550M and Pi-Nap-750M) , the
two surfactants both lead to high yields of reactions in a short time at room temperature,
confirming the efficiency of the NDI core in catalyzing the SM reactions under micellar
conditions on strongly m-conjugated 9,10-Dibromoanthracene.
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Scheme 3.29 Synthesis of Pi-Nap-750M

3.5.3 Conclusion

We developed two different micellar approaches for the SM coupling reaction on [1]benzo-
thieno|[3,2-b|benzothiophene derivatives. The first approach was in line with our previous
experience and required the use of cosolvent (see section 3.3.3 and 3.3.4) , indeed the use of
a small amount of co-solvent to a Kolliphor 2% solution in water leads to an improvement
in reaction’s conversion,rate and yield under air atmosphere. In particular the emulsion
system Kolliphor 2%:Toluene is the best reaction medium tested.The second approach
developed is based on an orignal idea: the synthesis of new surfactants designed to pro-
vide a specific interactions with highly connjugated aromatic systems. We designed and
synthetized three different designer rm-surfactant. We tested two different aromatic moi-
ety: BTBT and NDI scaffold. For SM reaction on [1]benzothieno[3,2-b]benzothiophene
bromides the NDI scaffold turned out to be the best choice. Our hypothesis to explain
better performance of Pi-Nap-550M over Pi-BTBT-750M, is the stronger n-n interaction
of the latter with the [1]benzothieno[3,2-b]benzothiophene bromides. This hypothesis is
under further investigation. It is also possible that the blue color of the reaction’s mix-
ture containing Pi-Nap-550M could be related with the formation of complex with Pd(0)
of the NDI-core. We have already verified that the color change is observed when the
catalyst, the triethylamine and the surfactant are dissolve together in water, in absence
of any counterpart. The formation of such complex could assist the oxidative insertion
of Palladium on the electron rich BTBT bromide. Both approach lead to greener syn-
thesis of 2(,7)-arylated-[1]benzothieno[3,2-b]benzothiophene derivatives with respect the
syntheses reported in literature. For example the SM reaction step for the synthesis of
the very promising compound 34 have a E-factor of 74.17, excluding purification, for the
literature reported synthesis'?® insted of 6.89 for the emulsion SM reaction and of 7.02 for
the designer Pi-Nap-550M-catalyzed reaction. Furthermore, we purified our crude deriva-
tives with a simple silica filtration instead of the columns described in the literature, thus
further contribuiting to the sustainability of the method.
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3.5.4 Experimental part

3.5.4.1 Synthesis of 2-phenyl-[1]benzothieno[3,2-b][1]benzothiophene (32)

S
O ] ) O Pd(dtopf)Cl O \S O O

N(Et)s S
a) Kolliphor 2% in water
rt 6h 26%
b) Kolliphor 2%: THF (10:1)
rt 6h 50%
c) Kolliphor 2%: Toluene (10:1)

80°C 1h 90%
d) Pi-BTBT-750M 2% in water
rt 24h 73%
e) Pi-Nap-550M 2% in water
rt 1h 85%

2-Bromo-[1]benzothieno[3,2-b][1]benzothiophene ( 1.00 mmol), phenylboronic acid (1.50
mmol) and Pd(dtbpf)Cly (0.02 mmol) are weighted in the vessel, then reaction’s medium
(1 mL) was added. The mixture is allowed to homogenize for 5 minutes before addition of
and triethylamine ( 3 mmol). Reaction was stirred for time required( see the scheme for
the times) at room temperature (excepet for condition C, where the reaction’s temperature
was 80°C). The mixture was diluted with 20 mL of dichloromethane and filtered through
a pad of silica with a mixture of dichloromethane and ethyl acetate (4:1 ,100 mL). The
filtrated was evaporated under reduced pressure and purified by crystallization in toluene
to afford 2-phenyl-[1]benzothieno[3,2-b][1]benzothiophene as white solid (a 26% ; b 50%;
¢ 90%; d 73%; e 85%).

H NMR (400 MHz, CDC1 3 ) d 8.13 (d, J 1.1 Hz, 1H), 7.99 - 7.87 (m, 3H), 7.75 — 7.66
(m, 3H), 7.53 — 7.35 (m, 5H). 13 C NMR (101 MHz, CDCI 3 ) d 143.23, 142.50, 140.89,
138.57, 133.89, 133.38, 133.30, 132.34, 129.09, 127.64, 127.50, 125.19, 125.09, 124.68,
124.21, 122.52, 121.93, 121.75.
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3.5.4.2 Synthesis of 2-decyl-7-bromo-[1]benzothieno[3,2-b][1]benzothiophene
(33)

Bry
/N T

HoClp
S 72 h -21°C 45%

To a solution of 2-decyl-[1]benzothieno[3,2-b]benzothiophene (5.000 g, 13.14 mmol) in
dichloromethane (130 mL) was added a solution of bromine (2.106 g, 13.16 mmol) in
dichloromethane (20 mL) using a dropping funnel at -21°C . The solution was stirred for
6 h at the same temperature. The contents were stored at -21°C for 64 h in freezer to
form white precipitate. White solid was filtered, and crystallized in heptane to afford 2-
decyl-7-bromo-[1]benzothieno|3,2-b|[1]benzothiophene as white solid (2.721 g, 5.92 mmol,
45%).

(ppm) 8.04 (d, J = 1.7 Hz, 1H, ArH), 7.77 (d, J = 8.1 Hz, 1H, ArH), 7.71 (s, 1H, ArH),
7.71 (4, J = 8.4 Hz, 1H, ArH), 7.55 (dd, J = 1.7 Hyz, 8.4 Hz, 1H, ArH), 7.28 (d, J = 8.1
Hyz, 1H, ArH), 2.76 (t, J = 7.7 Hz, 2H, ArCH 2 ), 1.69 (tt, J = 7.7 Hz, 7.7 Hz, 2H, ArCH
2CH2), 1.34-1.26 (m, 14H, C H 2), 0.87 (t, J = 7.0 Hz, 3H, CH 3 ).
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3.5.4.3 Synthesis of 2-decyl-7-phenyl-[1]benzothieno[3,2-b][1]benzothiophene
(34)

N ©/ B on
s
\/\/\/ B /
S\ O y Pd(dibpf)Cl, N/ \S \J

N(Et)s
a) Kolliphor 2%: Toluene (10:1)
60°C 1h 92%
b) Pi-Nap550 2% in water
rt 1h 95%

a) 2-Decyl-7-bromo-[1]benzothieno[3,2-b][1]benzothiophene ( 667 mg, 1.50 mmol), phenyl-
boronic acid ( 264 mg, 2.16 mmol) and Pd(dtbpf)Cly ( 20.5 mg, 0.0315 mmol) were
weighted in the vessel, then Kolliphor 2%:Toluene emulsion (3.0 mL) is added. The mix-
ture is allowed to homogenize for 5 minutes before addition of triethylamine ( 455 mg, 4.50
mmol). Reaction was stirred for 1h at 60°C. Reaction mixture was diluted with 50 mL
of dichloromethaneand filtered through a pad of silica with a mixture of dichloromethane
and ethyl acetate (4:1 , around 200 ml). The filtrated was evaporated under reduced
pressureto give crude product. the crude product was washed with methanol (3 x 20 mL)
and purified by crystallization in toluene to afford 2-decyl-7-phenyl-[1]benzothienol[3,2-
b][1]benzothiophene was obtained as white solid (634 mg , 1.38 mmol, 92% ).

b) 2-Decyl-7-bromo-[1]benzothieno[3,2-b][1]benzothiophene (180 mg, 0.404 mmol), phenyl-
boronic acid (91.2 mg,0.746 mmol) and Pd(dtbpf)Cl, ( 7.5 mg, 0.011 mmol) were weighted
in the vessel, then Pi-Nap-750 2% w/w solution in water (0.8 mL) was added. The mixture
is allowed to homogenize for 5 minutes before addition of triethylamine ( 132 mg, 1.30
mmol). Reaction was stirred for 1h at room temperature. Reaction mixture was diluted
with 10 mL of dichloromethane with a mixture of dichloromethane and ethyl acetate (4:1
, 50 mL). The filtrated was evaporated under reduced pressure to give crude product. the
crude product was washed with methanol (3 x 10 mL) and purified by crystallization in
toluene to afford 2-decyl-7-phenyl-[1]benzothieno[3,2-b][1]benzothiophene was obtained
as white solid (175mg , 3.81 mmol, 95% ).

1 H NMR (500 MHz, CDCI 3 ): § 8.12 (d, J = 1.4 Hz, 1H), 7.92 (d, J = 8.3 Hz, 1H,
ArH), 7.79 (d, J = 8.1 Hz, 1H), 7.72 (s, 1H), 7.69 (m, 3H), 7.49 (dd, J = 7.5 Hz, 7.5 Hz,
2H), 7.38 (dd, J = 7.5 Hz, 7.5 Hz, 1H), 7.29 (d, J = 8.1 Hz, 1H), 2.77 (t, J = 7.7 Hz, 2H),
1.70 (tt, J = 7.7 Hz, 7 .7 Hz, 2H) 1.36 - 1.25 (m, 14 H), 0.88 (t, J = 7.0 Hz, 3H)
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3.5.4.4 Synthesis of 2-(5-hexyl-2-thienyl)-[1]benzothieno[3,2-b][1]benzothio-
phene(14)

iws\

Pd(dtbpf)Ch

N(Et)
a) Kolliphor 2% w/w in HO a) 6d rt 20%
b) Kolliphor 2% : Toluene (10:1) b) 1h 80°C80%
c) Pi-Nap750 2%wi/w in bD c) 1hrt 81%

2-Bromo-benzo|b]benzo[4,5]thieno[2,3-d]thiophene ( 1.00 mmol), 5-Hexyl-2-thiophene-
boronic acid pinacol ester (1.50 mmol) and Pd(dtbpf)Cly (0.02 mmol) were weighted
in the vessel, then 2mL of reaction’s medium were added. The mixture is stirred for
5 minutes, then triethylamine (3.00 mmol) is added.The Reaction was stirred for time
required (see the scheme for the times) at room temperature (excepet for condition b,
where the reaction’s temperature was 80°C). The mixture was diluted with 20 ml of
dichloromethane. The solution was washed with brine (3 x 5 ml),and dried over magne-
sium sulfate. The solution was filtered through a pad of silica then the dichloromethane
was removed under reduce pressure. The solid was dispersed in methanol (100 mL) and
sonicated for 20 min. The solid was filtered.The crude product was crystallized in toluene
to obtain 2-(5-hexyl-2-thienyl)-[1]benzothieno[3,2-b][1]benzothiophene as white crystallin
solid (a 20%; b 80%; ¢ 81%).

1H NMR (500 MHz, CDCI3) 5 8.08 (d, J = 1.3 Hz, 1H), 7.90 (dd, J = 20.4, 7.9 Hz, 2H),
7.83 (d, J = 8.3 Hz, 1H), 7.66 (dd, J = 8.3, 1.6 Hz, 1H), 7.44 (ddd, J = 15.2, 10.9, 3.9 Hz,
2H), 7.22 (d, J = 3.5 Hz, 1H), 6.79 (d, J = 3.5 Hz, 1H), 2.85 (t, J = 7.6 Hz, 2H), 1.78 —
1.67 (m, 2H), 1.37 (tt, J = 7.0, 5.3 Hz, 6H), 0.91 (t, J = 7.0 Hz, 3H).13C NMR (126 MHz,
CDCI3) & 147.10, 143.97, 143.13, 142.04, 134.37, 134.20, 133.99, 132.89, 132.72, 126.11,
125.85, 125.80, 124.90, 123.98, 123.82, 122.61, 122.41, 121.26, 32.50, 32.47, 31.19, 29.67,
23.47, 14.97.
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3.5.4.5 Synthesis of 2-(4-hexyl-2-thienyl)-[1]benzothieno[3,2-b][1]benzothio-
phene(35)

O \S o : P:dtbpt)Clz O \S /S\

S N(Et)3 S
a) Kolliphor 2% : Toluene (10:1) a) 83% 1h
80°C
b) Pi-Nap750 2% wt in H,O b) 83% 1h

rt

2-Bromo-benzo|b|benzo[4,5]thieno[2,3-d]thiophene ( 1.00 mmol), 4-Hexyl-2-thiophene-
boronic acid pinacol ester (1.50 mmol) andPd(dtbpf)Cly (0.02 mmol) were weighted in
the vessel, then 2 mL of reaction’s medium were added. The mixture is stirred for 5
minutes, then triethylamine (3.00 mmol) is added.The Reaction was stirred 1h at room
temperature for a) condtion and at 80° for b) condition. The mixture was diluted with
dichloromethane (100 mL). The mixture was diluted with 20 ml of dichloromethane.
The solution was washed with brine (3 x 5 ml),and dried over magnesium sulfate. The
solution was filtered through a pad of silica then the dichloromethane was removed under
reduce pressure. The solid was dispersed in methanol (100 mL) and sonicated for 20 min.
The solid was filtered.The crude product was crystallized in toluene to obtain 2-(4-hexyl-
2-thienyl)-[1]benzothieno|3,2-b][1]benzothiophene as white crystallin solid (337 mg, 0.829
mmol, 83%).

b) 2-Bromo-benzo[b]benzo[4,5]thieno|2,3-d|thiophene (323 mg, 1.01 mmol), 4-Hexyl-3-
thiopheneboronic acid pinacol ester (445 mg, 1.51 mmol) and Pd(dtbpf)Cly(14.68 mg,
0.02 mmol) were weighted in the vessel, then a solution of Pi-Nap750 in water (2 mL ,
2% w/w) was added. The mixture is stirred, then triethylamine (306 mg, 3.0 mmol) was
added.The mixture was stirred at room temperature for 1h. The mixture was diluted
with 100 mL of dichloromethane. The solution was washed with brine (2 x 50 ml) and
dried over magnesium sulfate. The solution was filtered through a pad of silica then the
dichloromethane was removed under reduce pressure. The solid was dispersed in methanol
(200 mL) and sonicated for 20 min then filtered. The solid was filtered.The impurities
were removed by hot filtration in isopropanol. The isopropanol was removed under reduce
preussure and the product was dry overnight under vacuum at 70°C to obtain 2-(4-hexyl-
2-thienyl)-[1]benzothieno[3,2-b][1]benzothiophene as white crystallin solid (338 mg, 0.831
mmol, 83%).

