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CHAPTER |

INTRODUCTION

1.1 ORGANIC SEMICONDUCTORS

Semiconductors are materials that can partially conduct electric current. The conductivity of a
semiconductor is somewhere between that of an insulator and a conductor. Semiconductors are
widely employed in the manufacture of various kinds of electronic devices such as transistors,
diodes, and integrated circuits. Semiconductors are divided into two classes such as organic
semiconductors and inorganic semiconductors.! Organic semiconductor (OSCs) are carbon-based
materials that exhibit optical and electronic properties.?2 OSCs offer the opportunity to fabricate
low cost, lightweight, flexible electronics, and optoelectronic devices.® Due to these advantages,
during the past few decades OSCs have gained substantial attention for their use in organic light-
emitting diodes (OLEDs),*® organic photovoltaics (OPVs),*’ organic field-effect transistors

(OFETSs),? and electronic sensory devices.®

Most of the organic compounds are considered insulators whereas some of the organic compounds
exhibit semiconducting properties. The conductivity of organic semiconducting materials relies on
a conjugated system throughout the structure. The series of alternating single and double bonds

form a conjugated system.!



A neutral carbon atom has six electrons. Two electrons are in tightly bound in a 1s orbital and the
other four valence electrons are in 2s orbital and 2p orbital as in 2s?and 2p? configuration. As
shown in Figure 1.1, the excited state 2s orbital and 2p orbitals undergo three different
hybridizations such as sp®, sp?, and sp to lower their energy. The hybridization of one 2s orbital
and three 2p orbitals form four sp® hybridized orbitals, these orbitals being arrange in tetrahedral
geometry (Figure 1.1 a). Similarly, hybridization of one 2s orbital and two 2p orbitals form three
sp? hybridized orbitals and one unhybridized p orbital which results in trigonal planer geometry
(Figure 1.1 b). As shown in Figure 1.1c, the hybridization of one 2s orbital and one 2p orbital form

two hybridized sp orbitals and two unhybridized p orbitals and these arrange in a linear geometry.°

+E o
2s[H] 2s[4 ]
Q Q
Carbon- ground state Carbon- excited state

(a)

SO 99799
Sp-hybrldlzatlon= mIIIII‘ —_—

2s Sp? hybridized orbitals Tetrahedral geometry

Q

© W0 9990 |
Sp*- hybrldlzatlonr “ —_— Og

2s m Sp? hybridized orbitals
Q + unhybridized p orbital

Trigonal planer geometry

@ W[ 99 — o9
Sp-hybridizationr “

Linear geomet
2s Sp hybridized orbitals ¢ id
O + unhybridized p orbitals

Figure 1.1: Schematic representation of electronic orbitals of excited-state carbon, sp?
hybridization, sp? hybridization, and sp hybridization.*



As mentioned above, in a conjugated system alternating carbon-containing single bonds and double
bonds are present in their molecular structure. The structure is created by 6 bonds formed between
carbon sp?orbitals, and the formation of m bond with unhybridized p orbitals which are
perpendicular to the plane of the molecule (eg: Figure 1.2 shows the 6- and ©- bonding within an
ethene molecule).! The overlapping of perpendicular p orbitals creates a delocalized n electron

system within the molecule and which can be represented as an electron cloud (Figure 1.3).

c=C

o bond

Figure 1.2: o- and n-bond formation within an ethene molecule.
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Figure 1.3: The delocalization of 7 electrons and electron cloud formation.

The properties of OSCs are a result of its band structure. According to the Hiickel theory, when
atomic orbitals are combined, molecular orbitals are formed. In the ethylene molecule, a
combination of two perpendicular p orbitals form a n-bonding molecular orbital and w-antibonding
molecular orbital (Figure 1.4). For a small-molecule like ethylene, the gap between n-bonding (i)

molecular orbital and m-antibonding molecular orbital (7*) is large. As shown in Figure 1.4, when
3



more atoms are combined more molecular orbitals are formed, and the gap between the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) is reduced.
In polyacetylene, a large number of orbitals are formed, and the energy difference between them
becomes very small. Thus, forming continuous bands of energy. The energy gap between the
HOMO and LUMO determines the bandgap (Eg). OSCs have a bandgap less than 3.2 eV and can

absorb in the near UV to IR region.t:>

Isolated orbitals

T

HOMO

b
HHE 111

—
i

) ‘ .\_.

AR M

Ethylene  1,3-Butadiene Oligomer Polymer

Figure 1.4: Band gap formation??

1.2 CLASSIFICATION OF ORGANIC SEMICONDUCTORS

There are two major classes of OSCs: conjugated small molecules and conjugated polymers.

1.2.1 Conjugated small molecules

Conjugated small molecules can be either a single molecule or an oligomer. These molecules have
well defined molecular weights, structural homogeneity, and high purity. Some of the conjugated
small molecules are highly crystalline and have limited solubility in common organic solvents.
Therefore, techniques, such as thermally evaporated vapor deposition, are used to fabricate

electronic devices. Figure 1.5 shows some of the important conjugated small molecules used in

4



electronic devices. As examples: 4,4’-di(9H-carbazol-9-yl)-1,1’-biphenyl (CBP) and 1,3-di(9H-
carbazol-9-yl)benzene (mCP)!2™3 are the host materials used in the emissive layers of the organic
light-emitting diodes. Bathcuprinone!* and pentacene'® are commonly used compounds in organic
field-effect transistors. Sexithienyl and pentacene are the most popular molecules for organic thin-

film transistors.'®

(2, ~ 0

4,4'-di(9H-carbazol-9-yl)-1,1'-biphenyl
1,3-di(9H-carbazol-9-yl)benzene

COOCO Yy

Pentacene Sexithienyl

Bathocuprione

Figure 1.5: Examples of conjugated organic small molecules used in various electronic devices.

1.2.2 Conjugated polymers

Conjugated polymers have an extended m conjugation throughout the entire backbone. This
extended conjugation along the backbone enables proper charge transportation and optical
absorption by these polymers. Polyacetylenes, polyynes, and polyarylenes are important classes of
polymers that have applications in a variety of organic electronics, such as in OLEDs, OPVs,
OFETs, and sensory devices.> 178 Figure 1.6 show some examples of conjugated polymers that

have been utilized in electronic devices.



OR

n
RO
Poly(p-phenylene vinylene)  Polyfluorene
R
N, 8,
HE s
Polypyrrole Poly(3-alkylthiophene)

Figure 1.6: Examples of conjugated organic polymers used in various electronic devices.

Electrons and holes are the major charge carriers in semiconductors. Based on these major charge
carriers, OSCs can be further classified as p-type and n-type materials. Generally, p-type OSCs
holes are the main charge carriers, and such p-types are prepared from electron-donating =
conjugated systems. In contrast, with n-type OSCs electrons are the main charge carrier, and these
are prepared from electron-accepting n systems.’®? These two systems are important for the

fabrication of electronic devices.®

1.3 STRATEGIES TO DESIGN HIGH-PERFORMANCE OSCs

The working principle of semiconductor devices crucially depends on the energy levels of
conductive and valence bands. In OSCs, accurate energy level tuning of frontier orbitals (HOMO

and LUMO) is necessary to optimize device efficiency.?

Electron-rich building blocks have higher energy HOMO levels, and electron-poor building blocks
have low energy LUMO levels. Thus, the most common strategy to create p-type OSCs is to utilize
electron-rich moieties whereas n-type OSCs are to utilize electron-poor moieties. Furthermore, by
incorporation of electron-donating or electron-withdrawing groups into the conjugation system, the

energy level of frontier orbitals can be tuned. The common electron-donating groups that have been



employed are alkoxy groups, amino groups, etc. and common electron-withdrawing groups that

have been employed are nitriles, fluorides, and imides, etc.

LUMO a 3

D D-A A

Figure 1.7: Orbital interaction of donor and acceptor moieties leading to a small bandgap in a D-
A architecture.

A more powerful strategy in designing high-performance OSCs is to alternate a conjugated
electron-rich donor (D) unit and electron-deficient acceptor unit (A) in the same polymer backbone.
This D-A architecture has been utilized in both p-type and n-type high performing OSCs. This
results due to an alternating D-A structure which has properties of both donor and acceptor
moieties. As shown in Figure 1.7, the interaction of HOMO segments of both D and A moieties
creates a new high lying HOMO energy level whereas interaction of LUMO segments of D and A

creates a new low lying LUMO energy level resulting in a new low bandgap.** 2?

Furthermore, the bandgap of the conjugated systems can be engineered by the alternation of the
bond length of the molecules.® There are two possible resonance structures for a conjugated system
(Figure 1.8): aromatic form (aromaticity is maintained with confined n electrons) and quinoid form
(delocalization of © electrons along the conjugated system converts double bonds into single bond

character and single bonds into double bond character). Compared to an aromatic form, the quinoid



structure has a low bandgap because adopting a quinoid structure needs the destruction of
aromaticity and a loss in the stabilization energy.® As the quinoid character increases band gap
decrease linearly. A reduction in aromaticity in the conjugated system allows a greater tendency
to adopt a quinoid form through = electron delocalization. As shown in Figure 1.8 (a), due to the
high degree of aromaticity in the benzene ring polyphenylene has a high bandgap (3.3 eV).
However, the insertion of double bonds between the benzene rings dilutes the effect of benzene
rings and reduce the aromaticity (Figure 1.8 b). Hence the bandgap of polyphenylenevinylene was
reduced (2.5 eV). Furthermore, thiophene has lower aromaticity than benzene, and thus the
bandgap was low (2 eV). Another strategy is using a fused ring system that favors the quinoid form

rather than the aromatic form (Figure 1.8 d).®

Aromatic form

Quinoid form

Figure 1.8: Aromatic and quinoid forms of (a) poly(p-phenylene), (b) poly(p-phenylenevinylene),
(c) polythiophene, (d) polyisothianapthene.®



Another important consideration for OSCs is solubility. To ensure the solution-processability, the
targeted polymers should possess good solubilities in organic solvents. Owing to strong m-m
stacking interactions, most of the conjugated polyaromatics become highly insoluble. The
introduction of alkyl side chains provides steric repulsion and prevent n-n interactions. Branched

alkyl chains enhance the solubility more effectively than the linear chain counterparts.®

1.4 CONVENTIONAL SYNTHETIC TOOLS FOR CONJUGATED SAMLL MOLECULES

AND POLYMERS

The construction of m-conjugated small molecules and polymers relies essentially on C-C bond
formation between two unsaturated carbons. In this regard, transition-metal-catalyzed cross-

coupling reactions play a vital role.

Ar-l - A r}
M Ary-X
Oxidative
Reductive addition
elimination

Transmetallation
X— M A,

Figure 1.9: Catalytic cycle of transition-metal catalyzed reactions.

As shown in Scheme 1.9, generally these reactions involve transition-metal catalyzed oxidative
addition across the carbon-halide (C-X) bond of an electrophile and then transmetalation with the
main group nucleophile, followed by a reductive elimination step resulting in C-C bond formation.