1H NMR (400 MHz, CDCI3) 5 8.12 (dd, J = 1.6, 0.6 Hz, 1H), 7.88 — 7.79 (m, 1H), 7.70
(dd, J = 8.3, 1.6 Hz, 1H), 6.92 (dd, J = 2.2, 0.9 Hz, 1H), 2.74 — 2.53 (m, 2H), 1.68 (dt,
J = 15.3, 7.3 Hz, 2H), 1.46 — 1.27 (m, 6H), 0.95 — 0.85 (m, 3H).13C NMR (101 MHz,
CDCI3) & 144.56, 143.52, 143.09, 142.30, 133.69, 133.31, 133.11, 132.12, 131.89, 125.05,
124.96, 124.92, 124.05, 123.16, 121.76, 121.58, 120.67, 119.86, 31.73, 30.69, 30.46, 29.05,
22.65, 14.13.
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3.5. SYNTHESIS OF 2(,7)-ARYL-[1]BENZOTHIENO|3,2-B][1]BENZOTHIOPHENE
(BTBT) DERIVATIVES IN MICELLAR CONDITION

3.5.4.6 Synthesis of 2,7-di-(5-hexyl-2-thienyl)-[1]benzothieno[3,2-b][1]benzo-
thiophene (15)

7%0\5 S W/\/\
_ s o \W N ) N {
Br—\\ / A / b /ts N s\ // N

S = Pd(dtbpfH)Cl, \/\/\
N(Et);

Kolliphor 2% : Toluene (10:1)
12h 80°C 73%

2,7-Dibromo-benzo[b]benzo[4,5]thieno[2,3-d]thiophene (199 mg, 0.500 mmol), 5-Hexyl-2-
thiopheneboronic acid pinacol ester (441 mg, 1.50 mmol) andPd(dtbpf)Cly(14.70 mg,
0.02 mmol) were weighted in the vessel, then Kolliphor 2%:Toluene (10:1) emulsion
(I mL) was added. The mixture is stirred, then triethylamine (303 mg, 2.99 mmol)
is added.The mixture was stirred at 80°C for 12h. The suspension was diluted with
methanol and filtered.The solid was washed with methanol and dichloromethane.The solid
purified with exctractive crystallization in chloroform to afford 2,7-di-(5-hexyl-2-thienyl)-
[1]benzothieno[3,2-b][1]benzothiophene as white crystallin solid (213 mg, 0.372 mmol, 73
% yield).

1H NMR (400 MHz, CDCI3) 5 8.07 (dd, J = 1.6, 0.6 Hz, 1H), 7.83 (dd, J = 8.3, 0.6 Hz,
1H), 7.67 (dd, J = 8.3, 1.6 Hz, 1H), 7.23 (d, J = 3.6 Hz, 1H), 6.79 (dt, J = 3.6, 0.9 Hz,
1H), 2.85 (t, J = 7.7 Hz, 2H), 1.73 (dt, J = 15.4, 7.5 Hz, 2H), 1.37 (tt, J = 7.2, 5.5 Hz,
6H), 0.95 — 0.86 (m, 3H).13C NMR (101 MHz, CDCI3) & 146.23, 143.75, 141.16, 137.51,
131.97, 131.85, 125.24, 123.00, 122.99, 121.66, 120.35, 31.61, 31.58, 30.31, 28.78, 22.58,
14.08.
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3.5.4.7 Synthesis of 2,7-di-(4-hexyl-2-thienyl)-[1]benzothieno[3,2-b][1]benzo-
thiophene (36)

S Pd(dtbpf)Cl,
N(Et)3
Kolliphor 2% : Toluene (10:1)
12h 80°C 75%

2,7-Dibromo-benzo[b]benzo[4,5]thieno|[2,3-d]thiophene (199 mg, 0.500 mmol), 4-Hexyl-2-
thiopheneboronic acid pinacol ester ( 440 mg, 1.50 mmol) andPd(dtbpf)Cly(16.02 mg, 0.02
mmol) were weighted in the vessel, then Kolliphor 2%:Toluene (10:1) emulsion (1 mL)
was added. The mixture is stirred, then triethylamine (307 mg, 3.03 mmol) was added.
The mixture was stirred at 80°C for 12h. The suspension was diluted with methanol
and filtered.The solid was washed with methanol and dichloromethane.The solid was
purified with exctractive crystallization in chloroform to afford 2,7-di-(4-hexyl-2-thienyl)-
[1]benzothieno[3,2-b][1]benzothiophene as white crystallin solid (210 mg, 0.367 mmol, 75
% yield).

1H NMR (400 MHz, CDCI3) & 8.12 (dd, J = 1.6, 0.6 Hz, 1H), 7.84 (dd, J = 8.3, 0.6
Hz, 1H), 7.70 (dd, J = 8.3, 1.6 Hz, 1H), 7.26 (d, J = 1.5 Hz, 1H), 6.92 (dd, J = 2.2,
0.9 Hz, 1H), 2.68 - 2.60 (m, 2H), 1.73 — 1.62 (m, 2H), 1.45 — 1.28 (m, 6H), 0.95 - 0.86
(m, 3H).13C NMR (101 MHz, CDCI3) & 144.55, 143.47, 143.11, 133.54, 132.08, 131.88,
124.91, 123.20, 121.70, 120.63, 119.87, 31.69, 30.66, 30.44, 29.02, 22.61, 14.10.
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3.5. SYNTHESIS OF 2(,7)-ARYL-[1]BENZOTHIENO|3,2-B][1]BENZOTHIOPHENE
(BTBT) DERIVATIVES IN MICELLAR CONDITION

3.5.4.8 Synthesis of 5-(7-decylbenzo[b]benzo[4,5|thieno[2,3-d|thiophen-2-y1)-
5H-dibenzo|b,f]azepine (37)

T B
M SO r
O s\ O ” t-BUONa N O { ° O N/ y

Pd(OAC)
t-butPHBR, S
Kolliphor 2% : THF (10:1)
24 h 60°C 79%

7-Decyl-2-bromo-benzo[b]benzo[4,5|thieno[2,3-d|thiophene ( 230 mg, 0.500 mmol) and
dibenzoazepine (98 mg, 0.51 mmol) were weighted in the vessel, then 1 mL of Kolliphor
10%: THF solution in water is added. The mixture is stirred, then t-BuONa (73 mg,
0.75 mmol) was added. The mixture is allowed to homogenize for 5 minutes before addi-
tion of Pd(OAc)s (3.36 mg, 0.0150 mmol) and tBuPHBF,(8.81 mg, 0.0304 mmol). After
24 h, the reaction is diluted with 10 mL of methanol and filtered. Solid was dissolved
in dichloromethane and filtered through a pad of silica. dichloromethane was removed
under reduce pressure. Crude product was crystallized in isopropanol to afford 5-(7-
decylbenzo[b]benzo[4,5]thieno|2,3-d]thiophen-2-yl)-5H-dibenzo [b,flazepine(226 mg, 0.395
mmol, 79%).

1H NMR (400 MHz, CDCI3) 5 7.67 (d, J = 7.6 Hz, 2H), 7.61 — 7.55 (m, 4H), 7.51 (d, J =
7.5 Hz, 2H), 7.49 — 7.41 (m, 3H), 7.26 — 7.17 (m, 1H), 6.90 (d, J = 13.5 Hz, 2H), 6.72 (d,
J = 2.2 Hz, 1H), 6.45 (dd, J = 8.8, 2.3 Hz, 1H), 2.80 — 2.68 (m, 2H), 1.68 (dd, J = 14.7,
7.3 Hz, 2H), 1.45 — 1.21 (m, 15H), 0.90 (t, J = 6.8 Hz, 3H).13C NMR (101 MHz, CDCI3)
5 147.11, 143.89, 142.95, 141.86, 139.22, 136.44, 132.65, 131.45, 130.61, 130.58, 130.45,
129.98, 127.39, 125.65, 125.30, 123.21, 121.12, 120.52, 111.25, 105.82, 36.09, 31.91, 31.77,
29.63, 29.61, 29.54, 20.34, 22.70, 14.13.
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3.5.4.9 Synthesis of 4-(7-decylbenzo[b]benzo[4,5|thieno[2,3-d|thiophen-2-y1)-
4-oxobutanoic acid (38)

\/\ Os O 0
RN O \S W N

O S —— N s 0
AICI;
S DCM N\ / A
- 83°C 8h 20% s \7/OH
o

2-Octyl-[1]benzothieno(3,2-b][1]benzothiophene(1.004 g, 2.63 mmol) was disolved in dry
dichloromethane (50 mL), under nitrogen, followed by the addition of aluminum chlo-
ride ( 0.958g, 65.68mmol) at - 10 °C. The solution was cooled to -83 °C and succinic
anhydride (0.267g, 2.63 mmol) was added dropwise, and the mixture was stirred for 1h
at the same temperature. The reaction mixture was allowed to stand without cooling
and stirred for 8 h . The reaction mixture was cooled to 0 °C, quenched with ice water
(25 mL), and diluted with methanol (75 ml) to give two separate phases. The organic
phase was washed with water (2 x 50 mL) and brine (1x 50 mL). To the acqueous phase
was added hydrocloridric acid solution (25 mL, 1M) and was extracted withdichlorome-
thane(3 x 25 mL). All organic phase were mixed together.Dichloromethane was removed
to give crude product. Crude product was purified with crystallization in toluene to
give 4-(7-decylbenzo[b]benzol4,5|thieno[2,3-d|thiophen-2-yl)-4-oxobutanoic acid (0.250g,
0.52mmol, 20%) as yellow solid.

1H NMR (400 MHz, Pyr) 8 8.90 (d, J = 1.0 Hz, 1H), 8.26 (dd, J = 8.3, 1.4 Hz, 1H),
7.99 (d, J = 8.3 Hz, 1H), 7.95 (d, J = 8.1 Hz, 1H), 7.86 (s, 1H), 7.38 (dd, J = 8.1, 1.3
Hz, 1H), 3.61 (t, J = 6.4 Hz, 2H), 3.12 (t, J = 6.4 Hz, 2H), 2.78 — 2.67 (m, 2H), 1.73 —
1.58 (m, 2H), 1.38 — 1.12 (m, 15H), 0.84 (t, J = 6.9 Hz, 3H).13C NMR (101 MHz, Pyr)
5 197.67, 175.11, 143.43, 142.25, 141.61, 137.20, 136.47, 133.77, 132.47, 130.91, 126.53,
125.19, 124.95, 123.85, 122.03, 121.38, 36.03, 34.08, 31.86, 31.61, 29.63, 29.53, 29.34,
29.31, 28.89, 22.69, 14.04.
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3.5. SYNTHESIS OF 2(,7)-ARYL-[1]BENZOTHIENO[3,2-B][1]BENZOTHIOPHENE
(BTBT) DERIVATIVES IN MICELLAR CONDITION
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3.5. SYNTHESIS OF 2(,7)-ARYL-[1]BENZOTHIENO|3,2-B][1]BENZOTHIOPHENE
(BTBT) DERIVATIVES IN MICELLAR CONDITION

3.5.4.10 Synthesis of Pi-BTBT-750M (39)

\/\/\ o N
oL Qe
o AN
[e]

Reflux 2h 83%

T

4-(7-Decylbenzo[b]benzo[4,5]thieno[2,3-d|thiophen-2-y1)-4-oxobutanoic acid (0.200 g, 0.42
mmol), MPEG-750-M (0.474 g, 0.63 mmol), and p -TsOH (50 mg, 0.29 mmol), were added
into a 25 mL round-bottom flask. Toluene (10 mL) was added via syringe, and then the
mixture was refluxed using a Dean-Stark trap for 2h. After cooling to rt, the mixture was
poured into saturated aqueous NaHCO 3 and extracted with DCM. The combined organic
extracts were washed with saturated aqueous NaHCO 3 (3 x 50 mL), brine (2 x 80 mL),
dried over anhydrous magnesium sulfate and concentrated under reduced pressure to
afford a pale-yellow, viscous liquid. The oil was poured on top of a silica gel bed, and
then first eluted with 50% v/v EtOAc/hexane to remove an impurity, followed by 10%
MeOH/DCM to obtain the product. Concentration under vacuum followed by storage
under high vacuum overnight afforded 2,5,8,11,14,17,20,23,26,29,32,35,38,41,44,47,50-
heptadecaoxadopentacontan-52-yl  4-(7-decylbenzo[b]benzo[4,5]thieno[2,3-d]thiophen-2-
yl)-4-oxobutanoate as an off-yellow waxy solid ( 0.430g, 3.50 mmol, 83%)

1H NMR (400 MHz, CDCI3) 5 8.59 (d, J = 1.0 Hz, 1H), 8.09 (dd, J = 8.4, 1.5 Hz, 1H),
7.93 (d, J = 8.4 Hz, 1H), 7.85 (d, J = 8.1 Hz, 1H), 7.76 (s, 1H), 7.33 (dd, J = 8.1, 1.4
Hz, 1H), 4.33 — 4.27 (m, 2H), 3.77 — 3.54 (m, 81H), 3.45 (t, J = 6.7 Hz, 2H), 3.40 (d,
J = 1.0 Hz, 4H), 2.88 (t, J = 6.6 Hz, 2H), 2.83 — 2.76 (m, 2H), 2.10 (broad, 5H), 1.71
(dd, J = 15.1, 7.1 Hz, 2H), 1.32 (d, J = 32.4 Hz, 15H), 0.90 (t, J = 6.9 Hz, 3H).13C
NMR (101 MHz, CDCI3) § 197.06, 172.91, 143.23, 142.06, 141.49, 137.22, 136.72, 132.84,
132.17, 130.67, 126.24, 124.61, 123.46, 121.79, 121.24, 71.95, 70.58, 70.53, 69.13, 63.89,
59.04, 36.19, 33.50, 31.90, 31.62, 20.61, 29.58, 20.51, 29.33, 29.30, 28.35, 22.68, 14.12.
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3.5. SYNTHESIS OF 2(,7)-ARYL-[1]BENZOTHIENO[3,2-B][1]BENZOTHIOPHENE
(BTBT) DERIVATIVES IN MICELLAR CONDITION
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CHAPTER 3. GREEN SYNTHESIS FOR MOLECULAR ORGANIC SEMICONDUCTORS

3.5.4.11 Synthesis of 2-(2-hydroxyethyl)-7-nonylbenzo[lmn][3,8]phenanthro-
line-1,3,6,8(2H,7H)-tetraone (40)

CoHig
@ @) @) 0 N O
Nonylamine
Ethanolamine X
DMF
130 °C 17 h 36%
o- 0 O 07 >N Y0
OH

In a two neck flask, under Ny, a solution of 1,4,5,8-tetracarboxylic dianhydride (10.000
g, 37.288 mmol) in 100 mL of dry DMF was prepared, stirring the mixture at 130°C for
30 minutes. A solution of nonylamine (5.329 g, 37.20 mmol) and ethanolamine (2.273 g,
37.21 mmol) in 15 mL of dry DMF was added slowly by syringe. The reaction mixture
was stirred for 15 h at 130°C. The reaction was cooled down to room temperature and
200 mL of water were added to obtain a precipitate. The precipitate was recovered by fil-
tration and washed with a mixture of water and ethanol (1:1). The solid was dried under
vacuum at 105°C for 12 h. The solid was the ricrystallized in chloroform with exctrac-
tive crystallization to afford 2-(2-hydroxyethyl)-7-nonylbenzo[lmn][3,8]phenanthroline-
1,3,6,8(2H,7H)-tetraone as crystallin pink solid (5.898 g, 13.51 mmol, 36%).

1H NMR (500 MHz, CDCI3) & [ppm]: 8.77 (s, 4H), 4.48 (t, J = 5.4 Hz, 2H), 4.22 — 4.18
(m, 2H), 4.01 (s, 2H), 1.97 (s, 1H), 1.78 — 1.72 (m, 2H), 1.57 — 1.23 (m, 14H), 0.88 (dd, J
= 8.5, 5.4 Hz, 3H). 13C NMR (126 MHz, CDCI3) b [ppm]: 164.54, 163.82, 132.19, 131.44,
127.81, 127.67, 127.58, 127.20, 62.15, 43.88, 41.92, 32.70, 30.33, 30.18, 30.10, 28.95, 27.95,
23.51, 14.94.
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3.5. SYNTHESIS OF 2(,7)-ARYL-[1]BENZOTHIENO[3,2-B][1]BENZOTHIOPHENE
(BTBT) DERIVATIVES IN MICELLAR CONDITION
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3.5. SYNTHESIS OF 2(,7)-ARYL-[1]BENZOTHIENO|3,2-B][1]BENZOTHIOPHENE
(BTBT) DERIVATIVES IN MICELLAR CONDITION

3.5.4.12 Synthesis of 4-(2-(7-nonyl-1,3,6,8-tetraoxo-7,8-dihydrobenzo[lmn]-
[3,8]phenanthrolin-2(1H,3H,6H)-yl)ethoxy)-4-oxobutanoic acid (41)

CoHig CoHig
@) N @) @) N @)
N(Et)3
Toluene
e N 9) Reflux 20h 58% @) N @)
OH @) O
o OH

In a two neck flask, under Ny, were added 2-(2-hydroxyethyl)-7-nonylbenzo[lmn][3,8]-
phenanthroline-1,3,6,8(2H,7H)-tetraone (3.509 g, 8.039 mmol) and succinic anhydride
(1.215 g, 12.14 mmol). Dry dichloromethane (35 mL) and N(Et); (0.203 g, 2.01 mmol)
were added by syringe. The reaction mixture was stirred at reflux for 20 h. The re-
action was let cooled down to room temperature. The solvents were evaporated under
reduce pressure to afford crude product. The crude prodcut was purified by crystallization
in acetic acid and hot filtration in toluene in order to remove the insoluble impurities.
Toluene was removed under reduce pressure to afford 4-(2-(7-nonyl-1,3,6,8-tetraoxo-7,8-
dihydrobenzo[lmn][3,8]phenanthrolin-2(1H,3H,6H)-yl)ethoxy)-4-oxobutanoic acid as crys-
tallin white solid (4.318 g, 8.047 mmol, 58%).

1H NMR (500 MHz, Pyr) § 8.78 (q, J = 7.5 Hz, 4H), 4.64 (dt, J = 24.3, 5.6 Hz, 4H),
4.31 — 4.25 (m, 2H), 2.86 (t, J = 3.0 Hz, 4H), 1.89 — 1.79 (m, 2H), 1.44 — 1.35 (m, 2H),
1.29 (dd, J = 14.1, 6.6 Hz, 2H), 1.25 - 1.13 (m, 8H), 0.83 (t, J = 7.0 Hz, 3H). 13C NMR
(126 MHz, Pyr) & 176.49, 174.78, 165.16, 164.85, 132.80, 132.56, 128.99, 128.81, 128.71,
128.60, 63.77, 42.80, 41.62, 33.83, 31.69, 31.53, 31.49, 31.40, 31.28, 30.16, 29.21, 24.68,
16.08, 16.00.
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3.5.4.13 Synthesis of Pi-Nap-550M (42)

CoH19 CoH19
@) N O (@) N @)
o® RS (T
Boc,O, DMAP
CH,CI,
@) I\IH @) r.t. 6 days 68% @) NH @)
@) O @) O

In a two neck flask, (2-(7-nonyl-1,3,6,8-tetraoxo-7,8-dihydrobenzo[lmn][3,8] phenanthrolin-
2(1H,3H,6H)-yl)ethoxy)-4-oxobutanoic acid (1.010 g, 1.882 mmol), DMAP (0.025 g, 0.20
mmol), and mPEG-550 (1.028 g, 1.869 mmol) were wheighted. Dichloromethane (15 mL)
and a solution of di-tert-butyl dicarbonate 2M in THF (1.1 mL, 2.2 mmol) were added
by syringe. The reaction mixture was stirred at room temperature for 6 days. Solvents
and volatile compounds were removed under reduce pressure to obtain crude product.
The crude product was purified by coloumn chromatography on silica using a mixture of
ethylacetate and ethanol ( 7:3 ), product was obtained in pure form as waxy solid (1.373
g, 1.285 mmol, 68%).

1H NMR (500 MHz, CDCI13) § [ppm]: 8.76 (s, 4H), 4.52 — 4.46 (m, 4H), 4.21 — 4.14 (m,
4H), 3.66 — 3.62 (m, 35H), 3.54 (dd, J = 5.6, 3.8 Hz, 2H), 3.37 (s, 3H), 2.63 — 2.56 (m,
4H), 177 - 1.71 (m, 2H), 1.45 - 1.24 (m, 13H), 0.87 (t, J = 6.9 Hz, 3H). 13C NMR (126
MHz, CDCI3) § 173.13, 173.07, 163.86, 163.63, 132.02, 131.81, 127.72, 127.62, 127.21,
72.80, 71.47, 71.44, 71.39, 69.88, 64.67, 62.61, 59.90, 41.89, 40.46, 30.38, 30.19, 30.11,
29.79, 29.73, 28.95, 27.95, 23.52, 14.97.
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3.5. SYNTHESIS OF 2(,7)-ARYL-[1]BENZOTHIENO[3,2-B][1]BENZOTHIOPHENE
(BTBT) DERIVATIVES IN MICELLAR CONDITION
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3.5. SYNTHESIS OF 2(,7)-ARYL-[1]BENZOTHIENO|3,2-B][1]BENZOTHIOPHENE
(BTBT) DERIVATIVES IN MICELLAR CONDITION

3.5.4.14 Synthesis of 2-dodecyl-7-(2-hydroxyethyl)benzo[lmn][3,8]phenan-
throline-1,3,6,8(2H,7H)-tetraone (43)

0. 6 .0 C12H2s
1) Dodecylamine O N O
DMF, 75°C for 10 min
130 °C for 30 min
2) Ethanolamine
DMF, 75°C for 10 min
@ @) @) :
130 °C for 2 h o~ N "0
62%
OH

In a two neck flask, under N, a solution of 1,4,5,8-tetracarboxylic dianhydride (30.000 g,
111.80 mmol) and dodecylamine (20.730 g, 111.80 mmol) in 200 mL of dry DMF, stirring
the mixture at 75°C for 10 minutes then the reaction mixure was stirred at 130°C for 30
minutes. The reaction was cooled down to 75°C and ethanolamine was added by syringe
(6.832, 111.80 mmol). The reaction mixture was stirred at the same temperature for 10
minutes then at 130°C for 2 h. The reaction was cooled down and 500 mL of water were
added in order to obtain a precipitate. The solid was recovered by filtration and wahsed
with a mixture of ethanol and water (1:1). The solid was dried under vacuum at 105°C
for 12 h. The solid was extracted with soxhlet apparatus with chloroform. The chloro-
form solution was cooled down to room temperature and the formation of a precipitate
was observed. The precipitate was recovered by filtration and purified with crystalliza-
tion in chloroform to afford 2-dodecyl-7-(2-hydroxyethyl)benzo[lmn][3,8]phenanthroline-
1,3,6,8(2H,7H)-tetraone as pink solid (33.303 g,69.32 mmol, 62%).

1H NMR (Pyr-d5, 400 MHz) 8.81-8.77 (m, 4H), 6.68 (br, 1H) 4.66 (t, J = 6.3, 2H),
4.31-4.28 (m, 4H), 1.88- 1.81 (m, 2H), 1.45-1.37 (m, 2H), 1.33-1.21 (m, 16H), 0.84 (t, J =
6.7 Hz, 3H).13C NMR (Pyr-d5, 100 MHz) 163.1, 162.9, 130.6, 130.5, 126.8, 126.7, 126.68,
59.00, 43.2, 40.8, 31.9, 29.8, 29.6, 29.6, 29.4, 29.4, 28.1, 27.2, 22.7, 14.0.
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3.5. SYNTHESIS OF 2(,7)-ARYL-[1]BENZOTHIENO|3,2-B][1]BENZOTHIOPHENE

(BTBT) DERIVATIVES IN MICELLAR CONDITION
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3.5.4.15 Synthesis of 2-dodecyl-7-(2-hydroxyethyl)benzo[lmn][3,8]phenan-
throline-1,3,6,8(2H,7H)-tetraone (43)

C12H2s5 Ci2H2s
@) N @) @) N @)
N(Et)3
Toluene
O N ®) Reflux 24h 93% @) N @)
OH @) O
O OH

In a two neck flask, under Ny, were added 2-dodecyl-7-(2-hydroxyethyl)benzo[lmn][3,8]-
phenanthroline-1,3,6,8(2H,7H)-tetraone (10.0 g, 20.9 mmol) and succinic anhydride (3.00
g, 30.0 mmol) and were dissolved in 120 mL of toluene. N(ET)s (212 mg, 2.10 mmol)
were added by syringe. The reaction mixture was stirred at reflux for 24 h. The reaction
was cooled down to room temperature and the formation of a precipitate was observed.
The solido was recovered by filtration and crystallized in 60 mL of acetic acid to afford 2-
dodecyl-7-(2-hydroxyethyl)benzo[lmn][3,8|phenanthroline-1,3,6,8(2H,7H)-tetraone as yel-
low solid (11.350 g, 19.437 mmol, 93%).

1H NMR (Pyr-d5, 400 MHz) 8.8-8.77 (m, 4H), 4.65-4.61 (m, 4H), 4.31-4.27 (m, 2H), 2.87-
2.86 (m, 4H), 1.89-1.81 (m, 2H), 1.43-1.21 (m, 18H), 0.84 (t, J = 6.9 Hz, 3H). 13C NMR
(Pyr-d5, 100 MHz) 174.5, 172.8, 163.2, 162.8, 130.8, 130.5, 127.0, 126.8, 126.7, 126.7,
61.7, 40.8, 39.6, 31.9, 29.6, 29.5, 29.3, 28.1, 27.2, 22.7, 14.0. 13C NMR (101 MHz, Pyr)
5 174.52, 172.76, 163.16, 162.85, 130.78, 130.62, 130.54, 126.99, 126.87, 126.82, 126.72,
126.60, 61.75, 40.77, 39.59, 31.87, 29.67, 29.63, 29.59, 29.46, 29.39, 29.35, 28.14, 27.20,
22.69, 14.04.
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3.5. SYNTHESIS OF 2(,7)-ARYL-[1]BENZOTHIENO|3,2-B][1]BENZOTHIOPHENE
(BTBT) DERIVATIVES IN MICELLAR CONDITION

3.5.4.16 Synthesis of Pi-Nap-750M (44)

912H25 CioH2s
O~._N__O O~._N__O
(L) e —
Boc,O, DMAP
CH,Cl,
O NH O r.t. 6 days 65% O NH @)
O © O =

In a two neck flask, 2-dodecyl-7-(2-hydroxyethyl)benzo[lmn][3,8]phenanthroline-1,3,6,8-
(2H,7H)-tetraone (8.500 g, 4.70 mmol), DMAP (183 mg, 1.50 mmol), and mPEG-750
(11.30 g, 15.07 mmol) were wheighted. Dry dichloromethane (150 mL) and a solution
of di-tert-butyl dicarbonate 2M in THF (8.63 mL, 17.2 mmol) were added by syringe.
The reaction mixture was stirred at room temperature for 6 days. Solvents and volatile
compounds were removed under reduce pressure to obtain crude product. The crude
product was washed with 100 mL of diethyl ether. The crude product was purified by
coloumn chromatography on silica using a mixture of ethylacetate and ethanol ( 7:3 —
1:1) in gradient elution. Pi-Nap-750M was obtained as waxy solid (4.288 g, 3.196 mmol,
65%).