The most commonly used transition-metal catalysts are palladium or nickel-based complexes. The



organometallic nucleophiles often involve are Grignard reagents (Kumada-Corriu), stannyl (Stille),

boron reagents (Suzuki-Miyaura), or copper (Sonogashira).

1.4.1 Stille cross-coupling reaction

The Stille cross-coupling reaction occurs between nucleophilic organostannes and organic halides
or pseudo halides. The Stille polymerization has risen to prominence in the field of conjugated
polymers owing to its broad scope and reliability.2 However, when running-large scale reactions,
there are some environmental issues. Such include the necessity of lithiating monomers to add
trialkylstannyl groups and the toxicity of organostannane compounds. The stoichiometric

generation of trialkyltin bromide presents an added cost and environmental externality.?*

1.4.2 Suzuki-Miyaura reaction

The Suzuki coupling involves the reaction of an organoborane with an aryl halide to result in a
coupled product in a palladium-catalyzed reaction. Among a variety of coupling reactions, the
Suzuki has attracted great attention, as it is compatible with a wide range of functional groups.?
The Suzuki reaction is in some aspects environmentally more friendly than a Stille reaction.?® Also,
organoboronates possess high thermal and chemical stability, are relatively inert toward moisture

and oxygen.?®

However, for a large-scale synthesis, the base, water, and phase transfer catalyst required for the
typical Suzuki reaction add significant complexity to the reaction set up, and sometimes multiphase

reactions are slower and more difficult to mix.®

1.4.3 Sonogashira reaction

The reaction of an aryl or vinyl halide with a terminal alkyne to form enynes or aryl alkynes is
termed the Sonogashira coupling reaction.® This reaction is commonly catalyzed by a palladium

catalyst in the presence of a copper co-catalyst and an amine base. The Sonogashira is one of the
10



most important and widely employed sp?-sp C-C bond formation reactions in organic synthesis,
due to its ability to form strong C(sp?)-C(sp) bonds under relatively mild conditions, Songashira

coupling reactions have been used for the synthesis of conjugated macromolecules.?®

1.5 GREENER SYNTHETIC TOOLS FOR CONJUGATED MOLECULES

The field of organic electronics is rapidly growing due to substantial interest in semiconducting
materials. As mentioned in the previous section, n-conjugated polymers have been synthesized
mainly by traditional metal-catalyzed step-growth polymerization and also chain-growth
polymerization methodologies. In spite of their great versatility, there are some limitations
associated with such processes. These reactions require pre-functionalization of monomers which
can lead to many steps, require stoichiometric amounts of reagents and produce stoichiometric
amounts of toxic metallic by-products. Therefore, the development of both economically and
environmentally feasible methodologies are highly desirable. In this regard, the application of
green chemistry principles towards the synthesis of organic semiconducting materials play an

important role.

Green chemistry is the design of chemical products and processes that reduce or eliminate the use
and generation of hazardous substances and waste.?’ Green chemistry relies on a set of 12
principles that can be used to design or re-design molecules, materials, and chemical
transformations to be safer for human health and the environment.?”?® The 12 principles of green
chemistry can be summarized as follows: 1) prevent waste; 2) be atom economical; 3) design less
hazardous chemical syntheses; 5) use safer solvents; 6) design for energy efficiency; 7) use
renewable feedstocks; 8) reduce derivatization; 9) use selective catalysis; 10) design chemicals that
can degrade after use; 11) monitor reactions in real-time for pollution prevention; 12) apply safer
chemistry for accident prevention. In the following sections, some of the emerging green strategies

(chemical and physical) for organic semiconducting polymer synthesis will be discussed.
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1.5.1 Direct hetaroarylation polymerization

Recently, C-H direct arylation polymerization (DArP) has become a viable sustainable alternative
to the traditional cross-coupling polymerizations and offers tremendous potential for atom efficient
synthetic protocol.?”- 230 This coupling requires only one monomer to be pre-functionalized and
avoids the productions of toxic metallic byproducts (Scheme 1.1). However, controlling the
regioselectivity of this reaction is challenging due to the possible activation of multiple C-H bonds.

Hence, achieving regioselectivity would greatly broaden the scope of direct arylation reactions.?”:

31

Catalyst ,
H-Ar—H + X-Ar—X Y tAr-Ar+-

X=Br)l Side Product
HX

Scheme 1.1: Representative scheme for C-H direct arylation polymerization.

While the scope of DArP is still being explored and expanded, high-performing conjugated

polymers have been already synthesized using this methodology.3?-3
1.5.2 Greener solvents

When considering greener syntheses, particular attention should be focused on solvents, which are
amajor input in the synthetic process and typically comprise a large fraction of the waste generated.
Cross-coupling reactions are often conducted in highly polar solvents, such as in
dimethylformamide (DMF), dimethylacetamide (DMA), tetrahydrofuran (THF), pyridine, and
chlorinated solvents because these solvents solubilize many monomers and resulting polymers.?’
However, these solvents cause high risk towards human health and environmental problems and

rank high in the list of harmful chemicals because of their high volatility and toxicity.?” Therefore,
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the use of alternative green and sustainable solvents (eg: 2-methyltetrahydofuran, cyclopentyl

methyl ether, anisole) are encouraged.?” 31 3%-43

1.5.3 First-row transition metal catalysts

Most of the catalysts used for synthesizing n-conjugated polymers rely heavily on precious metals,
such as palladium, ruthenium, rhodium, and iridium-based catalysts. These metal catalysts are not
only toxic but also expensive due to their low natural abundance which leads to the increased cost
of semiconducting polymers.?’” Catalysts based on first-row transition metals, such as nickel,
copper, cobalt, and iron, have attracted industry and academia due to their high natural abundancies
and biocompatibility. Recent studies have demonstrated utility of first-row transition metal-based

conjugated polymer synthesis, especially using nickel and copper catalysts,3" 44-46

1.5.4 Energy efficient and aerobic reaction conditions

Most of the conjugated polymer syntheses require an input of energy (heat). Scalability is a
significant issue when reactions require high energy input for syntheses. Furthermore, high
reaction temperatures are often the source of byproducts, which require extra purifications and
contribute to the cost of synthesis.?” Therefore, to maintain energy efficiencies for semiconducting
polymer synthesis, mild or room temperature is desired.*”*° Moreover, if the reactions can tolerate
aerobic conditions, that can bypass the need for energy-efficient deoxygenation or can avoid long
purges to achieve air-free environments. So far, few conjugated polymerization reactions have

been performed under aerobic conditions.5%-5

1.5.5 Microwave irradiation

Microwave (UW) irradiation is a green source of heating and is based on dielectric heating.>* The
heating rate and the efficiency of heating depending on the dielectric properties and the relaxation

times of the reaction mixture.?® 52  Thus the use of YW absorbing solvents, such as
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dimethylformamide (DMF), methanol, acetone, and water, results in very fast heating compared to
using toluene, CCly, or aliphatic hydrocarbons.?® The use of uW irradiation as an alternative heat
source is becoming more popular in organic syntheses due to major reaction time reductions, -4
greater control of the reaction conditions,, and in many cases higher yields were obtained.> In
recent years, the application of pWs in polymerization reactions is increasing.5? 5-%8 Specifically,
the synthesis of conjugated polymers by pW-assisted coupling reactions is becoming attractive,®*

%960 55 it shows a clear economic advantage over conventional heating.?

1.5.6 Ball milling

In a general, solution-state organic reaction, solvents compose more than 50% of the mass used,
and roughly 90% of the waste produced.? This situation increases serious concerns about its
impact on the environment and human health. The recent demand for green chemistry has produced
a renewed interest in solid-state synthesis.52 However, thermal activation of concentrated reactive
systems might lead to the formation of many byproducts,®® and thus involve many purification
steps. In this regard mechanical activation of solid reactions are attractive.®® Ball milling is
expected to be the technique that leads this charge. Ball milling is a procedure in which solid
reactants are placed inside a vessel, in the absence of a solvent, along with ball bearing(s). The
vessel is sealed and placed inside the milling apparatus whereby it is agitated. The high-speed
agitation provides sufficient kinetic energy to the ball to initiate a reaction. Ball milling reactions
are theorized to react in a two-step process. First is the activation step, the point at which the
particles are reduced to a size suitable for reaction. Second is the initiation step, the point at which
ball collisions cause a chemical reaction to occur. There are various aspects that govern the rate of
these two steps. These steps are dependent upon the mechanical operation of the mill, the
mechanics of individual collisions, the chemical process, structural changes in the reagents and

defect formations. Factors such as milling time, milling speed, ball to powder ratio (i.e. mass of
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the solids to the mass of the balls), atmosphere and temperature of the mill all play an integral role

in this novel technique.

The most commonly used ball mills are shaker mills and planetary mills. These vary in the motion
that causes mixing.% In a shaker ball mill, the jars undergo a simple back-and-forth oscillation
(Figure 1.10 a). In contrast, in planetary mills, the cylindrical jars spin around their main axis while

rotating eccentrically about the sun wheel axis (Figure 1.10 b).53-¢4

(b)

Figure 1.10: Representative ball mills (a) shaker ball mill. (b) planetary ball mill (FRITSCH

PULVERISETTE 6).

In the recent past, the mechanochemistry promoted by ball milling has been successfully utilized
in many organic reactions, such as in amide couplings,% Witting reactions,®®-%” and metal-catalyzed
cross-coupling reactions.®®"® In comparison with small molecule synthesis, the synthetic
polymerization promoted by ball milling,”*™ especially conjugated polymer synthesis has been

relatively unexplored.”"®
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CHAPTER II

PROGRESS TOWARDS REGIOSELECTIVE COPPER MEDIATED DIRECT ARYLATION
OF BENZODITHIOPHENE-S,S-TETRAOXIDE: MECHANISTIC INSIGHT AND FURTHER

UTILIZATION

2.1 INTRODUCTION

Heterocycle building blocks, such as benzodithiophene, benzobisthiazoles, and benzobisoxazoles
are major components for the field of organic electronic devices like organic light-emitting diodes,
organic photovoltaics, batteries, and organic field-effect transistors.®8 Benzo[1,2-b:4,5-b’]
dithiophen-1,1,5,5-tetraoxide (benzodithiophene-S,S-tetraoxide (BDTT)) is an electron-poor
heterocycle and excellent building block for the synthesis of electron-accepting materials.
However, BDTT has seen limited utility as a building block for the synthesis of organic
semiconductors.®+8 This lack of effort is likely due to the difficulties of precursor syntheses for

carbon-carbon cross-coupling reactions that result in low yields.®

30 mol% Cul,
¢ An 60 mol% Phenanthrolir;&,
r
10 e 2 eq K;PO,
1eq Ag,CO;

DMF,110 °C,20 h

Scheme 2.1: Copper mediated C-H direct arylation of BDTT with aryl iodides.2
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Our group has developed an efficient methodology for the regioselective synthesis of 2,6 -
diarylbenzodithiophene-S,S-tetraoxide via copper-mediated C-H direct arylation using a mild base,
a ligand, and a silver salt additive (Scheme 2.1).88 The method demonstrates a broad scope with
good to excellent isolated yields. This reaction opens a path for the efficient utilization of electron-
poor heterocycles in organic semiconductor design. In this chapter, further utilization and

mechanistic insight will be discussed.