1H NMR (CDCI3, 400 MHz) 8.77 (s, 4H), 4.53-4.46 (m, 4H) 4.21-4.16 (m, 4H), 3.66-3.62
(m, 63H) 3.57-3.53 (m, 2H) 3.38 (s, 3H) 2.64-2.56 (m, 4H), 1.78-1.71 (m, 2H), 1.43-1.20
(m, 18H) 0.88 (t, J = 6.9 Hz, 3H). 13C NMR (CDCI3, 100 MHz) 172.1, 163.0, 162.8,
131.1, 130.9, 126.9, 126.8, 126.7, 1263.3, 71.9, 70.6, 69.0, 63.8, 61.7, 59.0, 41.0, 39.6, 31.9,
29.6, 29.6, 29.5, 29.3, 29.3, 28.9, 28.9, 28.0, 27.0, 22.6, 14.1.
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CHAPTER 3. GREEN SYNTHESIS FOR MOLECULAR ORGANIC SEMICONDUCTORS

3.6 General conclusion and future development

We started our work of develop of SM micellar synthesis protocol with the choice of a sur-
factant, we chosen use a large-scale, commercially available surfactant, called Kolliphor®
EL. We made a lot of examples on model small molecules and the conclusions were that
Kolliphor® El-catalyzed reaction were comparable in terms of yield with TPGS-750-
catalyzed reaction but with the advantage of oxygen insensitivity, We observed that often
the simple extension of the micellar conditions developed on model small malecolules does
not lead to the desired results, in this chapter several are the examples. The use of micellar
catalysis for OS material in not trivial indeed organic semiconductors are usually heavily
functionalized molecules, higly crystalline and these lead to low conversion, consequently
long purification steps and low yield. The major issue is that the cooupling partner and
the catalyst must be localized in the same micellar compartment in order to perform the
coupling instead of parasitic reaction as dehalogenation and homo-coupling or incomplete
conversion. In order to solve this issue micellar reactions requires a specifically devised
approach where tuning of common reaction parameters (concentration, temperature time,
catalyst) has to go hand in hand with the toolbox of the formulation chemist, indeed of
particular relevance is the tuning of the affinity of the different reagent, intermediate and
product with the micellar enviroments. This affinity must be finely tuning indeed if the
affinity it’s too low often the reagent aren’t dispersed efficiently and they remain simple
suspended in the reaction environment on the other hand the affinity can’t be too high, or
better can’t be too different between the reagent and reaction’s interediates in favor of the
second, if no a stable saturation of the micellar compartment where the copupling take
place can happen with resulting reaction stop. Particularly indicative for this aspect are
the examples of SM coupling on 4,7- dibromo-5,6-difluoro-2,1,3-benzothiadiazole reported
in section 3.4. The strategies we have identified to solve this problem are the use a small
amount of co-solvent and the use of a co-surfactant. Co-solvent effect has been already
discribed in literature and was rationalized in terms of a swelling effect of the micelles’s
core. This results in a larger effective volume for the reactions to take place. The use
of a co-solvent was found particularly beneficial with highly crystalline or poorly soluble
starting materials. In our experince this explanation can be considered more truthful
for system like [1]benzothieno[3,2-b][1]benzothiophene or anthracene derivatives, but we
shows in several examples can not be the main reason, the most significant is that SM
coupling reaction of latent pigment system, compounds disign to be soluble, reported in
section 3.3.3. Rather, the explanation is to be found in the affinity tuning mentioned
before and throughout the chapter. The co-surfactant approach has proved to be effective
in order to completely eliminate the use of organic solvent as the solvent of the reac-
tions, indeed choosing a HLB surfactant different from the main one can adjust the HLB
of the final system. the co-solvent and co-surfactant approaches are two solutions that
have good chances to find real application in industrial scale if surfactants employed are
large-scale, commercially available surfactants. A third strategy we identified (section
3.5.2.3), certainly more distant from an industrial application, but still very interesting is
the approach of the designer n-surfactant: original surfactants design for have a specific
interaction with highly connjugated aromatic system, routine compounds in OS chem-
istry. In the near future we will begin to study the recycling of surfactant and the use
of low concentrations of palladium, foundemtal aspects for the develpment of sustain-
able and scalable protocols.We have already begun to extend the protocols developed for
Suzuki-Miyaura reaction to other cross-coupling reaction, in this chapter there are sev-
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3.6. GENERAL CONCLUSION AND FUTURE DEVELOPMENT

eral examples of Buchwald-Hartwig amination (section 3.3.4 and 3.5.2.2), but we intend
to extend the examples to other reactions as well, of particular relevance would be the
development of direct arylation reactions surfactant-catalyzed. It would be particularly
important from the point of view of sustainability of the synthesis, we’ve already some
preliminary data on OS system but are out of the scope of this thesis.
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Chapter 4

Green approaches to the preparation
of organic polymeric semiconductors

4.1 Introduction

In chapter 3 the topic of the sustainability of the synthesis of organic semiconductors
was widely discussed, in particular we focused on the development of the synthesis of
OS small molecules in micellar conditions. In this chapter, instead, we will focus on the
synthesis of OS polymeric systems. Most polymerization methods used for conjugated
polymer synthesis are conventional transition-metal-catalyzed polycondensations such as
Stille,! Suzuki,? and Kumada3* polycondensations. Nevertheless, each of these methods
has its own shortcomings. For example, the in situ preparation of monomers without
purification (Kumada), the use of organo-metallic monomers resulting in highly toxic
side products® (Stille), or the need for cryogenic temperatures or catalytic protocols for
monomer functionalization (Stille and Suzuki) are environmentally problematic. One of
the most promising methods to build up conjugated polymers in a more atom-economic
fashion is the direct C—H arylation polycondensation (DAP).% 7 Direct arylation reaction
has already been introduced in the section 2.4.1 of this thesis. In the chapter 4.3. In par-
ticular, there are two approaches that we have used in order to develop new scalable and
sustainable synthesis for OS semiconductor polymers: the application of the Kolliphor®
EL-catalyzed condition also for the synthesis of polymeric materials and the development
of the synthesis of a new soluble polymers by direct arylation. In section 4.2 it is re-
ported the optimization of Poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-(benzo|2,1,3]thiadiazol-
4,7-diyl)] (F8BT) synthesis in micellar and emulsion conditions with an in-depth chemical
characterization of the obtained materials. In section 4.3 is reported a study of optimiza-
tion of the polymerization conditions with the aim of regulating the molecular weights
of a new OFET n-material that we are developing. A part of this work in this chapter
was developed at the Technische Universitat Chemnitz in collaboration with Prof. Dr.
Michael Sommer and his research group.
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4.2 F8BT synthesis in emulsion/micellar conditions

4.21 Why FSBT?

Having succesfully developed Kolliphor® EL-catalyzed conditions for the synthesis of
molecular materials (chapter 3), we decided to extend the micellar approach also to syn-
thesis of OS polymer materials. The first macromolecular system chosen is the com-
mercial polymer F8BT. The reasons for F8BT choice are several: F8BT is a well-known
commercial p-material used in different OS application, several synthesis of this polymer
are already reported in literature including micellar /emulsion condition®!! and finally
we have shown the excellent reactivity of 4,7-dibromobenzo|c]-1,2,5-thiadiazole (133) in
micellar condition (see scheme 4.1), and we expected that phenylboronic acid reactiv-
ity wasn’t so different from 9,9-Dioctyl-9H-fluorene-2,7-diboronic acid bis(pinacol) ester
(166) reactivity.

.S, .S,

N N N N

\ o/ \ o/
N(Et)s

Kolliphor EL 2% in H,O
r.t. 2h 96%

Scheme 4.1 SM reactions carried out on 133 in Kolliphor EL-catalyzed conditions

4.2.2 Results and discussion

For the first trial we used the same condition developed for the synthesis of compound
20: solution of kolliphor EL at 2% in water as the reaction medium, Pd(dtbpf)Cl, as the
catalyst, NEt; as base, at room temperature for 2 hours under air with a molar ration of
1:1 between 9,9-dioctyl-9H-fluorene-2,7-diboronic acid bis(pinacol) ester (compound 166)
and 4,7-Dibromobenzo[c|-1,2,5-thiadiazole ( compound 133) (Condition a in scheme 4.2
). Polymer were terminated by using bromobenzene and phenylboronic acid successively,
and the solids were collected by filtration after precipitating the mixture in methanol
and were purified by Soxhlet extraction using methanol, acetone, and petroleum ether
successively to remove the small-molecular-weight fraction.
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CgH17CgH17
s io\ 0
T v eay
\ (o) o)
Br—OBr
i) Pd(dtbpfCl, N(Et)s 2h r.t

ii) PhBr 1h r.t
iif) PhB(OH), 1hr.t
Kolliphor EL 2% in H,O

a) magnetic stirring a) M= 2860 g/mol M,,= 5832 g/mol D = 2.04
b) overhead stirring b) M= 5575 g/mol M,,= 12250 g/mol D = 2.20
c) peristaltic stirring ¢) M,= 13600 g/mol M,,= 26700 g/mol D = 1.96

Scheme 4.2 F8BT polymerization in Kolliphor EL-micellar solution conditions with different stirring
methods. 133(1 eq.), 166(1 eq.),Pd(dtbpf)Cly (0.02 eq.) , N(Et)s (6 eq.) , bromobenzene (PhBr)(10
eq.) and phenylboronic acid (10 eq.)

Number average molecular weight (Mn), weight average molecular weight (Mw), and poly-
dispersity (D) of F8BT were respectively 2.9 Kg/mol , 5,8 Kg/mol and 2.04 as estimated
by gel permeation chromatography (GPC) analysis using THF as the eluent and linear
polystyrene as the standard. The obtained FS8BT has Mn and Mw sensibly lower com-
pared with reported values under similar emulsion condition. For example Behrendt at
all.,? reported a Mn= 9.4 kDa, Mw= 21,6 KDa and PDI= 2,3 for a polymerization carried
out in emulsion of sodium dodecyl sulfate (SDS) in water at 0.25 wt % and toluene (20
: 1) at room temperature with the same monomers in the same monomers ratio. The
problem highlighted is that as the reaction go on and the polymeric chains grow, the
stirring becomes less and less efficient. The most part of the material was deposed on
the magnetic bar as sticky solid. With the aim of further increasing the polymer length
in our conditions we tried to use more efficent stirring methods: overhead stirring and
peristaltics stirring. The overhead stirring contemplate the use of a dedicated apparatus,
an examples is shown in figure 4.1a , overhead stirrers have motor-powered stirring tools
immersed in the reaction’s vessel. Peristaltics stirring contemplate the use peristaltic
pump, a type of positive displacement pump used for pumping a variety of fluids. The
fluid is contained within a flexible tube fitted inside a circular pump casing. A rotor with
a number of "rollers”, ”"shoes”, "wipers”, or "lobes” attached to the external circumfer-
ence of the rotor compresses the flexible tube. As the rotor turns, the part of the tube
under compression is pinched closed thus forcing the fluid to be pumped to move through
the tube. Additionally, as the tube opens to its natural state after the passing of the
cam ("restitution” or "resilience”) fluid flow is induced to the pump (see figure 4.1b), so
the reaction’s mixture was charged in the pump’s tube and the tube itself was used like
reactor.
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Figure 4.1 Different stirring methods employed : a) Overhead stirrer and b) peristaltic pump

The polymer size distribution was strongly influenced by the stirring mode and geometry
of the reactor, as it can be seen by the values reported in scheme 4.2 for the conditions
a,b and c. We tried also the co-solvent approach, we have chosen toluene as a co-solvent
because it has often proved to be an efficient co-solvent in our previous works and is also
used as such in other literature works for this polymerization.” ' We tested the familiar
emulsion Kolliphor El 2 wt% in water : toluene (10:1 by volume). As aspected the co-
solvent approach lead to an increase of the molecular wheights of the resulted poymers,
Mn, Mw and D for the F8BT obtained with a solution of kollipor EL at 2% in water as
reaction medium are 5.6 kg/mol , 12.3 kg/mol and 2.20 with overhead stirring (condition
b in scheme 4.2 ) against the values of 23.7 kg/mol, 59.1 kg/mol and 2.50 for the reaction
carried in the emulsion system (condition e in scheme 4.3 ) with the same stirring system.
We didn’t tried the peristaltic stirring with the emulsion as raction’s medium due to the
incompatibility of the tube’s material with the emulsion system.
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CgH17CgH17
2o T
\ (o) (o)
BrOBr
i) Pd(dtbpfCl, N(E)3 r.t

i) PhBr 1hr.t
iii) PhB(OH), 1hr.t
Kolliphor EL 2% in H,O: Toluene (10:1)*
d) magnetic stirring d) M,= 6814 g/mol M,,= 11035 g/mol D = 1.62 77% E= 16
e) overhead stirring e) M= 23687 g/mol M,,= 59056 g/mol D = 2.50 93% E=13
f) Water:Toluene (10:1) magnetic stirrig  f) M= 7419 g/mol M,,= 10833 g/mol D = 1.46 54% E= 22

Scheme 4.3 F8BT polymerization in Kolliphor-stabilized and Kolliphr-free emulsion conditions, with dif-
ferent stirring methods. 133(1 eq.), 166(1 eq.),Pd(dtbpf)Cly (0.02 eq.) , N(Et)3 (6 eq.) , bromobenzene
(PhBr)(10 eq.) and phenylboronic acid (10 eq.)

In order to valutate the Kolliphor EL effect on the polymerization we performed a control
experiments in condition f of the scheme 4.3 using an emulsion of water and toluene
in same volume ratio of the Kolliphor-stabilized emulsion (10:1). The obtained F8BT
has comparable molecular weight distribution ( Mn= 7.4 kg/mol, Mw= 10.8 kg/mol and
D= 1.46) with the F8BT obtained in condition d but the polymerization yield was of
54% against the 77% obtained with the Kolliphor-stabilized emulsion. The lower yield
is correlate with the catalyst’s oxygen poisoning that is faster in absence of the Oxygen-
barrier effect of the Kolliphor EL. We tried to evaluate also the temperature effects,
indeed we carried out the reaction with the Kolliphor EL 2% in water : Toluene emulsion
system as reaction medium at 80°C, and in order to evaluate the Oxygen-barrier effect
of the Kolliphor EL at 80°C we carried out two twin reactions, one under environmental
conditions and one with degassed solvents and under argon atmosphere ( scheme 4.4).
The temperature has a strong influence on the molecular wheight distribution of the
F8BT obtained , for example under ambient atmosphere at 80°C we obtained values of
Mn= 19.4 kg/mol, Mw= 38.3 kg/mol and D= 1.94 and polymerization’s yield of 93%
(condition g scheme 4.4) against Mn= 6.8 kg/mol, Mw= 11.0 kg/mol and D= 1.62 and
polymerization’s yiled of 77% (condition d scheme 4.3 ) for the reaction carried out at
room temperature under otherwise identical conditions. The influence of the presence of
oxygen in the reaction environment is less marked in fact in terms of Mn, Mw and D the
two polymers obtained in twin reactions are comparable (see condition g and h in scheme
4.4), even though the reaction carried out in the atmosphere of argon and with degassed
solvents has higher values , symptom that the presence of oxygen in some way affects the
polymerization.

227



CHAPTER 4. GREEN APPROACHES TO THE PREPARATION OF ORGANIC
POLYMERIC SEMICONDUCTORS

CgH17CgH17
S. Q O
i Fo
\ o (o}
BrOBr

i) Pd(dtbpf)Cl, N(Et)3 24 h 80°C
ii) PhBr 1h 80°C
iii) PhB(OH), 1h 80°C
Kolliphor EL 2% in H,O: Toluene (10:1)
magnetic stirring
g) ambient atmosphere g) M= 19737 g/mol M,,= 38326 g/mol D = 1.94 93% E= 13
h) argon atmosphere and deoxygenated solvents h) M,= 21363 g/mol M,,= 40236 g/mol D = 1.88 86% E=14

Scheme 4.4 F8BT polymerization in Kolliphor-stabilized emulsion conditions, in presence or absence of
oxygen. 133(1 eq.), 166(1 eq.), Pd(dtbpf)Cl; (0.02 eq.) , N(Et)s (6 eq.) , bromobenzene (PhBr)(10 eq.)
and phenylboronic acid (10 eq.)

We did a polymer’s end groups study by NMR spectroscopy, thanks a collaboration
with Dr. Hartmut Komber of the Leibniz Institute of Polymer Research Dresden
(IPF). The 1H-NMR mesurement of the F8BT samples were done in deuterated 1,1,2,2-
Tetrachloroethane-dy (C2D2Cly), at room temperature the signal peaks are very broad
due the aggregation of the polymer chain and was not possible make an accurate study
of the polymer’s end groups of the terminals chain but fortunately its possible obtain
better resolution and less noise with high temperature measurement (120°C) (see figure
4.5 in Appendix 4.2.2 for a comparison between the spectra aquired at 25°C. vs 120°C).
In order to have a comparison for the nature of polymer’s end groups, we prepared a
F8BT samples in standard SM biphasic condition (see scheme 4.5) and we added also the
F8BT obtained in this condition to the NMR study.

CgH17CgH17
s. 0 o
i FD
\ I/ o o}
Br—OfBr
i)

I) sz(dba)g , P(O-TO|)3 K2C03’ 24h 95°C
ii) PhBr 1h 95°C
iii) PhB(OH), 1h 95°C

(Argon)

Scheme 4.5 F8BT polymerization in standard SM biphasic conditions

From high resolution NMR spectra is possible obtain several information. Figure 4.2
shows an exemplary spectrum of the studies done, the spectrum reported belong to FSBT
sample obtaneid in condition d of the figure 4.3, it was chosen like example because all
polymer’s end groups that we can recognize are observable . It is possible to see the
principal polymers protons assignment (signals labeled in black: 17,37 47 97 and aliphatic
protons) that are well visible in the range from 0 to 10 ppm, for the assignment was
done 2D-NMR study reported in Appendix 4.2.2 figure 4.7 . For the samples obtained
in Kolliphor-catalyzed condition is possible observe a signal at 3.67 ppm due a residue of
the surfactant mixture ( the assignment was done with comparison of the Kolliphor EL in
CDyCly at 120°C, see figure 4.6 in Appendix 4.2.2) | this is evidence that standard purifi-
cation was not able to remove completely all surfactant components. The range 7.87-6.84
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ppm is very informative range, indeed is it possible to find the terminal chain signals, in
the figure are reported the structure and the assignation based on reported work where
similar study were done on polyfluorene.!? Hydrogen termination at the fluorene end
(F8-H) was observed, obviously as a result of deborylation. This side reaction, which is
more commonly observed with electron-rich boronic ester-functionalized substrates,.!® 14
Hydroxyl termination of the fluorene end (F8-OH) was observed, we assumed that in-
troduction of oxygen leads to Pd—O, intermediates'® ¢ and finally to F8-OH. Phenyl
termination at the fluorene end (F8-Ph) was observed only in this samples, result of the
polymerization’s termination with bromobenzene and finally is possible observe the pina-
col ester termination at the fluorene end (F8-B(pinacol)), simply unreacted functionality.
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3 4' g 9P
. {3
1
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Figure 4.2 Exemplary spectrum of high resolution 1H-NMR spectra of FSBT materials obtained at
12000 in CQDQCIQ

The results of the polymer’s end groups study are summarized in table 4.1. Using the
integrals of end group’s signals it is possible to calculate the ratio percentage of the dif-
ferent polymer’s end group (for details see figure 4.4 in Appendix). By comparison of
the ratio percentage of the polymer’s end groups it is possible to affirm that deborila-
tion is a major termination mechanism at 80°C while it becomes a minority process at
room temperature (30°C). Analyzing entry 1 we can affirm that at room temperature
the polymer chains stop growing for kinetic problems indeed the major polymer’s end
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groups are F8-Ph and F8-B(pinacol) in according with the strong influence of the stir-
ring mode. Analyzing entry 2 we have another evidence that the polymerization yield
was sensibly lower in this Kolliphor-free condition under ambient atmosphere because
catalyst Oxygen-poisoning, indeed the major polymer’s end groups is F8-B(pinacol) and
F8-Ph was not observed, symptom of complete deactivation of the catalyst. This evidence
confirms good Kolliphor-Oxygen barrier effects also in emulsion condition but not a full
barrier because a minor part of F8OH is observed for entries 1,2,3 and also in Entry 4
when the reaction is performed under argon atmosphere a 5% of F8&OH was observed.
Under this condition probably the oxygen presence is due non-optimal deoxygenation of
the surfactant used in the formation of the emulsion with degassed water and toluene.
Indeed the same water and toluene were used to perform the biphasic reaction of entry 5
where the F8-OH was not observed. Under second hypotesis is a minor affinity to oxygen
of the different catalyst system employed in these condition. A method to suppress the
formation of F8OH terminals is under investigation, in fact this type of terminations
can interfere with the electroluminescence of the material, thus negatively affecting the
performance of the same in OLED devices. There are two possible solutions that we are
studying, the development of a protocol for a more efficient deoxygenation of the surfac-
tant, for example by directly deoxygenating a solution of Kolliphor in water or in toluene
rather than doing it separately for the three components or more scalable solution is a
final derivatization of the hydroxyl groups with for examples trimethylsilyl group (TMS).
Also the F8-B(pinacol) must be supressed for the same reason,!” but in this case probably
the solutions are: adding fresh catalyst with the terminators compounds , better tuning
of the reaction’s time or a final heating of the reaction mixture in order to promote the
deborilation reaction.

En. | Condition/ Temp. | Reaction Atm.| F8- F8&-H | F8&- F8-
scheme [°C] medium OH (%] Ph B(pin.)
[%2)] [%2)] [%2)]
1 |d/ 30 Koll. EL | Air 12 13 38 38
scheme 4.3 2% in H,O:
Toluene
(10:1)
2 | f/ 30 H,0O: Air 14 9 0 76
scheme 4.3 Toluene
(10:1)
3 1g/ 80 Koll. EL | Air 12 47 0 41
scheme 4.4 2% in H,O:
Toluene
(10:1)
4 |'h/ 80 Koll. EL | Ar 5 65 0 30
scheme 4.4 2% in H,O:
Toluene
(10:1)
5 |1/ 95 H,O: Ar 0 60 0 40
scheme 4.5 Toluene
(1:2)

Table 4.1 Polymer’s end groups relative distribution
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4.2.3 Conclusion

Apart from the problems of effective polymer termination yet to be optimized in order
to obtain high quality F8BT, in terms of molecular wheight distribution our results are
comparable with others reported F8BT’s values. Figure 4.3 summarizes recent reported
synthesis with the rispective F8BT’s Mn, Mw , D reported values and estimated E factor.
For the calculation of this last factor the purification step was excluded due to lack of data
on volumes of the solvents used. Very interesting is the comparison with the other reported
emulsion condition ( figure 4.3 b and d), also in this condition was employed commercial
surfactants ( SDS, Triton X-102) in water solution emulsified with a aromatic solvents
(Toluene and Xylene), from this points of view these conditions are very similar with the
Kolliphor-catalyzed conditions here reported, but these condition are hardly scalable for
F8BT synthesis, the principal difference is the nominal concentration of the monomers,
in reported synthesis the concentration are from 30 (for condition d in figure 4.3 ) to
100 (for condition b in figure 4.3) times lower than our working nominal concentration
(0.5 M), this difference is reflected by the high difference of E factor. For our conditions,
It must also be considered that about 50% of the E factor is due to the large excess of
polymerization terminators employed (10 eq.), which will certainly be optimized in the
future, as shown by the NMR study is not efficient.

a)
CgH17CgH17

.S, Q o
Sy G
o (@]
Br—O'BT F8BT
Pd(PPhz)4
K2CO3 Mp= 23.5 Kg/mol My,= 42.8 Kg/mol D =1.82 E=31
Aliquat 336

H,0 : Toluene (1:6) (Np)
reflux overnight 82%

b)
CgH17CgH17
s Q o
NN B . B,
\ /) (@) (@)
Br Br
d Pd(PPhs)s FeBT

K,CO3 Mp= 9.4 Kg/mol M,,= 21.6 Kg/mol D = 2.30 E= 4368
Aliquat 336
Hexadecane
SDS in H,0 0.25% : Toluene (20:1) (Ar)
16 h 72°C (100%) *
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CgH17CgH17
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£ O
\/ (o) O

F8BT
Pd(PPhs),
Et,;NOH Mp= 44.1 Kg/mol My= 95.3 Kg/mol D = 2.16 E= 105
Toluene (Ar)
i) 72 h 80°C
ii) PhB(OH), 12h 80°C
iiiy PhBr 12h 80°C
82%
d) CgH17CgH17
s o o
N TN
\/ O/ \O
Br~<:>78r F8BT
(IPr)PdCI(TEA) M,= 26.0 Kg/mol My= 67.1 Kg/mol D = 2.58 E= 261
Et;NOH M= 18.5 Kg/mol My,= 49.8 Kg/mol D = 2.69 E=132

Triton X-102 in H,0 5% : Xylene (25:1)(Ny)
30°C 24 h (100%)*

Figure 4.3 F8BT reported synthesis : a8 , b,%c!? and d!! * the polymerization’s yield is not reported

in the riferiment article, for the estimation of the factor E, the reaction was considered quantitative
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4.2.4 Experimental part

F8BT polymerization procedure

N(Et); 6 eq.
timeq [h] T [°C]
2) Ph-Br 10 eq. time, T [°C]
3) Ph-B(OH), 10 eq. time, T [°C]
Reaction Medium

1) [Pd] 2% Q O
N\S/N n

Procedure for conditions: a,d.f,g.h and i

9,9-Dioctyl-9H-fluorene-2,7-diboronic acid bis(pinacol) ester (0.15 mmol), 4,7-Dibromo-
benzo[c]-1,2,5-thiadiazole (0.15 mmol), Pd(dtbpf)Cly (or other precatalyst see the table)
(0.003 mmol) were wheighted directly in the reaction’s vessel equipped with stirring bar.
Reaction medium was added by syringe (0.3 mL) (after 3 vacuum/Argon cycle was sy-
ringed under argon atmosphere if the condition required argon atmosphere) and the re-
action’s mixture was stirred for 5 minuts before the adding of N(Et)s (0.9 mmol). The
reaction was stirred for determined time time; (see table) at determined temperature (see
table), then bromobenzene (1.5 mmol) and phenylboronic acid (1.5 mmol) were added sub-
sequently (let reacted for time times each one) . The reaction was cooled to room tempera-
ture and the reaction mixture was diluite in 10 mL of dichloromethane and the crude poly-
mer was precipitated in methanol (50 mL), the orange/yellow solid was filtered directly in
Soxhlet extraction thimbles and purified by extraction with: Methanol, Acetone,Petroleum
Ether and finally the polymer was recovered with dichloromethane. Dichloromethane was
removed by evaporation and the polymer was dried in oven under vaccum for 12h at 50°C.