2.2 SYNTHESIS OF NOVEL BENZODITHIOPHENE-S,S-TETRAOXIDE BASED

CONJUGATED POLYMERS VIA C-H DIRECT ARYLATION POLYMERIZATION (DArP)

2.2.1 COPPER MEDIATED C-H DArP

2.2.1.1 RESULTS AND DISCUSSION

We were interested in expanding this methodology towards the synthesis of conjugated polymers.
According to the Carothers equation,®” to achieve high molecular weights, the two monomers
should be in equimolar quantities. However, under previously optimized conditions, we couldn’t
achieve the desired diarylated product at lower aryl iodide loadings. Therefore, further
optimization was carried out. As shown in Table 2.1, when the reaction temperature was increased
to 140 °C, the desired diarylated product was obtained with the equimolar ratio of the starting

materials (Table 2.1, entry 3).

Table 2.1: Further reaction optimization towards lowering the aryl iodide loadings.

Entry 2-lodothiophene (eq) Yield (%)
1 10 73
2 3 84
3 2 84
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As discussed above, BDTT has been less utilized as a building block for developing n-type OSCs
despite being an electron-poor heterocycle with promise for the development of n-type materials.®>
8.8889 To the best of our knowledge limited studies were carried out for BDTT-based donor-
acceptor polymer synthesis.® %1 Here we have taken the first attempt to synthesize BDTT-based

novel donor-acceptor polymer synthesis via C-H DArP.

K;PO,, Ag,CO; ~
DMF, 140 °C

R = dodecyl PBDTT-Th

Scheme 2.2: Synthesis of PBDTT-Th via copper-mediated C-H direct arylation polymerization.

Table 2.2: Reaction optimization of copper-mediated C-H direct arylation polymerization of BDTT

Entry Cul Phen Ag2CO3 KsPO, M2 b2 Yield
(mol%)  (mol%) (eq) (eq) (Da)

1 30 60 1 2 3579 1.3 20%

2 30 60 3 2 2303 11 60%

@ Determined by GPC using polystyrene standards.
D = Polydispersity index

The synthesis of polymer, PBDTT-Th was carried out in a sealed reaction vial under argon
atmosphere. After 48 h, the reaction mixture was precipitated in methanol, and Soxhlet extraction
was done with methanol, acetone, and chloroform to yield a bluish-purple solid. Initially, we
applied the conditions which have been developed for the small molecules (Table 2.2, entry 1).
This resulted in low molecular weight oligomers (3.6 kDa) in low yield (20 %). The next reaction
was carried out with three equivalents of Ag.COs (Table 2.2, entry 2). Surprisingly, the yield
increased significantly but M, decreased to 2.3 kDa. During this time, we changed focus to a

detailed mechanistic investigation of this methodology since it might help us understand the
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reaction and better optimize the reaction conditions for polymerization. This project was postponed

for future studies.

2.2.2 ATTEMPTED SYNTHESIS OF BENZODITHIOPHENE-S,S-TETRAOXIDE (BDTT)

BASED NOVEL CONJUGATED POLYMERS VIA Pd CATALYZED DArP:

2.2.2.1 RESULTS AND DISCUSSION

While we were exploring the synthesis of BDTT-based conjugated polymers using our
methodology, we also attempted to synthesize BDTT based n-type semiconductor polymers via a
Pd catalyzed C-H DATrP strategy. Our study was initiated by exploring DArP for benzo[1,2-b:4,5-
b]dithiophene-1,1,5,5-tetraoxide (BDTT) with 4,7-dibromobenzo[c]-1,2,5-thiadiazole (BTz) for
the formation of poly-BDTT-BTz (Scheme 2.3). These preliminary experiments were initiated
based on previously reported ligand-enabled Pd catalyzed C-H direct arylation polymerization.®2-%
As shown in Scheme 2.3, we examined the polymerization in the presence of palladium acetate (30
mol%), phosphine ligand (60 mol%), potassium carbonate (2 eq), and pivalic acid (2 eq). The
reaction was performed in a sealed reaction vessel in DMF at 80 °C for 48 h. Readily available
bulky tri-tert-butyl phosphine was selected for the first run. Based on previous literature, the next
two experiments were carried out with aryl phosphenes, tri(o-tolyl) phosphine, and tris (4-methoxy
phenylphosphine).*° After 48 hours, the reaction mixture was precipitated in methanol. These
experiments resulted in the black insoluble precipitate. Due to insolubility, further analysis could
not be done. We assumed that the insolubility might be due to high molecular weight and n-n
stacking of the polymer chains. Then we elected to perform a control experiment to synthesize a
BDTT based small molecule using 2-bromothiophene (Thiophene-BDTT-Thiophene) by applying
the same reaction conditions. Unfortunately, we obtained a black color gummy product, and ‘H

NMR spectrum was inconclusive.
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OR s OR N
‘?é,p NN 30 mol% Pd (OAc),, gé o NON
H /4 H + Br—GBr 60 mol% phosphine Ilgand,_’_ Vs Q
S % 16 eq K;CO3, S Vs n
o“u 2 eq Pivalic acid o
o : (o)
OR DMF, 80°C,48 h ORPBDTT BTz
R = dodecyl |

Scheme 2.3: Proposed polycondensation of benzo[1,2-b:4,5-b]dithiophene-1,1,5,5-tetraoxide
(BDTT) and 4,7-Dibromobenzo[c]-1,2,5-thiadiazole (BTz) to PBDTT-BTz.

While exploring these experiments, Punzi et al. reported a solvent-free Pd-catalyzed C-H arylation
of BDTT for small molecules.®® They have observed moderate yields with the methyl or dimethyl
substituted aryl coupling partners and low yields with either electron-rich or electron-poor aryl
coupling partners. They also mentioned that partial decomposition in the BDTT was observed in

the reaction media.®® Therefore, further optimizations were not done.

2.3 MECHANISTIC INSIGHT OF REGIOSELECTIVE COPPER MEDIATED DIRECT

ARYLATION OF BENZODITHIOPHENE-S-S-TETRAOXIDE.
2.3.1 RESULTS AND DISCUSSION

The lack of an in-depth understanding of mechanistic details, role of catalyst, ligand, base, and
additive makes a broader application of the reaction limited. Therefore, to gain an insight into the
mechanism, control experiments and computational studies were carried out (Scheme 2.4).

Catalyst, Ligand,

Base, Additive‘_
DMF,140 °C, 3 h

R=-C5Hzs

Scheme 2.4: Control experiments to understand the mechanism of regioselective C-H direct
arylation of BDTT.
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Table 2.3: Control experiments for Cu-mediated C-H direct arylation of BDTT.

Entry  Catalyst Ligand Base Additive Result
1 - - K3PO, Ag.CO3 a
2 Cul - K3POq4 Ag.CO3 trace SM, a
3 - Phen K3PO4 Ag.CO3 a
4 Cul Phen - - SM
5 Cul Phen K3PO4 - b
6 Cul Phen - Ag,CO3 b

a = Complicated mixture which could not be analyzed
SM = starting material
b = desired product

Control experiments were carried out in the presence and absence of each catalyst, ligand, base,
and additive to probe the reaction mechanism as it relates to the role of catalyst, ligand, base,
additive, nucleophile, and electrophile. First, we focused on the importance of Cul and
phenanthroline (Table 2.3, entries 1,2,3). The first run was carried out in the absence of both Cul
and phenanthroline. In this experiment, neither the desired product nor the starting material was
obtained. TLC analysis showed a dark brown spot on the baseline and *H NMR was inconclusive.
The second experiment was carried out in the presence of Cul and the absence of phenanthroline.
The *H NMR showed a trace amount of starting material (BDTT) and other unidentified products.
The third run was carried out in the absence of Cul. Here also, the result obtained was inconclusive.
Next, we altered the conditions with KsPO. and Ag.COs (Table 2.3, entries 4, 5, and 6). In the
absence of both K3PO, and Ag.COs, starting materials were obtained (BDTT and Thl).
Surprisingly, the desired diarylated product formed when the reaction was carried out in the
presence of KsPO,and in the absence of Ag.COs with a low yield of 29% (Table 2.3, entry 5).
Similarly, when the reaction was carried out in the presence of Ag.COsand the absence of KzPOj,

the diarylated product formed with a moderate yield of 36% (Table 2.3, entry 6).

21



Table 2.4: Control experiments for Cu mediated C-H direct arylation of BDTT.

Entry Metal source Phen KsPO, Additive Yield
(mol %) (eq) (1 eq)

1 CuBr (30) 60 2 Ag:COs 80%

2 CuBr; (30) 60 2 Ag:COs 11%

3 ZnCl; (30) 60 2 Ag:CO3 SM, a

4 Cul (30) 60 2 AgOSO0,CF3 63%

5 Cul (30) 60 2 AgSbFs 50%

a = Complicated mixture which could not be analyzed,
SM = starting material

The next set of experiments were carried out with different metal sources and silver salts (Table
2.4). We were interested to see whether iodide is crucial for the reaction. Therefore, reaction one
was carried out with copper (1) bromide (Table 2.4, entry 1). The desired product was obtained
with a high isolated yield (80%). Next, we focused on the oxidation state of the copper. The second
experiment was done in the presence of copper(ll) bromide. The desired product was obtained
with a low isolated yield (11%). With these results in hand, we wanted to focus on whether copper
was crucial for the reaction. The third run was carried out in the presence of Zn(ll) chloride (Table
2.4, entry 3). Unreacted BDTT was obtained and a product that could not be identified. The next
set of experiments were carried out with different silver salts (Table 2.4, entries 4 and 5). In these

experiments, the desired product was obtained with moderate isolated yields.