For condition h and i , that required deoxygenated conditions, solvents and liquid reagents
were deoxygenated in the following way: Toluene was thoroughly degassed for 30 min by
bubbling Argon gas through the solution, while being stirred; Water was thoroughly
degassed for 60 min by bubbling Argon gas through the solution, while being stirred at
reflux temperature; N(Et)3; was degased with the Freeze-Pump-Thaw Degassing method
and Kolliphor EL was degased with 4 cycle of vacuum/Argon.
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En. Condition/ [Pd] Reaction T. time | Yield
scheme medium / [°C] [72]
Atm. timey /limes
[h]
1 a/ Pd(dtbpf)Cly | Koll. EL 2% 30 90/3 52
scheme 4.3 in HyO/ Air
2 |d/ Pd(dtbpf)Cly | Koll. EL 2% 30 90/3 7
scheme 4.3 in HyO:
Toluene
(10:1)/ Air
3 | f/ Pd(dtbpf)Cl, H50: 30 90/3 54
scheme 4.3 Toluene
(10:1)/ Air
4 g/ Pd(dtbpf)Cly | Koll. EL 2% 80 24/1 93
scheme 4.4 in HyO:
Toluene
(10:1)/ Air
5 h / Pd(dtbpf)Cly | Koll. EL 2% 80 24/1 86
scheme 4.4 in HyO:
Toluene
(10:1)/
Argon
scheme 4.5 (0,.01 eq) Toluene
P(o-Tol)s (1:2)/ Argon
(0.04 eq)
Table 4.2

Procedure for conditions: b and e

9,9-Dioctyl-9H-fluorene-2,7-diboronic acid bis(pinacol) ester (1.5 mmol), 4,7-Dibromo-
benzo[c]-1,2,5-thiadiazole (1.5 mmol), Pd(dtbpf)Cly (0.03 mmol) were wheighted directly
in two necked flask equipped with overhead stirrer. Reaction medium was add (3 mL)
ant the reaction’s mixture was stirred for 5 minuts before the adding of N(Et); (g). The
reaction was stirred for 6 h at room temperature, then bromobenzene (15 mmol) and
phenylboronic acid (15 mmol) were added subsequently and let reacted for 1 h. The
reaction mixture was diluite in 100 mL of dichloromethane and the crude polymer was
precipitated in methanol (200 mL), the orange/yellow solid was filtered directly in Soxh-
let extraction thimbles and purified by extraction with: Methanol, Acetone, Petroleum
Ether and finally the polymer was recovered with dichloromethane. Dichloromethane was
removed by evaporation and the polymer was dried in oven under vaccum for 12h at 50°C.

Procedure for condition c
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9,9-Dioctyl-9H-fluorene-2,7-diboronic acid bis(pinacol) ester (1.5 mmol), 4,7-Dibromo-
benzo[c]-1,2,5-thiadiazole (1.5 mmol), Pd(dtbpf)Cls (0.03 mmol) were wheighted and after
grinding in a mortar were added directly in the tube of the peristaltic pump with 3 mL of
a solution of Kolliphor® EL 2 wt% in water. The reaction was stirred for 15 min with the
peristaltic pump, then N(Et); (9 mmol) were syringed directly in the tube. The reaction
was stirred for 6 h at room temperature, then bromobenzene (15 mmol) and phenylboronic
acid (15 mmol) were added subsequently and let reacted for 1 h. The reaction mixture
was diluite in 100 mL of toluene and the crude polymer was precipitated in methanol
(200 mL), the orange/yellow solid was filtered directly in Soxhlet extraction thimbles and
purified by extraction with: Methanol, Acetone, Petroleum Ether and finally the polymer
was recovered with dichloromethane. Dichloromethane was removed by evaporation and
the polymer was dried in oven under vaccum for 12h at 50°C.
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4.2.5 Appendix
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Figure 4.4 F8BT High temperature NMR spectra in CoD2Cly (condition d,f,g,h and i), range 7.86-6.84
ppm. For the relative quantification of the polymer’s end group the integrals of reference signals have
been chosen, peak integrating 1H and well resolved by the others signals except for the termination F8-B
(pinacol.) where all three peaks have been integrated together (3H) due low resolution .
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Figure 4.5 Comparison between NMR acquired spectra at room temperature and 120°C of a F8BT
samples in C2D2Cly 1H NMR, (500 MHz, C2DoCly, 393 K) § 8.20-8.12 (m, 2H), 8.04-7.96 (m, 2H), 2.23
(broad , 2H), 1.33-1.05 (m, 14H), 0.92-0.84 (m, 3H). 1H NMR (500 MHz, C3D-Cly, 298 K) & 8.22-8.10
(broad, 1H), 8.1-7.86 (m, 3H), 2.15 (broad , 2H), 1.30-0.90 (m, 14H), 1.33-1.03 (m, 14H), 0.82 (t, J = 6.3

Hz, 3H).
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4.3 Development of direct arylation polycondensa-
tion condition for innovative NDA-based mate-
rials for OFTF applications

4.3.1 Latent pigment approach a clever solution for OS poly-
mers

Solution-based techniques are widely used to deposit organic thin films mainly because of
the facility of obtaining large-area films by printing techniques. On the lab scale the spin
coating is the most convenient technique for the active layer deposition on small surface
area, the reason of its sucess are simplicity of the method. Usually a small amount of
coating material is applied on the center of the substrate, then the substrate is rotated
at high speed in order to spread the coating material by centrifugal force. However spin
coating is characterized by very high wastes of ink (in the 90% range) and is not scalable to
a R2R process. Scalable printing/coating techniques like slot-die coating,'® flexographic
printing,' or gravure printing,?° are the solution-processed techniques used at industrial
scale. R2R compatible printing techniques require ink formulation with relatively higher
viscosities.?™ 22 This means high concentrations must be exploited. The simplest way to
increase the solubility of a polymer is to increase the number, length and branching degree
of the alkyl side chain.?® 24 In general a trade-off between the polymer’s core part and side
chains part must be found. Indeed in order to maintain good device performance of OS
polymer must be limited the amount of electrically insulating moieties and to keep a good
morphology, and ultimately to avoid interfering with the charge-transport properties.?®
.The solution viscosity is also proportional to the molecular weight of the polymer. The
molecular weight must be high enough , but beyond a critical threshold, at sufficiently
high concentrations the chains begin to entangle and the rheology of the solution becomes
difficult to control. Under these premises, the best compromise between the polymer
structure, polymer concentration and molecular weight must be carefully identified for a
good and scalable processability of the polymeric material. Regarding to the transport
properties of polymers materials, dense molecular packing is also an important factor for
efficient charge transport in PFET applications.?% 2" From the perspective of molecular
packing engineering, the n-n stacking distance, degree of crystallinity, and quality of the
crystalline domains are widely studied in conjugated polymers.?® These research trends of
more aggregation and denser crystalline packing inevitably required very rigid backbone
structures with a limited ratio of side chain, which would limit the solubility of polymeric
semiconductors.?”  Another problem linked with the presence of the alkyl chains in the
polymer structure is the chemical stability of the materials, the general trends seem to be
that monomers fused systems are more stable while those with side chains especially those
attached in quaternary positions or at hetero atoms promote degradation.The side chains
are often the preferred first point of attack of reactive oxygen species, ultimately result-
ing in the degradation of the conjugated structure.?? 3! A clever alternative strategy to
overcome all the limit presented above consists in the latent pigment approach: putting
thermo/acid-cleavable side chains on the polymer. The flexible alkyl chains allow the
dissolution and the processing of the material, but once the active layer is formed a ther-
mal/acid treatment can be applied to remove the chains.3? In this section we report the
development of an innovative OS copolymer materials (pNTAT,) based on co-monomers

1,4,5,8-naphthalenetetracarboxylic dianhydride (NDA) and bithiophene (T3), shown
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in scheme 4.7. NDA derivatives were not previously considered like active materials for
OTFT, despite having a structure very similar to NDI-based materials: indeed both NDA
and NDI present a naphthalene core system conjugated to electron withdrawing groups in
planar geometry, respectively anhydrides and amides. The reasons for this lack are due to
the insolubility of the NDA derivatives which makes them hardly suitable as monomers in
a polymerization reactions. We aimed at developing a copolymers family based on NDA
by the latent pigment approach.The easy accessibility of the polymer and thereby of the
constituting monomers, is a further key element that must be considered in the design of
a new OS polymeric material. For this reason we optimized the monomer synthesis and
polymerization reactions for the soluble polymer precursor (pNTEAlkylT,, see scheme
4.7) of the NDA-based copolymer. The reaction that we have decided to exploit to con-
vert a potentially very soluble and processable structure into the insoluble and highly
stable NDA is shown in the scheme 4.6. The reaction has been developed within the
research group for other purposes, but we thought it can be used for our purposes, indeed
replace the methyl group of compound 167 with a longer chain is possible to obtain highly
soluble co-monomer suitable for the synthesis of soluble precursor polymer pNTEAIlkylTs,.
Keeping in mind that another important factor to consider in the development of new ma-
terial OS is the sustainability and scalability of the synthesis, we are engaged in the study
of optimization of the co-polymerization conditions by direct arylation condensation.

Model reaction for Naphtalen tetra ester cleavage

\ e 168
0O 0 0._0.__0

B
) o8
110°C 4h 96% Br

0" Npoo” O 0”0”0

\

Scheme 4.6 Model reaction for Naphtalene tetra ester derivative cleavage

Latent pigment approach

Polymer's soluble form Polymer's insoluble form
0...0_.0
RO~ ~90y, OR S
A TH? OO s \
\ n
n

RO Nyg? ~OR 4n ROH or oo

R= solubilizing chain

pPNTEAIKkyIT, PNDAT,

Scheme 4.7 Latent pigment approach
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4.3.2 Results and discussion
4.3.2.1 Monomers synthesis and preliminary data

In order to start our study we decided to synthetize different naphtalene’s monomers,
with different alkyl chain , in particular we focused on the synthesis of a derivative with
a long carbon chains, dodecanoyl groups (45) and a derivative with a branched chains,
2-ethyl-hexyl groups (46). Scheme 4.8 shows the synthesis of compounds 45 and 46,
is only a synthetic step that start from the commercial 2,6-dibromonaphthalene-1,4,5,8-
tetracarboxylic dianhydride (168, NDABry) that was reacted with an alcohol: lauryl
alcohol for compound 45 and 2-ethylhexanol for 46 for the initial double esterification
of the dianhydride 168 to give the not isolated diester-dicarboxylic acid intermediates
that was deprotonated by DBU and finally O-alkylated by nucluophilic substitution on
the corrispective alkyl-bromide : 1-bromo-dodecane for compound 45 and 1-bromo-2-
ethylhexane for compound 46; to give the napthalen tetra ester derivatives 45 and 46.

168

OxO~° RO-_OO«_OR

Br Br
OO i) R-OH, DBU, 30 min, r.t. OO
Br Br

i) R-Br, 60°C, 7 days
AcCN

(@) O (@] RO 00 OR
R= C42H24 62% 45
C4Hg
R=H,c—_  64% 46
CoHs

Scheme 4.8 Syntheses monomers 45 and 46

We tried the copolymerization with 2,2 -bithiophene by Stille and Direct arylation poly-
condesations. As the first attempt to obtain pNTEC3; Ty we used Stille polycondesa-
tion in order to have a comparison for the development of a greener direct arylation
protocol. As it is possible to see in the scheme 4.9 a copolymerization conditions are
monomer45 was reacted with 5,5 -Bis(tributylstannyl)-2,2 “-bithiophene in Toluene at
90°C for 4 days to afford poly{tetradodecyl 2-([2,2’-bithiophen]-5-yl)naphthalene-1,4,5,8-
tetracarboxylate}(47, pNTEC2Ty) with values M,, and M, of 8.8 Kg/mol, 12.4 Kg/mol,
if we take into account that the monomeric unit weighs 1141.73 g / mol, the obtained
pNTEC12T, was formed by chains averagely long only 8 monomeric units. Luckily, with
direct arylation protocols (scheme 4.9): by reacting monomer 45 with 2,2"-bithiophene ,
in Toluene at 110°C for 2 days, we could obtain pNTEC12T, with values around double
M,, value and triple M,, value rispect the Stille protocols (M, = 17.7 Kg/mol ,M,,= 35.4
Kg/mol).
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Sn(Bu); 47

C12H25O 00 OC12H25

45
C12H250 00 OC12H2s

Cr et
Pd(PPh3)Cl, \ /

Toluene
90°C 4 days 82%

Br
C12H2507 g7 ~OC12Hzs CyoHps0” 00~ OCq2H2s

Mp= 8670 g/mol M,,= 12400 g/mol D= 1.43
pNTEC1 1P

(a) Poly Stille condesation of comonomers 45 and 5,5’-Bis(tributylstannyl)-2,2 “-bithiophene

45 47

S C1oH50. 00 _OC12H2s
C12H50 /OO, -OC15Hos \ 121725
N NS /
Br \ OO W s
O > s
\
Br PivOH /

C12H2507 3gg” "OC12Hzs sz(c;?) C1oHp50” "00” "OC12Hzs
2(dba)s
Toluene M,= 17689 M,,= 35434 D= 2.00

110°C 48h 86% PNTEC12T2
(b) Direct arylation condensation of comonomers 45 and 2,2’-bithiophene

Scheme 4.9 Preaparation of copolymer pNTEC;5T5

DAP turns out to be the most efficient polymerization protocol for this type of copolymer,
so we have moved on to the synthesis of the copolymer poly{tetrakis(2-ethylhexyl) 2-
([2,2’-bithiophen]-5-yl)naphthalene-1,4,5,8-tetracarboxylate} (169, pNTEC,CgT3) , in the
same DAP condition used for the synthesis of compolymer pNTEC,Tsy. As expected the
copolymerization of the monomer 46 has led to comparable yield but better results in
terms of length of the polymer chains with rispect to pNTEC5Ty , in fact the four
branched chains impart greater solubility to the polymer allowing further growth (scheme
4.10).

C4H
o 46 o CaHo 170 e
4119 4119
2~ A e
CoHs CoHs S
0%, 0 s )
Br {S
B PivOH
o 0 KoCO3 \\(
CoH
CoHs 7) 00 \\(Csz Pd,(dba)s 2 5% -
Toluene C4Hg 4
C4Hg C4Hg

110°C 48h 83%
Mn= 22283 g/mol Mw= 45315 g/mol D= 2.03
pNTECgCeTz

Scheme 4.10 Direct arylation condensation of comonomers 46 and 2,2-bithiophene
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The polymers 46 and pNTEC5T5 obtained by DAP were characterized by cyclic voltam-
metry (CV). For both of them , It is possible to observe reversible oxidation processes
centered at 0.08e¢V and 0.09¢V (respectively) vs Fc/Fc+ , underling that 46 has an elettro-
chemical HOMO level of -4.86eV, meanwhile pNTEC;5T5 -4.66eV. Surprisingly, according
to this data, the pNTE copolymers are p-type materials, against our expectation, is prob-
ably that ester groups are extremely twisted compared to the monomer’s main plane,
therefore electric properties are similar to pristine naphtalene.

2

PNTEC42T2 ; PNTEC2CgT2
< < 4
£ e °
;‘ Z‘ 1 o C4Hg
7 ‘n» -1 1 aHg
= - .2 4 s R
-
\ ]
a3 e [©elo} \\(csz
C4Hg
C4Hg
T M T M ) v Ll v 1
15 -1.0 0.5 0.0 0.5
Potential / V vs Ferrocene Potential / V vs Ferrocene

Figure 4.8 Cyclic voltammograms of pPNTEC12 Ty (left) andpNTEC2CgT2 (right). Measures are made
between 0.5 and 1.6V vs ferrocene. WE:glassy carbon, Reference electrode Ag/AgCl and auxiliary elec-
trode Pd, using TBAPF6/DCM 0.1 M solution as electrolyte. It is possible to notice that they are p-type
polymers.
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Figure 4.9 TGA-MS analysis of polymer pNTEC15T5 (on the left) and TGA-MS analysis of the blend
pNTEC;5T2:pTsOH (on the right)

In order to verify if pNTE copolymers could be used as a latent pigment, we have per-
formed a TGA-MS analysis on a pNTEC;5Ty sample under Ny at a heating rate of 5°C/s
from room temperature up to 400°C, monitoring the weight loss over time (see figure 4.9).
It is possible to notice that the cleaveage reaction starts at around 300°C and almost no
mass is lost under 300°C temperature. The gasses emitted are CO and COs no signs of
dodecene and dodecanol are found, probably because at so high temperature dodecene
and dodecanol degrade immediately a carbon’s oxides or they are not detectable . In
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order to study if it is possible to catalyzed the cleavage reaction with acid catalyst, we
repeated the experiment with a blend of p-Toluenesulfonic acid and pNTEC5T5. As it is
possible to see in figure 4.9 the cleavage reaction starts at low temperature, aound 150°C
. This time from MS chromatogram it is clearly visible the dodecene peak, product of the
catalyzed acid reaction of dodecanol dehydration.

We investigated the structure of the polymer obtained after the thermal/acid cleavage by
FT-IR spectroscopy, the spectra are shown in figure 4.9 , in blu is reported the monomer
168’s spectra is possible to note the two characteristic carbonyl signals due to symmetrical
(1780 cm™!) and asymmetric (1730 cm™!) C = O stretching of the anhydrides between
1700-1800 cm™, in red is reported the pNTEC,Ty’s spectra, in the same reagion is
possible to see only one C=0 signals due to the carbonyl stretching of the ester, in yellow
and in green are reported the spectra of the resulting polymer after the only thermal
treatment (yellow) and the thermal/acid treatment in green is possible to note that the
characteristic peaks of the anhydride reappear, confirming the structure of the resulting
polymer pNDAT,. Figure 4.11 shows: on the left the pNTEC5Ty: p-TsOH blend; in the
center the same sample after the cleavage treatment (180°C) and on the right a samples of
pure pPNTEC;, T, treated at higher temperatures (400°C). The co-polymer changed from
a brown opaque to a violet shiny color, and sample consistence changed from soft and
sticky to hard and brittle,

IR spectra

mNDABr;
+pNTEC12T2
pNDAT2 (pNTEC12T2 @400°C for 20 min) f s
ApNDAT2 (pNTEC12T2 @180°C for 120 min I /f
v

00, OCi;Hps
?HD““VV u;_

/x\.\?
.f\» LI |

k /%
k;2H25(} 00" 0G4 sz/

Trasmitlance [a.u]

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber jem-1)

Figure 4.10 FT-IR investigation on polymer structure obtained by thermal/acid clevage of the precursor
polymer pNTEC;2
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Figure 4.11 On the left: pNTEC5T5 before thermal treatment; in the center: pNTEC;5T5 after thermal
treatment with p-toluene sulfonic acid at 180°C, under Ny for 2h; on the right: pNTEC;5T5 after thermal
treatment at 400°C, under N5 for 20 minutes

Encouraged by these first results we have moved on to the optimization of pNDAT, co-
polymerization to have more processable polymers and usefull tools for the tuning of
the polymer molecular wheight . The optimization of copolymerization was done on the
polymer 46 indeed we expected that the branched chains would allow us to achieve high
molecular weights and high film-forming properties of the material. Compared with linear
side chains, branched side chains have attracted more attention from researchers as they
can provide better solubility for polymers.33¢]

4.3.2.2 Optimization of the polymerization conditions

Influence of the solvent

The solvent for direct arylation polycondensation (DAP) is of crucial importance . When
conjugated polymers exhibiting reduced solubility, the choice of solvent influences the
maximum molecular weight that can be achieved, indeed polymer’s precipitation is the
main mechanism of termination, aromatic solvents have proved to be very useful in
DAP. However, unintentional activation of C—H bonds present in aromatic solvents
under DAP conditions leads to in situ solvent termination which competes with step
growth. 3’ pNTEC,Cs Ty was designed in order to be highly soluble in fact, the presence of
four ethylhexyl chains gives high solubility to the naphthalene core in aromatic solvent like
Toluene. In literature is reported a study of solvent quality of several aromatic solvents
for the DAP of defect-free naphthalene diimide (NDI)-based copolymers of different solu-
bility. The authors correlate C—H reactivity of the solvent with copolymerization behavior
and MW and conclude that solvent’s C—H reactivity is strongly reduced with increasing
degree of substitution for both chlorine and methyl substituents. Mesitylene is largely
C—H unreactive and, thus, albeit being a moderate solvent, enables very high molecular
weights at elevated temperature for NDI copolymers with limited solubility.?® Given the
structural analogy between pNTEC,;CgTy and (NDI)-based copolymers, we decided to
test Mesitylene for pNTEC,CgTy copolymerization.
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C4Ho C4Ho CaHo

CzH5 o 00 5 C2H5 S CZHS o)

{\ N )
Br S
B KaCO3
PivCOOH
0] (0]

CoHs 00 CoHs Pd(dba)s CoHs W) \\(

Solvent ol C4Hg
C4Ho C4Ho 110°C 72h (Ar) 4
Entry Solvent Yield / M,, M., D

solvent | (g/mol) | (g/mol)

(%)
1 Mesytilene 73/ 34013 82120 | 2.38
CHCly
2 Toluene 65 / 16606 23760 1.43
ETP

Table 4.3 Solvent optimization for DAP of copolymer pNTEC;CgT4 (170)

Table 4.3 shows a comparison between two pNTEC,;C4Ty copolymerization carried out
under identical condition apart from the nature of the solvent. Comparing M,,,M,, and
D of the two copolymers it is clear that Mesitylene is more effective solvent for polymer-
ization rather than Toluene, It is interesting to note that the reaction mixture turned
into a gel after 72h at 110 ° C due to the precipitation of the copolymer, a symptom
that the solubility of the polymer had become the main termination mechanism of the
polymerization rather than the solvent termination. Copolymer’s high-molecular-weight
fraction formed in Mesitylene were insoluble in petroleum ether unlike the one prepared
in Toluene.

Influence of the temperature and monomers concentration

In order to obtain even higher molecular mass values we have considered two different
strategies to increase the solubility of the growing polymer chains in Mesitylene: increase
the reaction temperature or decrease the concentration of the monomers in order to work
in a more diluted environment. In entry 2 of the table 4.4 is reported a copolymerization
at 140°C, instead of 110°C, values of M,,= 18.2 Kg/mol, M,,= 28.8 Kg/mol were obtained
at 140°C | values considerably lower than M, = 34.0 Kg/mol, M, = 82.1 Kg/mol for the
reaction carried out at 110°C, symptom others termination mechanism become limiting at
higher temperatures, like the debromination. In entries 3 e 4 are reported the more diluite
conditions with respect to the reference entry 1, for this parameters was observed that
the higher molecular mass values were obtained for monomers’ initial concentration of
0.25M (entry 3), an intermediate concentration between 0.1M (entry 4) and 0.5M (entry
1). Indeed on the one hand the lower concentration of the initial monomers leads to a
greater growth of the polymer, on the other an excessively diluted environment leads to
slower kinetics and an increase of the solvent termination. By tuning of the monomer
concentration was possible isolate high-molecular-weight ( M,,= 43.6 Kg/mol, M,,= 102.0
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Kg/mol pNTEC,C¢Ty with an excellent yield of 90% maintaining a relatively narrow

molecular-weight-distribution (D= 2.30).

C4Hg C4Hg
46
CoHs 00 CoHs S )
( X
Br \
Br K2C003
PivOH
00 CoHs
-~ 0" 00" @ CoHe Pda(dba)s CZHS%
Toluene . C4Hg
C4Ho C4Ho T(°C) 72h (Ar) o
Entry | Temperature (°C) | Time (h) Yield / M, M, D
Monomers
concen- solvent (g/mol) | (g/mol)
tration
(%)
(M)
1 110 72 0.50 73/ 34013 82120 2.38
CHCl,
2 140 72 0.50 54/ 18284 28753 1.57
ETP
3 110 72 0.25 90/ 43564 101959 | 2.30
CHCl,4
4 110 284 0.10 84/ 26261 47053 1.79
ETP

Table 4.4 Temperature optimization for DAP of copolymer pNTEC;CgT5 (170)

Influence of the monomers ratio

Always inspired by a work of literature on NDI-based copolymer, another factor studied
was the monomers ratio. Usually this type of empirical study is done to obtain an effective
ratio between monomers equal to 1:1, because the monomers often have impurities, but
in reported work it has been shown that for poly{[N,N "-bis(2-octyldodecyl)naphthalene-
1,4,5,8-bis- (dicarboximide)-2,6-diyl]-alt-5,5 "-(2,2 "-bithiophene) } (pNDIT5) , slight excess
of bromide leads to higher molecular weights rispect a 1:1 ratio. This result was explained

by the authors by mechanicistic reasons proved by NMR polymer’s end chain study.3’
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C4H9 46 C4Hg C4H)9\\
CoH
CoHs oo, C,Hs5 s\ Hs 4
Y(\ N
Br \ S
X Br K,CO3
PivOH
Cszvgo 00 O\\(csz Pdy(dba); CoHs 7)
Toluene C4Hg
CaHo CaHo 110°C 20h (Ar) CaHo
Entry | XY XIY] | Yild/ | M, M, D
(M:M) solvent | (g/mol) | (g/mol)
(%)
1 1.00:1.00 | 0.500:0.500 73/ 34013 82120 2.38
CHCly
2 1.02:1.00 | 0.510:0.500 90/ 48983 178059 | 3.65
CHCl,
3 1.05:1.00 | 0.525:0.500 62/ 64258 235120 | 3.13
CHCly
15/ 98830 276550 | 2.41
CgH5Cl

Table 4.5 Comonomers ratio optimization for DAP of copolymer pNTEC;Cg T4 (170)

Table 4.5 shows that also for the copolymerization of pNTEC,CgTy was observed this
trend, indeed when 2% (Entry 1) and 5% (entry 3) molar excess of bromide were employed
the polymers obtained have very high molecular-weight. For examples for the higher
molecular-weight fraction obtained for the entry 3, that was extracted in chlorobenzene
the values of M,,, M,and D are 98.8 Kg/mol, 276.6 kg/mol and 2.41.

4.3.3 Conclusion

The development of ambient stable organic n-channel semiconductor molecules for thin-
film transistors has experienced a tremendous impetus in the last decade to close the
gap in performance in comparison to that of their p-channel counterparts. Especially
naphthalene tetracarboxylic diimides (NDI) have shown to be the most valuable building
blocks to achieve this challenging goal and to gain insight into the molecular structure-
transistor performance relationship.*® 1,4,5,8-Naphthalenetetracarboxylic dianhydride
(NDA) derivatives were not previously considered as active materials for OTFT, despite
having a structure very similar to NDI. Aiming at developing NDA-based copolymers
thanks the latent pigment approach, clever alternative to the more traditional side chain
functionalization. For this reason we optimized the synthesis and the co-polymerization
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of NTE monomers obtaining a soluble and easily processable co-polymer from solution,
precursor of an NDA-based copolymer potentially useful for highly stable OTFTs. Always
keeping in mind that beyond the performance and stability of the materials it is very im-
portant to develop sustainable synthesis, for a possible scaling up at industrial level, we
have developed a copolymerization by direct arylation polycondensation. The parameters
investigated were the nature of the solvent, temperature, monomer’s concentration and
ratio. All these parameters hava great influence on the final material and so it is possible
to tune the molecolar wheight distribution of the final copolymer changing this copoly-
merization’s parameters. The possibility of being able to adjust the molecular weights of
the co-polymer is a fundamental tool to find a good balance between performance and
processability. The materials are now in OTFT characterization phase in order to evalu-
ate the OTFT performance and also is under development an effective strategy in order to
make the cleavage for the precursor copolymer at low temperatures and as fast as possible,
in order to make the latent pigment approach compatible with plastic substrates. The
figure 4.12 shows a free-standing films obtained by accidental evaporation of the solvent
of a pPNTEC,;CgTy solution, has been reported as evidence of the excellent film-forming
proprieties of the material.