To understand the reaction mechanism in detail, computational experiments were carried out in
collaboration with Prof. Djamaladdin Musaev at Emory University. We studied the aryl coupling
between 4,7-dimethoxybenzo[b]thiophen 1,1-dioxide (DBT) (model of BDTT) and phenyl iodide
in the presence of Cul, phenanthroline, KsPO4, and Ag-COs. Scheme 2.5 represents the schematic
diagram of the predicted mechanism. In the first step, iodide-to-base ligand exchange occurred in

the prereaction complex (Phen)Cul). The process has a very small energy barrier and is highly
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exergonic. Then, the resulting intermediate coordinates substrate (DBT) and deprotonates the
reactive C-H bond via the acid-base mechanism. It was shown that the sulfonyl oxygens in the
DBT interact with the cation of the base to bring the substrate and base close to each other. The
Cu-center of the catalyst plays an anchoring role. The deprotonation of the substrate by Ag.CO3
presents a larger free energy barrier than KsPO4. Hence, KsPO, is a more effective base for
deprotonation of DBT. Then, aryl iodide (Ar-1) addition and carbon-carbon coupling take place.
As shown in Scheme 2.5, in the presence of K3POs, the reaction occurs via a copper-mediated
nucleophilic substitution pathway. This requires a significant free energy barrier. In contrast, in
the presence of Ag.CQOs, Ar-l activation and C-C coupling proceed via oxidative addition of Ar-I
on Ag"*, followed by reductive elimination. This process requires a free energy barrier smaller than

copper-mediated nucleophilic substitution.®’
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Scheme 2.5: Presentation of the predicted mechanism of copper-mediated C-H direct arylation of
DBT in the presence of Cul, phenanthroline, KsPO4, and Ag.COs.%’
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The above experimental and computational studies show that Cu(l)-phen complex is important
for the reaction initiation. The KsPO4 and Ag.COs play key roles in the reaction mechanism.

These key findings were published.®’

2.4 ATTEMPTED DIVERSIFICATION STUDIES OF COPPER MEDIATED C-H DIRECT

ARYLATION OF BDTT

Figure 2.1: Diversification of BDTT core with different aryl groups.
2.4.1 RESULTS AND DISCUSSION

The electronics of the BDTT core is very important for its semiconducting properties and potential
application. The optical and electronic properties of this core can be tuned by diversification of the
aryl groups attached to the BDTT core. The aim was to develop a library of functionalized BDTTs
with different aryl groups at the 2- and 6-positions (Figure 2.1). Here, we took 2-iodothiophene
(ThI) and phenyl iodide (Phl) as our model coupling partners. The first approach was to carry out
monoarylation and then couple the second aryl group (Scheme 2.6). Monoarylation reactions were
performed by varying different parameters as shown in Table 2.5. However, diarylated products

were obtained under every reaction condition employed.

S Cul, Phenanthroline, o

I
+
\U K;PO, Ag,CO;

Thi DMF

R= -CqoHps

Scheme 2.6: Attempted monoarylation of BDTT core using conditions outline in Table 2.5.
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Table 2.5: Attempted reaction conditions for the monoarylation of BDTT core.

Entry  Thl Cul Phen KiPOs  Ag.CO; Temperature Result
(eq)  (mol%)  (eq) (eq) (eq) (°O)
1 1 30 60 2 1 140 Diarylation
2 1 30 60 1 0.5 140 Diarylaion,
a
3 1 30 60 1 0.5 80 Diarylation
SM, a
a = Complicated mixture which could not be analysed
SM = starting materials
Next, we experimented by adding both aryl groups (Phl and Thl) simultaneously. Surprisingly,

TLC and *H NMR analyses indicated that the product obtained was a combination of Ph-BDTT-

Ph and Th-BDTT-Th (Scheme 2.7).

oR o @,I 30 mol% Cul
w0 \_/ 60 mol% Phen
J S (1eq) 2 eq K;3PO,
s VR | 1eqAg,CO; *

“ 9
s s ©/ DMF, 140 °C oR o
S

Scheme 2.7: Attempted one-pot diarylation of the BDTT core.
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2.5 COPPER (1) OXIDE NANOPARTICLE MEDIATED C-H DIRECT ARYLATION OF

BDTT

2.5.1 RESULTS AND DISCUSSION

In recent years copper and copper-based nanocatalysts have been employed in various cross-
coupling reactions due to their stability and availability.®*1% To the best of our knowledge, limited
studies were carried out for copper oxide nanoparticles mediated C-H bond arylation.29*1% |n this
study, copper (1) oxide nanoparticles (Cu,O NPs) were used for the regioselective C-H bond
functionalization of BDTT. The Cu,O NPs were obtained from the Andiappan group (School of
Chemical Engineering Oklahoma State University). Optimization of the reaction conditions for
the Cu,0O NP-mediated arylation of BDTT was performed using 2-iodothiophene as an aryl

coupling partner (Scheme 2.8).

30 mol% Cu,0 NPs ,
2eq K;PO,

60 mol% Phen,
1eqAg,CO;,
DMF, 140°C

R=-Cq,Hzs

Scheme 2.8: Cu,O NPs mediated C-H direct arylation of BDTT.

As shown in Scheme 2.8, for the first experiment we applied the same conditions which were
developed earlier for the Cul mediated C-H direct arylation, and the reaction proceeded for 3 h.
We determined the trace amounts of the desired product and other impurities. In the next
experiment, the reaction was stopped after 30 min. TLC and *H NMR analysis indicated the
formation of the desired product and residual starting materials. Thus, the reaction time was
increased to 1.5 h. TLC and *H NMR analyses showed the formation of the desired product with
the isolated yield of 60%. According to the results we obtained, it was concluded that, in the

presence of Cu.O NPs, the reaction was faster, but when the reaction proceeded further, product
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might undergo decomposition. With these conditions in hand, the substrate scope and reaction

pathway will be studied.

2.6 SYNTHESIS AND OPTICAL PROPERTIES OF BDTT BASED DONOR-ACCEPTOR

CONJUGATED POLYMERS.

2.6.1 RESULTS AND DISCUSSION

R4
5 mol% Pd(PPh,)s, 0,
YO0 FE oY O
THFH,O, 110 °C, T\ O / \ 5
o7y l 48h s & L
R4 Ry "R,

Ry= ethylhexyl R,= Octyl
1

5 mol% Pd(PPh;),,

16 Eq K,CO;5,
THFJ’Hzo 110 ©
Rg Rz 48 h

R,= Octyl
_Rq
5 mol% Pd(PPhs),, "o 0
16 eq K5CO5, Y
IDTT
j \ / \ “THFH,0, 110C, s Y +
\ / \ 48 h 0"
(0] o.
R4

R; = p- phenyloctyl
IDTT

Scheme 2.9: Synthesis of BDTT based novel donor-acceptor conjugated polymers.

Recently, our group has reported the functionalization of BDTT via the C-H iodination strategy.”
This opens an entry to direct incorporation of this electron-deficient BDTT moiety in the
conjugated system in making high performing OSC materials. Here we show the utilization of this
iodinated BDTT moiety in the donor-acceptor polymer system. Carbazole, silafluorene, and IDTT

(6,6,12,12-tetrakis(4-hexylphenyl)-6,12-dihydro-dithieno[2,3-d:2',3'-d"]-s-indaceno[ 1,2-b:5,6-b"]
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dithiophene) are well-known materials for high performing OSCs.241% We attempted to
synthesize PBDTT-C, PBDTT-SiF, and PBDTT-IDTT by reacting compound 1 with (9-
heptadecanyl)-9H-carbazole-2,7-diboronic acid bis(pinacol) ester, 9,9-dioctyl-9H-9-silafluorene-
2,7-bis(boronic acid pinacol ester), and 6,12-dihydro-6,6,12,12-tetrakis(4-octylphenyl)-2,8-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)dithieno[2,3-d:2’,3'-d']-s-indaceno[ 1,2-b:5,6-

b']dithiophene, respectively, under Suzuki copolymerization conditions (Scheme 2.9). The results
are summarized in Table 2.6. After Soxhlet purification, PBDTT-C was obtained in high yield and
with a high number average molecular weight (90%, 31 kDa). Although PBDTT-SiF was obtained
in good vyield (60%) and with a very high number average molecular weight (123 kDa), a little
gelation was observed in the polymer product and the proton NMR was inconclusive due to
gelation. The gel formation may be due to inappropriate reaction conditions for the synthesis of
PBDTT-SiF. The PBDTT-IDTT was obtained in low yield and low number average molecular
weight (16%, 3.0 kDa) (because of the low molecular weight hereafter this will be referred to as
BDTT-IDTT oligomer). This low yield and low molecular weight might be due to the steric
hindrance of the IDTT molecule, and the strong m-m interaction may cause low solubility in
THF/water solvent system. We will explore different parameters to synthesize PBDTT-SiF and

PBDTT-IDTT with better structural properties.

Table 2.6: Structural properties of polymers.

Polymer Mg ? My, 2 ba % Yield
(kDa) (kDa)

PBDTT-C 31 71.3 2.3 90

PBDTT-SiF 123 332.1 2.7 60

BDTT-IDTT 3.0 5.0 1.7 16

oligomer

2 Determined by GPC using polystyrene standards.
D = polydispersity index
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The optical properties of the products were determined using UV-Vis absorption spectroscopy (in
CHCI; and thin films) and with fluorescence spectroscopy (in CHCIs). The absorption and

fluorescence spectra of the products are shown in Figure 2.2, and the results are summarized in

Table 2.7.
—— PBDTT-C (solution)
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Figure 2.2: A) Absorbance spectra of polymers in solution (CHCls, solid lines) and thin film (cast
from CHCIs, dashed lines). B) Fluorescence spectra of polymers in solution (CHCIs). The excitation
wavelengths were 548 nm, 546 nm, and 610 nm for PBDTT-C, PBDTT-SiF, and BDTT-IDTT
oligomer respectively.

As shown in Figure 2.2 A, the polymers exhibited two characteristic absorption bands. Most of the
donor-acceptor architectures show these two types of prominent absorption peaks.'%-1% The peaks
near 325-400 nm can be assigned to n-n* transition whereas the peaks near 550-650 nm are due to
intramolecular charge transfer (ICT) between the donor and acceptor moieties.’®® Compared to the
absorption maximum of PBDTT-C and PBDTT-SiF (Amax = 548 nm and 546 nm respectively), the
absorption maximum of BDTT-IDTT oligomer (Amax = 602 nm) is more broadened and redshifted.
This can be due to large ICT effects in the BDTT-IDTT based polymers than that of BDTT-C and
BDTT-SiF based polymers. The absorption spectra of the thin films are generally similar in shape
to those of dilute solution spectra. A hypsochromically shifted spectrum was observed in the
BDTT-IDTT oligomer. This might be due to pre-aggregation in solution because of the strong
intermolecular interaction of the large fused and rigid conjugated system.'® The fluorescence
spectra of the compounds were obtained in dilute CHCIs solution. The PBDTT-C showed

maximum emission at 583 nm, the PBDTT-SiF showed emission at 587nm, and BDTT-IDTT
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oligomer showed the maximum emission at 661 nm, where the excitation wavelength was 548 nm,

546 nm, and 610 nm, respectively.

Table 2.7: Optical properties of the synthesized polymers

Polymer Media Aabs? Rems? Eo

(nm) (nm) (eV)®

PBDTT-C CHCl; 548 583 1.96
Film 560

PBDTT-SiF CHCIs 546 587 2.03
Film 546

BDTT-IDTT CHCI3 610 661 1.65

oligomer

Film 602

@ Measured in dilute chloroform. ® Measured from the tangent drawn at the onset of absorption.

The optical bandgaps were deduced from the absorption spectra of the thin films. The wavelengths
corresponding to the absorption were measured at the intersection of the leading-edge tangent with
the x-axis. The onset absorptions of PBDTT-C, PBDTT-SiF, and BDTT-IDTT oligomer are 630
nm, 610 nm, and 747 nm respectively; thus, the optical band gaps (E;°") are 1.96 eV, 2.03 eV, and
1.65 eV, respectively (Table 2.7). The polymers that have been irradiated under normal light and

UV are shown in Figure 2.3.

PBDTT-C PBDTT-SiF BDTT-IDTT oligomer

Figure 2.3: Polymer solutions that have been irradiated under A) normal light, and B) UV (365
nm).
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2.7 CONCLUSION

Experimental and detailed theoretical studies revealed the base (KsPO.) and additive (Ag.COQOzs)
play crucial roles in copper-mediated regioselective C-H direct arylation of BDTT. Currently,
copper-mediated C-H DArP of BDTT resulted in low molecular weight oligomers. Further
optimization will be carried out to improve the structural properties. Under the attempted
conditions, diversification of BDTT was not successful; the homo diarylated product was obtained.
Utilizing 2,6-diiodo BDTT, BDTT based novel donor-acceptor conjugated polymers were
synthesized via Suzuki cross-coupling polymerization. The optical properties of the materials

indicate donor-acceptor architecture and low optical band gaps.

2.8 EXPERIMENTAL SECTION

2.8.1 Materials

Benzodithiophene-S,S-tetraoxide (BDTT) was synthesized according to the previously reported
procedure. 88110 Aryl jodides, 2,5-diiodothiophene, 4,7-dibromobenzo[c]-1,2,5-thiadiazole were
purchased from Oakwood chemicals. Copper halides, 1,10-phenanthroline, KsPQOa,, and silver salts
were purchased from Sigma-Aldrich, Alfa Aesar, and Oakwood chemicals and were used as
received. Compound 1 (Scheme 2.9) was synthesized according to the literature procedure.®* (9-
heptadecanyl)-9H-carbazole-2,7-diboronic acid bis(pinacol) ester, 9,9-dioctyl-9H-9-silafluorene-
2,7-bis(boronic acid pinacol ester), and 6,12-dihydro-6,6,12,12-tetrakis(4-octylphenyl)-2,8-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)dithieno[2,3-d:2’,3'-d']-s-indaceno[1,2-b:5,6-

b'ldithiophene were purchased from Sigma-Aldrich and used as received. Anhydrous DMF and

anhydrous THF were obtained from a solvent purification system under argon.

31



2.8.2 Instrumentation

'H NMR spectra were measured on a Bruker Avance 400 MHz instrument. Number average
molecular weight (M,) and polydispersity (D) were determined by gel permeation chromatography
(GPC) using a Waters pump with a Waters 2410 refractive index detector. THF was used as an
eluent at 35 °C with a flow rate of 1.0 mL min™. The instrument was calibrated with polystyrene
standards and data were analyzed using Breeze software. UV-Vis and fluorescence spectra were
recorded on a Cary 5000 UV—Vis NIR spectrophotometer and a Cary Eclipse fluorescence
spectrophotometer, respectively. Absorption measurements were obtained using compounds in

CHClI;s solutions and thin films. Fluorescence measurements were obtained in CHCls.

2.8.3 Synthesis

C-H direct arylation, the general procedure for small molecule synthesis:

In a glovebox, was placed 4,8-didodecyloxybenzo[1,2-b;3,4-b’]dithiophene-S,S-dioxide (50 mg,
0.080 mmol) in a 10 mL reaction tube, followed by the aryl iodide (0.160 mmol), Cul (4.6 mg,
0.024 mmol), 1,10-phenanthroline (8.7 mg, 0.048 mmol), KsPO4 (34.9 mg, 0.160 mmol), Ag.CO3
(22.1 mg, 0.080 mmol), and dry DMF (2 mL). The reaction color was dark brown to green. The
reaction vials were sealed, taken out of the glovebox, and stirred at 140 °C for 3.5 h. The color of
the reaction turned a darker brown. The reaction mixture was allowed to cool to room temperature,
poured into water, and extracted with ethyl acetate. The resulting solution was washed with
deionized water (5 x 15 mL), brine (2 x 15 mL), and dried (MgSO.). The solvents were removed
with rotatory evaporation. Further purification was obtained by dissolving the crude product in
dichloromethane:methanol (1:1) and followed by rotary evaporation to precipitate the product. The

suspension was then filtered and washed with cold methanol to obtain the pure product.
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Th-BDTT-Th : red color solid, yield 86%, *H NMR (400 MHz, CDCls): & 7.71 (dd, 2H), 7.51
(dd, 2H), 7.22-7.15 (m, 4H), 4.48 (t, 4H), 1.93 (p, 4H), 1.58-1.52 (m, 4H), 1.43-1.24 (m, 32H),

0.88 (t, 6H).

Copper mediated C-H direct arylation polymerization.

Synthesis of PBDTT-Th: In the glovebox, was placed 4,8-didodecyloxybenzo[1,2-b;3,4-
b’]dithiophene-S,S-dioxide (50 mg, 0.080 mmol) in a 10 mL reaction tube, followed by the 2,5-
diiodothiophene (27 mg, 0.0.080 mmol), Cul (4.6 mg, 0.024 mmol), 1,10-phenanthroline (8.7 mg,
0.048 mmol), K3PO4 (34.9 mg, 0.160 mmol), Ag.COs (22.1 mg, 0.080 mmol), and dry DMF (4
mL). The reaction vial was sealed, taken out of the glovebox, and stirred at 140 °C for 48 h. The
color of the reaction turned a bluish purple. The reaction mixture was precipitated in methanol and
then Soxhlet extraction was carried out with methanol, hexane, and chloroform. Finally, the
chloroform extraction was evaporated to dryness to yield a purple product. Yield 20%. H NMR

(400 MHz, CDCls): §7.71 (b, 2H), 7.32 (b, 2H), 4.52 (b, 4H), 1.93 (b, 4H), 1.82-0.87 (b, 42H)

Palladium-catalyzed C-H direct arylation polymerization:

Attempted synthesis of PBDTT-BTz: In a glovebox, was placed 4,8-didodecyloxybenzo[1,2-
b;3,4-b’]dithiophene S,S-dioxide (25 mg, 0.040 mmol) in a 10 mL reaction tube, followed by 4,7-
dibromobenzo[c]-1,2,5-thiadiazole (11.8 mg, 0.04 mmol), Pd(OACc). (2.69 mg, 0.012 mmol), a
phosphine ligand (0.024 mmol), K,COj3 (88 mg, 0.64 mmol), and pivalic acid (4 mg, 0.04 mmol).
The reaction vial was sealed, taken out of the glovebox, and stirred at 140 °C for 48 h. After the
allotted time, the reaction mixture was precipitated in methanol which resulted in an insoluble black

solid. Further analysis could not be carried out due to the insolubility of the product.

General procedure for the Suzuki cross-coupling polymerization: To a 10 mL oven-dried
reaction tube, were placed 4,8-bis(ethylhexyloxy)-2,6-diiodobenzo[1,2-b:4,5-b]dithiophene

1,1,5,5-tetraoxide (Compound 1) (25 mg, 0.033 mmol), bis(boronic pinacol ester) functionalized
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monomers (0.033 mmol), Pd(PPhs)4 (2 mg, 0.00164 mmol), and K>COs (72 mg, 0.525 mmol) inside
a glove box. The reaction vial was sealed and taken out of the glove box. Dry THF (1 mL) and
degassed water (1 mL) was added to the mixture using a syringe. The reaction vessel was heated
at 110 °C for 48 h. The reaction mixture was cooled to room temperature, and 6 N HCI (8 mL) was
added to the reaction vial. The crude product was extracted into ethyl acetate (15 mL x 3). The
organic layer was washed with saturated sodium chloride (15 mL x 2) and dried (Na>SO.). The
solvent was evaporated, and the resulting residue was redissolved in THF (1.0 mL) and precipitated
in methanol (15.0 mL). The resulting precipitate was filtered through a cellulose thimble, and
Soxhlet purification was done using methanol, hexane, and chloroform. Finally, the chloroform

fraction was evaporated to dryness to yield the product.

PBDTT-C: Dark red color solid (27 mg, 90% yield). *H NMR (400 MHz, CDCls): & 8.21-7.55

(b, 8H), 4.53 (b, 1H), 4.51 (b, 4H), 1.96-0.81(b, 37 H), 0.81-0.79 (b, 6H). M, = 31 kDa, PDI = 2.3.

PBDTT-SiF: Orange color solid (19 mg, 60% yield). M,= 123 kDa, PDI = 2.7

BDTT-IDTT oligomer: Dark blue solid (10 mg, 18% yield). *H NMR (400 MHz, CDCls): § 7.55-
7.29 (b, 6H), 7.18-7.06 (b, 16H), 4.4 (b, 4H), 2.54 (b, 8H), 1.85 (b, 2H), 1.3-0.8 (b, 88H). M,=3.0

kDa, PDI = 1.7.
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2.8.4 Spectra

'H NMR of BDTT

; s /
I I T T A — i
T - T - T \q; T T T T T < T & T =
75 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5
f1 (ppm)
!H NMR of Th-BDTT-Th
(
|
|
[
[
14 / / J / /
P T ' A o e
s 2 o~ s N e a5 N
5.0 75 70 65 6.0 55 50 45 4.0 3s 3.0 25 20 15 10 05 0.0

35



'H NMR of PBDTT-Th
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'H NMR of BDTT-IDTT oligomer
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CHAPTER IlI

COPPER (I) OXIDE NANOPARTICLE-MEDIATED SYNTHESIS OF

POLYPHENYLENEDIETHYNYLENES

3.1 INTRODUCTION

Recently metallic nanoparticles (NPs) have been widely used as catalysts in the field of organic
synthesis due to their high reactivity, recyclability, and sustainability.!'**14 Metal NPs are of great
scientific interest as they often exhibit different reactivities from their corresponding bulk materials
because of their different sizes and shapes.!® Metal NPs- catalyzed reactions are advantageous
over conventional metal-catalyzed reactions in terms of high reactivity, low catalyst loading, and
shorter reaction times.'? The metal NPs have high surface-to-volume ratios that provide a large
number of active sites compared to their heterogeneous counterparts. The higher zeta potential of
metal NPs prevents aggregation thereby increasing the dispersity and stability in most chemical
environments.!*® Due to growing environmental concerns, copper has gained substantial attention
in organic synthesis because of its environmentally benign nature, high natural abundance, low
cost, and minimal toxicity.''>1" Copper and copper-based NPs have received tremendous attention
from industry and academia because of their unique properties and applications in many areas of

science.!?
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Conjugated oligo-poly yines are an important class of materials which have applications in
electronic and photonic devices, such as in light-emitting diodes (LED)s, liquid crystal displays,
thin-film transistors, and nanoscale molecular wires.}*8120  Generally, these polymers were
synthesized via homogeneous palladium-catalyzed and copper-catalyzed coupling reactions in the

presence of ligands and external oxidants.*?*122

In this project, we present the Cu.O NPs-mediated synthesis of poly(2,5-dialkoxy-1,4-
phenylenediethynylene) under ligand-free conditions and using air as oxidant. In collaboration
with the Andiappan group in the School of Chemical Engineering, we demonstrated that the

polymerization reaction proceeded via a homogeneous catalytic pathway.