Figure 4.12
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4.3.4 Experimental part

4.3.4.1 Synthesis of tetradodecyl 2,6-dibromonaphthalene-1,4,5,8-tetracarbo-
xylate (45)

0] O O
C12H250 00 OCq2Hzs

Br Br
OO I) n-C,,H->5-OH, DBU, 30 min, I't OO
Br

i) n-C1,Ho5-Br, 60°C, 7 days

AcCN
o~ O O 62% C12H250™ Ngg” "OC12Hzs

In a two neck flask, under Ny, a mixture of 2,6-dibromonaphthalene-1,4,5,8-tetracarboxylic
dianhydride (6.164g, 14.47 mmol) and dodecanol (6.725g, 36.08) in 40mL of dry acetoni-
trile was prepared. DBU (5.434g, 35.694mmol) were added under stirring. After 30min
1-bromododecane (8.774g, 35.199mmol) is added and the solution was heated at 60°C for
2 days. After cooling down the reaction, the solvent is evaporated, petroleum ether is
added and the solid particulate (DBU salt) is filtered away. Petroleum ether was evap-
orated under reduce pressure and crude product was obtained. The crude product is
purified by coloumn chromatography using n-heptane : toluene 1:1 as eluent. After pu-
rification tetradodecyl 2,6-dibromonaphthalene-1,4,58-tetracarboxylate was obtained as
as a white solid (9.932g , 8.751mmol, 62%). 1H NMR (500MHz, CDCI3) & [ppm]: 8.05

(s, 2H), 4.29 (t, J=6.8Hz, 8H), 1.81-1.75 (m, 4H), 1.47-1.26 (m, 72H), 0.88 (t, J=6.8,
12H).

4.3.4.2 Synthesis of tetrakis(2-ethylhexyl) 2,6-dibromonaphthalene-1,4,5,8--
tetracarboxylate (46)

C4Hgq
CyH
0.__0__0O 25
Br
OO i) R-OH, DBU, 30 min, r.t.
i) R-Br, 60°C, 7 days
AcCN
@) @) (@] 66% CoHe
CoHs 7/
R= )—CHZ C4H9
C4Hg

In a two neck 100mL flask, a mixture of 2,6-dibromonaphthalene-1,4,5 8-tetracarboxylic
dianhydride (4.000 g, 9.390 mmol) and 2-ethylhexan-1-o0l (3.057 g, 23.48 mmol) was pre-
pared. Acetonitrile anhydrous (40 mL) and DBU (3.574g, 23.48 mmol) were added under
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stirring. After 30 min 3-(bromomethyl)heptane (4.534 g, 23.48 mmol) was added and the
solution is heated at 60°C for 7 days. Then reaction is stopped and it is cooled down at
room temperature. After cooling down the reaction, the solvent is evaporated, petroleum
ether is added and the solid particulate (DBU salt) is filtered away. Petroleum ether
was evaporated under reduce pressure. Crude product was purified by chromatographic
columns on silica using a mixture of heptane and toluene ( 7:3 — 3:7) in gradient elution
product was obtained in pure form as a clear oil (5.645g, 6.197 mmol, 66% yield).

1H NMR (500MHz, CDCI3) § [ppm]: 8.01(s, 2H), 4.26-4.20 (m, 8H), 1.79-1.71 (m, 4H),
1.56-1.30 (m, 32H), 0.98-0.96 (m, 24H) 13C NMR (126 MHz, CDCI3) & 167.59, 167.40,
135.57, 135.07, 133.68, 129.42, 121.77, 69.61, 69.41, 39.53, 39.52, 31.26, 31.23, 29.82,
29.81, 24.67, 23.85, 14.97, 14.95, 11.85, 11.81.
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4.3.4.3 Synthesis of Copolymer Poly[tetrakis(2-dodecyl-2-([2,2’-bithiophen]-
5-yl)naphtalene-1,4,5,8-tetracarboxylate] (47)

Stille polycondensation

Sn(Bu)s
>y
AN C1oHo:0_ 00 OC1oH>s5
C12H250 00, OC1oHos \S 127723
e Soaty
\
Br Pd(PPh3)Cl, /
Toluene n

C12H2507 Ngg7 "OCy2Hz2s CioHps0” 007 "OCioHas

90°C 4 days 82%
M,= 8670 g/mol M,,= 12400 g/mol D= 1.43

In a two neck 50mlL flask, a mixture of tetradodecyl 2,6-dibromonaphthalene-1,4,5,8-
tetracarboxylate ( 0.499g, 0.440 mmol), 5,5’-bis(tributhilstannyl)-2,2’-bithiophene (0.327g,
0.439 mmol) and Pd(PPh3)Cl, (16.7 mg, 0.024 mmol) was prepared. Under Ny, 23mL of
toluene anhydrous and of bithiophene are added. The flask is left under stirring, under
Ny at 90°C for 4 days. The flask is cooled at room temperature and a solution of 4.6g
of KF in 10mL water is added under stirring. After 2h, 150mL of dichloromethane are
added and the organic phase is washed 3 times with 100mL of brine and it is dried over
anhydrous NaySO,4. Solvent is evaporated under reduced pressure, the product is then
dissolved in SmL dichloromethane and it is poured drop wise in MeOH. The orange sticky
solid is filtered and it is continuously extracted, using MeOH, acetone, petroleum ether.
Petroleum ether are then evaporated under reduced pressure to afford pNTEC;5T5 (0.402
g, Yield 49%, M,,= 8670 g/mol and M,,= 12400 g/mol D = 1.43)

Direct arylation polycondensation

C1oH50. 00 OC12Hos

S
C12Ho50 008, OC15Has \
N S 7
Br \ \ S
) : Y
Br PivOH

C12H2507 Ngg7 "OC12H2s PdKZ(((::i:3) CioHps0 007 OCi2Hzs
2\aba)s
Toluene Mp= 17689 M,,= 35434 D= 2.00

110°C 48h 86%

In a Schlenk tube, a mixture of tetradodecyl 2,6-dibromonaphthalene-1,4,58-tetra-
carboxylate (3.310 g, 2.916 mmol) , bithiophene (0.503 g, 3.024 mmol), K;CO3, pivalic
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acid (0.310 g, 3.04 mmol) and Pds(dba)s (27.6 mg, 0.0301 mmol) is prepared inside No
glove box. Then 6mL of toluene anhydrous are added. The reaction is left 48h under
stirring at 110°C. The product is filtered and continuously extracted with MeOH , acetone
and petroleum ether. Petroleum ether was evaporated under reduced pressure and the
brown sticky polymer’s film is washed with acetone and triturated with MeOH, After
solvent removal a thick brown-orange polymeric film was obtained (2.858g, 86% Yield,
M,,= 17689 g/mol , M,,= 35434 g/mol D= 2.00).

4.3.4.4 Synthesis of Copolymer Poly[tetrakis(2-dodecyl-2-([2,2’-bithiophen]-
5-yl)naphtalene-1,4,5,8-tetracarboxylate] (48)

Standard reaction

C4Hg C4Hg
CzH5)\\O 00 O//QCZHS S \
AN NS
Br {S
Br PivOH
o o KoCO3 \\{
CoH
Cats, ) 00 L Pda(dba)s oMo (.
Toluene C4Hg 4

110°C 48h 83%
Mn= 22283 g/mol Mw= 45315 g/mol D= 2.03

pNTE0206T2

In a pressure tube tetrakis(2-ethylhexyl) 2,6-dibromonaphthalene-1,4,5 8-tetracarboxylate
(3.310 g, 2.916 mmol), bithiophene (0.219g, 1.32 mmol), potassium carbonate (0.846 g
3.95 mmol), pivalic acid (0.135g, 1.32 mmol) and Pdy(dba); (12.06 mg, 0.013174 mmol)
are inserted, then the tube is put inside Ny glove box where 2mL toluene are added. After
10 min Pds(dba)s is inserted and the tube is sealed. Solution is heated at 100°C for 1h,
under stirring, then is heated at 110°C for 19h. Then the solution is cooled down to room
temperature and products are dissolved in 20mL DCM. Such solution is added drop wise
in 200mL MeOH, the precipitate is filtered and then continuosly extracted with MeOH,
acetone and petroleum ether. Petroleum ether is evaporated under reduced pressure,
then the residue is triturated in MeOH, is filtered and it is dried in oven under vacuum.
pNTEC,Cg¢Ty was obtain like brown solid ( 0.995 g, 1.10 mmol, Yield 83%, Mn= 22293
g/mol, Mw= 45315 g/mol, D= 2.03).

Optimization reaction
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4.3. DEVELOPMENT OF DIRECT ARYLATION POLYCONDENSATION CONDITION
FOR INNOVATIVE NDA-BASED MATERIALS FOR OFTF APPLICATIONS

s. 0\
Y\/s

K,CO3
PivCOOH
sz(dba)g,

Solvent

time [h] T[°C] Yield [%]

XY PE D
Entry/ | Solvent | Temp. time CHCl3 | CgH5Cl Mn | Mw
table [h] | Fraction
[°C] Fraction Fraction [kDa] [kDa]
Yield

Yield | Yield

1/Table4.3 | Mes | 110 1:1 72 12% | 73% 0 34 | 82 | 24
2/Table4.3 | Tol | 110 1:1 72 | 65% 1% 0 17 | 24 | 14
2/Table4.4 | Mes | 140 1:1 72 | 54% 1% 0 18 | 29 | 1.6
3/Table4.4 | Mes 110 | 0.5: 0.5 | 72 9% 90% 0 44 102 | 2.3
4/Tabled.4 Mes 110 | 0.2: 0.2 | 284 | 84% 0% 0 26 47 1.8
2/Tabled.5 | Mes 110 | 1.02:1 20 3% 90% 0 49 178 | 3.7
3/Tabled.5 Mes 110 | 1.05: 1 | 20 8% 62% 15% 64 235 | 3.1

99 | 277 | 24

Table 4.6

In a reaction vessel tetrakis(2-ethylhexyl) 2,6-dibromonaphthalene-1,4,5,8-tetracarboxy-
late ( X * 0.155 mmol), bithiophene (Y* 0.155 mmol), potassium carbonate (0.465 mmol),
pivalic acid (0.155 mmol) and Pds(dba)s ( 0.0031 mmol) are directly wheighted. Under
Argon atmosphere, degased solvent was added (0.32 mL). The reaction was stirred for
the time at temperature indicated in table. The reaction was cooled to room temperature
and the reaction mixture was diluite in 10 mL of dichloromethane and the crude polymer
was precipitated in methanol (50 mL), the orange solid was filtered directly in Soxhlet
extraction thimbles and purified by extraction with differente solvents (methanol,acetone,
petroleum ether, chloroformo and chlorobenzene) depnding by the molecular wheighted
the analyzed polymer fraction was recovered in different solvent and finally the last used
solvent was removed by evaporation and the polymer was dried in oven under vaccum for
12h at 50°C.

1H NMR (600 MHz, CDCI3) 8 7.92 (s, 2H), 7.10 (d, J = 3.1 Hz, 2H), 6.96 (d, J = 3.1
Hz, 2H), 4.23 — 4.13 (m, 4H), 3.99 — 3.88 (m, 4H), 1.74 (m, 2H), 1.48 - 1.24 (m, 20H),
1.17 — 1.06 (m, 16H), 0.91 (t, J = 7.4 Hz, 6H), 0.85 (t, J = 6.9 Hz, 6H), 0.76 (t, J = 6.7
Hz, 6H), 0.72 (t, J = 7.4 Hz, 6H).
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CHAPTER 4. GREEN APPROACHES TO THE PREPARATION OF ORGANIC
POLYMERIC SEMICONDUCTORS
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List of acronyms

BC bottom contact

BG bottom gate

BJT Bipolar Junction Transistor

cmc critical micellar concentration

CMD concerted metalation deprotonation
cryo-TEM Transmission electron cryomicroscopy
DAP direct arylation polycondensation

DLS Dynamic Light Scattering

DSC Differential Scanning Calorimetry

FET Field Effect Transistor

GC-MS Gass Chromatography-Mass Spectroscopy
HLB Hydrophilic-Lipophilic Balance

HOMO highest occupied molecular orbital

IC Integrated Circuits

IL Tonic Liquid

LB Lagmuir-Blodgett

LCD Liquid Crystal Display

LMWG low molecular weight gelators

LUMO lowest unoccupied molecular orbitals
MOSFET Metal-oxide-semiconductor field-effect transistor
NMR Nuclear Magnetic Resonance

OLED Organic Light-Emitting Diode

OPE Organic Printed Electronics
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CHAPTER 4. LIST OF ACRONYMS

OS Organic Semiconductor

OSC Organic Solar Cell

OTFT Organic Thin-Film Transistor
RFID Radio-Frequency IDentification tags
SAM Self assembled monolayer

scCOy supercritical CO2

SM Suzuki-Miyaura

TC top contact

TEM Transmission electron microscopy
TG top gate

TGA thermogravimetric analysis

TM Transition metals

UC Up-Conversion

VOCs Volatile Organic Compounds
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List of chemicals names

AcOEt ethyl acetate

BT Benzothiadiazole

BTBT [1]benzothieno[3,2-b][1]benzothiophene

DBA 9,10-dibromoanthracene

DBBF 4,7-dibromo-5,6-difluoro-2,1,3-benzothiadiazole

DBU 1,8-diazabiciclo[5.4.0Jundec-7-ene

DCE dichloroethane

DMA dimethylacetamide

DMF N, N-dimethylformamide

DPP Diketopyrrolopyrrole

DTBF 4,7-di(thiophene-2-yl)-5,6-difluoro-2,1,3-benzothiadiazole
F4-TCNQ 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane
F8BT Poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,7-diyl)]
IG Isoindigo

NBS N-bromosuccinicimmide

NDI Napththalenediimide

NMP N-Methyl-2-pyrrolidone

PFDT 1H,1H,2H,2H-perfluorodecanethiol

PMMA Polymethylmetacrylate

PS Polystyrene

PSS Polystyrene sulfonates

TIIG Thienoisoindigo

TMP-CH2-SH 3,4,5-trimethox-ybenzylthiol
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CHAPTER 4. LIST OF CHEMICALS NAMES

TMP-SH 3,4,5-Trimethoxythiophenol
TMS trimethylsilyl

Tol Toluene

TTD Thienothiadiazole
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