3.2 RESULTS AND DISCUSSION

Recently, Andiappan and co-workers reported a Cu,O NPs-mediated homocoupling of
phenylacetylene.’?® We were interested in expanding this methodology towards the polymerization
routes via Cu,O NPs-mediated homocoupling approach under ligand-free conditions and using

atmospheric air as oxidant.

For these polymerization experiments, the Cu,O NPs synthesis and characterization were done in

the Andiappan lab (Figure 3.1 a-c).1?®
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Figure 3.1: (a) A representative TEM image of the Cu,O nanoparticles(34+4nm). (b) Comparison
of experimental and computational measurement of UV-Vis extinction spectrum for Cu,O
nanoparticles for the particle size 34 nm. (c) The X-ray diffraction pattern of the Cu,O NPs.!%
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Herein, we demonstrate Cu,O NPs-mediated Glaser polymerization of 2,5-dialkoxyphenylen-1,4-

diethynylenes (Scheme 3.1) with reasonable yields and moderate number average molecular weight

M values. The utilization of air as the oxidant under ligand-free conditions of the Cu,O NPs have

led to a cost-effective and environmentally friendly process.

Scheme 3.1:
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Synthesis of poly (2,5-dialkoxy-1,4-phenylenediethynylenes).

Table 3.1: Optimization of CuO NPs mediated Glaser polymerization of 1a.

Entry  Cu.O NPs K2COs3 Solvent Yield M2 p?
(mol%) (eq) (%) (kDa)

1 50 4 DMF 88 11 14

2 50 16 DMF 75 3.3 1.6

3 5 16 DMF 25 1.6 1.3

4 25 16 DMF 33 2.3 1.2

5 50 16 DMF/DCB 90 3.0 1.6

@ Determined

by GPC in THF using polystyrene standards.

D = polydispersity index

Initially, we

employed the conditions that the Andiappan group had optimized for the

homocoupling of phenylacetylene which was two equivalents of K.CO3 and 50 mol% of Cu,O NPs

in DMF. However, these reaction conditions resulted in polymer 1a with a low molecular weight
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and a 70% yield. Hence, we increased the amount of base to four equivalents based on a previously
reported polymerization (Table 3.1, entry 1).22* The desired polymer was obtained in good yield
(88%) but possessed a low value of M. Additional base (16 eq, Table 3.1, entry 2) was needed to
improve the M, values (3.3 kDa). We sought to probe the catalyst loading (Table 3.1, entries 2-4).
Lower catalyst loading resulted in a significant lowering of the yield. As shown in Table 3.1,
catalyst loadings of 25 mol% and 5mol% resulted in low isolated yields and with only a slight
decrease in My values (entries 3 and 4). In general, relatively low M, values were observed for the
polymers shown in Table 3.1 (entries 1-4) which can probably be attributed to the poor polymer
solubility in DMF. Indeed, the reaction mixture became opaque as the reaction proceeded, and
deposition was observed on the wall of the reaction vessel which could result from a heterogeneous
reaction and hindrance of the polymer chain growth. Considering these results, we anticipated that
the addition of 1,4 dichlorobenzene (DCB) would improve the M, with increased solubility (Table
3.1, entry 5). Unfortunately, the deposition on the reaction tube was observed, and the M, values
remained almost the same (3.0 kDa).

Table 3.2: Optimization of Cu,O NPs mediated Glaser polymerization of 1b.

Entry  Cu.O NPs K2COs3 Solvent Yield M2 p?
(mol%) (eq) (%) (kDa)

1 50 4 DMF 50 8.6 2.1

2 50 16 DMF 40 9.0 4.5

3 5 16 DMF 25 5.4 1.7

4 25 16 DMF 40 9.8 4.5

5 50 16 DMF/DCB 48 11.2 3.8

2 Determined by GPC in THF using polystyrene standards.
D = polydispersity index

In an attempt to enhance the solubility, a second polymer derivative was prepared that incorporated
branched 2-ethylhexyloxy side chains. The data for polymer 1b was summarized in Table 3.2. In

contrast to the dodecyloxy analogue, 1a, poly (1,4-bis((2-ethylhexyl) oxy)-2,5-di(prop-1-yn-1-yl)
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benzene), 1b afforded higher M, values ranging from 5-11 kDa (Table 3.2, entries 1-5) and in all
cases large polydispersities were observed. Similarly, the previous literature showed that, for this
type of homopolymer, the M, values obtained were ranged from 5-14 kDa with large
polydispersities.’?122 The polymer yields obtained were comparatively low (Table 3.2, entries 1-
5) but after solvent washes, we observed a yellowish-red material that remained in the Soxhlet
thimbles. We assume the material to be insoluble higher molecular weight polymers. Structure
characterization was done using 'H NMR spectroscopy, and the spectra were in good agreement

with those previously reported.?122
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Figure 3.2: GPC traces of the synthesized polymers (a) obtained for the conditions outlined in
Table 3.1. (b) obtained for the conditions outlined in Table 3.2.

The Gel permeation chromatography (GPC) traces of the polymerization reactions are shown in
Figure 3.2. The peaks show the polymer distribution based on the reaction conditions. Figure 3.2
(2) represents the distributions of polymer 1a. Here, under the conditions mentioned in Table 3.1,
entry 1, the polymer distribution was not smooth,and several humps at higher retention times were
observed which is indicative of different sizes of oligomer formation (Figure 3.2 a, entry 1, black
line). However, inentry 2 (red line), a nice Gaussian curve was obtained, which showed the normal
distribution of molecular weights which is indicative of further growth of polymers at high base
loading (16 eq, Table 3.1, entry 2). As mentioned in Table 3.1, entries 3 and 4, the lowering loading

of Cu,O NPs shifted the GPC traces towards lower molecular weights. Entry 3 (blue line), shows
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the presence of oligomers with different molecular weights. whereas entry 4 (green line) shows
oligomers with narrower size distribution. Inentry 5 (purple line), a similar trend is observed as in

entry 2.

For the polymer 1b, Figure 3.2 b, entry 1(black line) shows the normal distribution of the polymers
compared to Figure 3.2 a, entry 1. This might be due to the increased solubility of the branched
alkoxy chain. As mentioned in Table 3.2, entry 2, higher base loading was favorable for the
reaction. The GPC trace shows growing high molecular weight polymers at lower retention time (~
4 min) (Figure 3.2, entry 2, red line). Lowering the Cu2O NPs loadings shifted the peaks towards
higher retention times. When 5 mol % of Cu,O NPs were used (Table 3.2, entry 3), a significant
bimodal polymer distribution was displayed which is indicative of the formation of higher
molecular weight polymers as well as the presence of low molecular weight oligomers (Figure 3.2
b, entry 3, blue line). Due to the low concentration of Cu,O NPs, further polymer growth might be
hindered. However, when Cu,O NPs loading was increased to 25 mol %, normal distribution was
observed (Figure 3.2 b, entry 4, green line) which indicates further growth of polymers compared
to entry 3. Inentry 5 (purple line), a slight shoulder peak was observed around 4.5 min. However

overall distribution was normal and similar to entry 3.

3.2.1 Evidence for homogeneous catalytic pathway

Andiappan and coworkers previously reported that in the presence of K,COs, the Cu,O
nanoparticles mediate the homocoupling of phenylacetylene (PA) via a homogeneous catalytic
pathway.'?® Based on UV-Vis extinction spectra and electrospray ionization mass spectrometry
(ESI-MS), they have shown that in-situ formation of homogeneous copper complexes via PA-
induced leaching of Cu,O NPs surface atoms. The leaching of Cu.O NPs was also confirmed using

Transition Electron Microscopy (TEM).'?® We hypothesized that a similar mechanism might be
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involved with the polymerization reaction. We have carried out UV-Vis spectroscopic studies and

ESI-MS studies for the polymerization reactions.

UV-Vis extinction spectra of the polymerization reaction are shown in Figure 3.3. Aliquots from
the reaction mixture were taken at different time intervals. Based on the literature, the peaks at 346
nm and 424 nm correspond to the starting monomer and the polymer, respectively.’?* The new

extinction peak around 450-475 nm might be associated with the homogenous copper complexes.

1.0+ ——t=1h
s AN -t=18h
= 4 N ——1t=21h
0.8 4 \ i t =48h
@ 54
2 T i ¥ t=4%h
g A \
8 061 \A\
o \\
< \\
S04+
= )
E \\
o ~
Z 024
0.0 T T T T =
300 400 500 600 700 800

wavelength (nm)

Figure 3.3: UV-Vis extinction spectra of the polymerization reaction, measured at different time
intervals

To further confirm and gain an insight into the signature of the homogeneous copper complexes,
we also performed ESI-MS analysis for the reaction mixtures. The representative ESI-MS spectra

obtained for the polymer samples are shown in Figure 3.4 a and b.
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Figure 3.4: (aand b) The HR-ESI-MS spectrum measured in the negative ion mode for the reaction
mixture obtained from polymer 1b, and proposed possible copper complex.

In accordance with the experimental ESI-MS spectra in Figure 3.4 (a) and (b), we propose two
possible homogeneous copper complexes (shown in Figure 3.4 (a) and (b)) for the polymerization
reaction 1b. Furthermore, we have obtained predicted ESI-MS spectra for the proposed structures

from the literature® and the experimental spectra were a good match with the predicted spectra

(Figure 3.5aand b).

(a) 828 (b) 846
100 < 100 =
-~ 804 ~ 80
3 3
= o
P - 830 P 848
g 60- 829 Z 60 847
2 )
= |
40~ 40 4
831 £49
20 T T T T v T 20 T T T T T
828 829 830 831 846 847 848 849
Mass (m/z) Mass (m/z)

Figure 3.5: (a) predicted ESI-MS spectrum for the proposed copper complex 3.4 a. (b) predicted
ESI-MS spectrum for the proposed copper complex 3.4 b
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3.3 CONCLUSION

In this project, we have synthesized Cu.O nanoparticles-mediated poly(2,5-dialkoxy-1,4-
phenylenediethynylene) under ligand-free conditions and using ambient air as oxidant. This
methodology is environmentally benign and cost-effective in contrast to traditional methods. The
addition of branched alkoxy side chains increases the solubility, thereby improving the molecular
weights of the polymers. Andiappan and co-workers have shown that during the C-C
homocoupling reaction, Cu,O NPs undergo leaching to form in-situ homogeneous copper
complexes, and the reaction occurs via a homogeneous catalytic pathway.'?® We assume a similar
mechanism may occur during the polymerization reaction. Using UV-Vis extinction spectra and
ESI-MS spectra, we have shown the formation of homogeneous copper complexes during the

polymerization.

3.4 EXPERIMENTAL SECTION

3.4.1 General methods and materials:

All reagents were purchased and used as received from Fisher Scientific and VWR unless otherwise
noted. Solvents were purchased from Fisher Scientific and were used without further purification.
The monomers, 2,5-dialkoxy-1,4-phenylenediethynylenes were synthesized according to the
literature.’® *H NMR spectra were measured on a Bruker Avance 400 MHz instrument. Number
average molecular weight (M,) and polydispersity (D) were determined by gel permeation
chromatography (GPC) using a Waters pump with a Waters 2410 refractive index detector. THF
was used as an eluent at 35 °C with a flow rate of 1.0 mL min™. The instrument was calibrated
with polystyrene standards and data were analyzed using Breeze software. UV-Vis extinction
spectra were recorded using an Agilent Cary 60 spectrophotometer. Electrospray ionization mass
spectrometry (ESI-MS) spectra of the reaction mixture were collected on LTQ Orbitrap system

with an ESI source.
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3.4.2 Polymer synthesis and characterization: (1,4-Bis((2-ethylhexyl) oxy)-2,5-di(prop-1-yn-1-
yl) benzene) (0.065 mmol), and K>CO; (0.26 mmol) were weighed in air and then added to a 10
mL reaction vessel equipped with a stir bar. A suspension solution was prepared by adding Cu,O
NPs (0.033 mmol, 50 mol%) in DMF (2.5 mL) and was sonicated for 15 min. This suspension
solution was added to the reaction vessel in the air, and the reaction vessel was sealed. It was noted
that similar results were obtained in the presence of wet air, dry air or atmospheric air in the
headspace of the reaction vessel. The reaction mixture was heated at 110 °C for 48 h and then
cooled to room temperature and was precipitated in methanol (25 mL). The precipitate was filtered
through a cellulose thimble and subjected to Soxhlet extraction with methanol, acetone, and
chloroform. The polymer was isolated and dried under reduced pressure to yield a dark brownish-
red polymer (polymer 1b) (12 mg, 50%). *H NMR (400 MHz, CDCls): & 6.96 (s, broad, Ar-H),
3.87 (d, broad, -OCH), 1.79 (m, broad, -CH), 1.54-1.25 (m, broad, -CH), 0.96 (t, broad, -CHs),

0.92 (t, -CHs). M, = 8.6 kDa, D = 2.1.

3.4. 3 Spectra

'H NMR of 1,4-bis(dodecyloxy)-2,5-diethynylbenzene
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'H NMR of poly(1,4-bis((2-ethylhexyl)oxy)-2,5-diethynylbenzene
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CHAPTER IV

“BENCHTOP” SYNTHESIS OF CONJUGATED POLYMERS VIA Pd/Cu Co-CATALYSIS

4.1 INTRODUCTION

Conjugated polymers containing aromatic rings in the backbone have attracted substantial attention
due to their wide range of applications in many areas such as organic light-emitting diodes
(OLEDs), organic field-effect transistors (OFETS), organic photovoltaics (OPVs), chemical
sensors, and bioelectronics.'?’131 Aryl-aryl coupling reactions are central to the construction of ©
conjugated polymers. In the past, aryl-aryl coupling reactions were employed mostly via Stille-
based coupling reactions which require aryl halide and organostannyl substituted coupling partners.
However, organotin compounds and their byproducts are hard to remove and highly toxic.*¥? In
comparison to the Stille based reactions, the Suzuki reaction is in some aspects environmentally
preferable.’** Moreover, most of the aryl boronic acids and esters are now readily available from
commercial sources. Nevertheless, a standard Suzuki coupling requires inert conditions.®*
According to literature, there have been several reports utilizing boronic acids in oxidative
dimerization and polymerization.?353 But most reactions required oxygen conditions and phase
transfer catalysts which add significant complexity to the reaction set up. To address these issues,
Minus. et al. developed a new bimetallic methodology that exploits the distinct reactivities of

palladium and copper to perform high yielding aryl-aryl dimerizations.
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These couplings are facile and can be done by simple mixing components in an open vessel. In our
lab, we demonstrate the utility of this methodology in the context of polymer synthesis involving
polycarbazole (PC), polysilafluorene (PSiF), and poly 6,6,12,12-tetrakis(4-hexylphenyl)-6,12-
dihydro-dithieno[2,3-d:2°,3’-d’]-s-indaceno[1,2-b:6,6-b’]dithiophene (PIDTT) using energy-

efficient and aerobic conditions (benchtop synthesis) (Figure 4.1).

Figure 4.1: “Benchtop” synthesis of PF, PC, PSiF, and PIDTT via Pd/Cu co-catalysis.

4.2 RESULTS AND DISCUSSION

As mentioned above, Minus and coworkers have utilized benchtop aryl-aryl dimerizations. This
methodology requires PA(OACc),, Cu(OAC),, B(OH)s under air, in wet DMSO. Boric acid was used
as an additive to facilitate the in situ deprotection of the boronate esters to the boronic acids.**
Given these parameters, we were interested in extending this methodology towards the synthesis

of conjugated polymers.

Our efforts have focused on the synthesis of polyfluorene (PF) using commercially available 9,9-

dioctyl fluorene-2,7-diboronic acid bis (1,3-propendiol) ester as the monomer in Scheme 4.1.
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Scheme 4.1: “Benchtop” synthesis of PF using the conditions outlined in Table 4.1

Table 4.1: Optimization of “Benchtop” synthesis of PF via Pd/Cu co-catalysis.

Entry Pd(OAc). Cu(OAc),  Temperature Time %VYield My? p?

(mol %) (mol %) (kDa)
1 2 4 RT 48 h 33 4.8 1.60
2 3 5 RT 48 h 44 6.8 1.91
3 3 5 50°C 48 h 17 5.3 1.52
4 6 10 RT 48 h 65 7.9 2.20
5 3 5 RT 96 h 35 4.6 1.63
6 6 10 RT 96 h 74 7.7 2.46

aDetermined by GPC in THF using polystyrene standards.
D = polydispersity index

The focus of the optimization was catalysts loading, reaction temperature, and time as detailed in
Table 4.1. The polymerization was performed in a reaction vessel (10 mL) at room temperature
open to the air for the indicated time. Then the reaction mixture was precipitated in methanol and
Soxhlet extraction was done with methanol, hexane, and chloroform. The chloroform fraction was
evaporated and used in the calculation of molecular weights and yields of products. Initially, we
altered the conditions used in the aryl-aryl dimerization (Table 4.1, entry 1). This resulted in
moderate value for the number average molecular weight (M,) and a low yield (4.8 kDa, 33%,
respectively). Increasing the catalysts loading improved the yield and M, (Table 4.1, entry 2).
However, the addition of heat (Table 4.1, entry 3) was detrimental to the reaction and a lower yield
was obtained (17%). The addition of heat could accelerate the reaction, and premature precipitation

might have occurred. Next, we doubled the loadings of catalyst (Table 4.1, entry 4). This afforded
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polymer products with high M, and good yield (7.9 kDa, 65%, respectively). As shown in entries
5 and 6 (Table 4.1), increasing the reaction time to 96 h did not dramatically affect the yield and

M values.

4.2.1 Reaction scope towards the heteroaromatic system.

Pd(OAc);, Cu(OAc);
o ,o]f B(OH);, DMSO, _
j‘?ﬂ\ a8 h,RT
o N ) N
PY

octyl octyl octyl octyl
PC
o, O D o Pd(OAc);, Cu(OAc); O D
B B B(OH);, DMSO, _ . n
© bt °© a8hRT Si
octyl ‘bctyl octyl octyl

PSiF

R R

R R s Pd(OAc);, Cu(OAc); s
0 48 o B(OH)3;, DMSO, S Ya
ST s B wshrt TR [N s/ 'n
s d S pDTT R R

R = p-Phenyloctyl

Scheme 4.2: “Benchtop” synthesis of PC, PSiF, and PIDTT via Pd/Cu co-catalysis.

Table 4.2: Structural properties of the polymers.

Polymer M2 M2 b? Yield
(kDa) (kDa) (%)
PC 6.54 8.84 1.35 16
PSiF 4.90 7.12 1.75 16
PIDTT 4.64 9.69 2.09 22

2 Determined by GPC in THF using polystyrene standards.
D = polydispersity index

We were further interested in exploring the polymerization reaction with heterocyclic aromatic
systems. Carbazoles (C), silafluorene (SiF), and 6,6,12,12-tetrakis(4-hexylphenyl)-6,12-dihydro-

dithieno[2,3-d:2°,3’-d ]-s-indaceno[1,2-b:6,6-b’]dithiophene (IDTT) are well known materials,
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used in OSCs.1941% pC, PSiF, and PIDTT were successfully synthesized at room temperature from
the analogs of diboronate esters (Scheme 4.2) and the results are summarized in Table 4.2. The
isolated polymers of PC, PSiF, and PIDTT have M, values of 6.5, 4.9, and 4.6 kDa, respectively.
However, most of the colored material remained insoluble in the Soxhlet thimble after extraction.

We assume the insoluble materials to be high molecular weight polymers.

4.2.2 Attempted synthesis of donor-accepter conjugated polymers via Pd/Cu co-catalysis

under “benchtop” conditions.

n-Conjugated polymers with the alternating donor (electron-rich) and acceptor (electron-deficient)
architecture (D-A) are particularly attractive due to the facile tunability of the electronic structures

in their conjugated backbones, thus optoelectronic properties.?4-14 Therefore, we used our newly

developed methodology towards donor-acceptor conjugated polymers.

OO

octyl Octyl

octyl Octyl

PF-BT

Bpin + BpinQ —[—IDTT—Q-)H—
/R
N{S:\N NN
R = p-Phoctyl PIDTT-BT
IDTT

Bpin = pinacolborane

Scheme 4.3: Attempted donor-acceptor polymer synthesis via Pd/Cu co-catalysis under
“benchtop” conditions.

As shown in Scheme 4.3, we attempted to synthesize PF-BT and PIDTT-BT using fluorene (F) and
thiophene rich IDTT molecules as the donors and benzothiadiazole (BT) as the acceptor.
Unfortunately, under the current reaction conditions, it appear to have either a homocoupling
product or a degraded product. This might be due to the different electronic nature of the donor and

acceptor core, which could not undergo coupling in the catalytic cycle. Aswe know, each condition
54



is substrate-dependent, and to utilize this methodology towards donor-acceptor conjugated polymer

synthesis, further optimization might be needed.

4.3 CONCLUSION

Using Pd(I1)/Cu(ll) co-catalysis and diboronic acid precursors, we achieved benchtop access for
conjugated organic polymers. We successfully synthesized PF, PC, PSiF, and PIDTT with

reasonable M, values.

4.4 EXPERIMENTAL SECTION

4.4.1 Materials

All starting monomers, Pd(OAc). and Cu(OAc),, were purchased from Aldrich and used as

received. Solvents were purchased from Fisher Scientific and used without further purification.

4.4.2 Instrumentation

'H NMR spectra were measured on a Bruker Avance 400 MHz instrument. Number average
molecular weight (M,) and polydispersity (D) were determined by gel permeation chromatography
(GPC) using a Waters pump with a Waters 2410 refractive index detector. THF was used as an
eluent at 35 °C with a flow rate of 1.0 mL min™. The instrument was calibrated with polystyrene

standards and data were analyzed using Breeze software.

4.4.3 Synthesis procedures

Poly (9,9-dioctylfluorene) (PF)

9,9-Dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester (100 mg, 0.179 mmol),
Pd(OACc). (2.4 mg, 0.011 mmol), Cu(OAc). (3.2 mg, 0.0179 mmol) and boric acid (55 mg, 0.895
mmol) were added to a 10 mL reaction vessel equipped with a stir bar, followed by DMSO (2 mL).

The reaction vessel was covered with a Kimwipe and stirring was continued at room temperature
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for 48 h. The reaction mixture was precipitated in methanol (20 mL) to give and light-yellow
precipitate. The resulting precipitate was filtered through a cellulose thimble and subjected to
Soxhlet extraction with methanol, acetone, and chloroform. The solvent was removed to yield a
green-yellow polymer (45 mg, 65%). 'H NMR (400 MHz, CDCls): § 7.66-7.86 (m, broad, 6H),

2.11 (t, broad, 4H), 1.09-1.26 (m, broad, 28H), 0.73 (t, broad, 6H). M, =7.9 kDaand b = 2.2.

Poly (9-(9-heptadecyl)-9H-carbazole) (PC)

9-(9-heptadecyl)-9H-carbazole-2,7-diboronic acid bis(pinacol) ester (200 mg, 0.30 mmol),
Pd(OACc). (3.4 mg, 0.015 mmol), Cu(OAc). (5.5 mg, 0.03 mmol) and boric acid (56.4 mg, 0.9
mmol) were added to a 10 mL reaction vessel equipped with a stir bar followed by DMSO (4 mL).
Then the reaction vessel was covered with a Kimwipe and stirred under room temperature for 48
h. The reaction mixture was precipitated in methanol (40 mL) to give an off-white precipitate. The
resulting precipitate was filtered through a cellulose thimble and subjected to Soxhlet extraction
with methanol, acetone, and chloroform. The solvent was removed to yield a green-brown polymer
(20 mg, 16 %). *H NMR (400 MHz, CDCls): & 7.62-8.28 (m, broad, 6H), 1.15-1.29 (m, broad,

28H), 0.81 (m, broad, 6H); M, =6.54 kDaand b = 1.4.

Poly (9,9-dioctyl-9H-9-silafluorene) (PSiF)

9,9-Dioctyl-9H-9-silafluorene-2,7-bis(boronic acid pinacol ester) (200 mg, 0.30 mmol), Pd(OAc).
(3.4 mg, 0.015 mmol), Cu(OAc); (5.4 mg, 0.03 mmol) and boric acid (55.6 mg, 0.9 mmol) were
added to a 10 mL reaction vessel equipped with a stir bar followed by DMSO (4 mL). Then the
reaction vessel was covered with a Kimwipe and stirred under room temperature for 48 h. The
reaction mixture was precipitated in methanol (40 mL) to give off- white precipitate. The resulting
precipitate was filtered through a cellulose thimble and subjected to Soxhlet extraction with

methanol, acetone, and chloroform. The solvent was removed to yield a green-brown polymer (20
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mg, 16%). *H NMR (400 MHz, CDCl): & 7.73-8 (m, broad, 6H), 1.18-1.29 (m, broad, 28H), 0.84

(m, broad, 6H); M, =4.90 kDa and b = 1.8.

Poly(6,6,12,12-tetrakis(4-octylylphenyl)-6,12-dihydro-dithieno[2,3-d:2’,3'-d"]-s-

indaceno[1,2-b:5,6-b’]dithiophene) (PIDTT)

6,12-Dihydro-6,6,12,12-tetrakis(4-octylphenyl)-2,8-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yhdithieno[2,3-d:2’,3'-d']-s-indaceno[1,2-b:5,6-b"]dithiophene (200 mg, 0.14 mmol), Pd(OAc):
(1.6 mg, 0.007 mmol), Cu(OAc) (2.6 mg, 0.015 mmol) and boric acid (26.8 mg, 0.43 mmol) were
added to a 10 mL reaction vessel equipped with a stir bar followed by DMSO (4 mL) was added to
the reaction mixture. Then the reaction vessel was covered with a Kimwipe and stirred under room
temperature for 48 h. The reaction mixture was precipitated in methanol (40 mL) to give off white
precipitate. The resulting precipitate was filtered through a cellulose thimble and subjected to
Soxhlet extraction with methanol, acetone, and chloroform. The solvent was removed to yield a
dark red polymer (35 mg, 22 %). *H NMR (400 MHz, CDCls): §. 7.37-7.46 (s, broad, 2H), 7.22-
7.29 (s, broad, 2H) 6.96-7.15 (m, broad, 16H), 1.07-1.31(m, broad, 56H) 0.78 (m, broad, 12H); M,

=4.64kDaand B =2.1.
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4.4.4 Spectra

'H NMR of PF

'H NMR of PC
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'H NMR of PSiF

'H NMR of PIDTT
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CHAPTER V

MECHANOCHEMICAL APPROACH TOWARDS SYNTHESIS OF POLYFLUORENE-CO-

BENZOTHIADIAZOLE VIA SUZUKI CROSS COUPLING POLYMERIZATION

5.1 INTRODUCTION

‘Mechanochemistry’ refers to reactions, where solid state transformations occur, induced by the
input of mechanical energy, such as by grinding in ball mills (Figure 5.1).%2 In 2019, the
International Union of Pure and Applied Chemistry (IUPAC) identified mechanochemistry as one
of 10 world-changing technologies.**? Recently, the ball milling process has attracted considerable
attention as it can provide efficient and environmentally-friendly (green and sustainable)

alternatives to solution-based reactions.*

In the recent past, the impact of mechanochemistry in organic synthesis has been recognized and
many organic transformations have been demonstrated in the literature. The utility of the
mechanochemistry include amide couplings,® Wittig reactions,%’, and metal-catalyzed cross-
coupling reactions.®® These mechanochemical reactions provide advantages: consumed less
energy, reacted more rapidly, required no solvent , and significantly reduced the amount of waste

produced.®?
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Solvent-free syntheses of polymers under ball milling has blossomed in recent years,’6:78-79.144-146
but only a few approaches towards mechanochemical conjugated polymer syntheses have been
undertaken.”®7879146 Specifically, mechanochemical cross-coupling polymerization reactions have

been relatively unexplored.”"’

Figure 5.1: Representative ball mill

Fluorene-based 7 conjugated polymers have emerged as excellent materials for organic
electronics.*”150 Polyfluorene-based materials possess many desirable properties, such as high
quantum yields, good film-forming, and hole-transporting properties.*® The electronic properties
of fluorene can be tuned by incorporating an electron-deficient monomer into the polymer
backbone.’®*152 For this purpose, benzothiadiazole (BT) has been extensively used.®*%* The
incorporation of BT units into the polymer main chain allows the color tuning to the green region
in the visible spectra. The polymer possessed high electron affinity and preferential electron
transport properties compared to those of the polyfluorene homopolymers.t* In this chapter, our
approaches towards solid-state synthesis of polyfluorene-co-benzothiadiazole in the ball mill will

be discussed.
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5.2 RESULTS AND DISCUSSION

In our initial attempts at the solid-state synthesis of polyfluorene-co-benzothiadiazole (PFBT),

promoted by ball milling, the monomers (9,9-dioctylfluorene-2,7-diboronic acid, 4,7-

dibromobenzo[c]-1,2,5-thiadiazole), 10 mol% of Pd(OAc)., and 8 equivalents of K,COs were

added to stainless steel (SS) milling jars along with the SS balls (Scheme 5.1). The solid reaction

mixture was subjected to vibrational milling for 30 min in the high-speed ball milling (HSBM).

After the milling time, the reaction was quenched by adding methanol (5 mL) to the jars which

were then shaking manually for 30 seconds. The resulted slurry was precipitated in methanol,

followed by filtering and washing the precipitate with methanol, acetone, and chloroform. The

structural properties were characterized by *H NMR analysis and gel permeation chromatography

(GPQC).
10 mol% Pd(OAc); ,
OH
o QO = R OO
; OH f N\ HSBM -
HO gy CaHyyr N.g-N CgHq7™ “Cghi7
PFBT S~

Scheme 5.1: Mechanochemical synthesis of PFBT via Suzuki cross-coupling polymerization.

Table 5.1: Effect of varying frequency on isolated yield and number average molecular weight.

Entry Frequency % Yield Mp? b2
(rpm) (Da)
1 1800 18 1771 1.38
2 1500 25 2192 1.36
3 1000 20 1802 1.38
4 600 50 2653 1.64

aDetermined by GPC in THF using polystyrene standards.
D = polydispersity index

First, we conducted a series of solid-state polymerizations with varying milling frequencies (Table

5.1) using 10 mol% of Pd(OAc). and 8 equivalents of KoCOs (Scheme 5.1). For the above data,

isolated yields and number average molecular weights (M,) were obtained on the polymer after
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manual washing with methanol, acetone, and chloroform. (In our preliminary studies our objective
was to see whether there was a significant effect on yield and number average molecular weight by
varying the vibrational frequency). Manual purification was done, where the polymer was filtered
through a cellulose thimble and the solvents were manually poured through the thimble. This
normally results in low M, values compared to Soxhlet purification. As shown in Table 5.1, the
M, values and the yields were almost the same under the applied vibrational frequencies, except at

600 rpm, in which slight increase in the yield was obtained.

Table 5.2: Effect of K,COj3loading on synthesis on PFBT in the ball mill.

Entry Pd(OAC), K2COs % Yield M2 p?
(mol %) (eq) (Da)

1 10 4 13 4939 1.3

2 10 8 25 5640 14

3 10 16 21 5556 1.4

aDetermined by GPC in THF using polystyrene standards.

Compared to solution-based reactions, the solid-state nature of this method results in a high
concentration of monomers.” Solid-state dilution of the monomers can be achieved by the addition
of base.” Therefore, efforts were directed towards varying K.COsloading. As shown in Table 5.2,
the reactions were carried out using 4 eq, 8 eq, and 16 eq of K,COs at 600 rpm for 30 min. (Note:
the isolated yields M, values were obtained after Soxhlet purification). Under the conditions
applied, no significant differences were observed in the isolated yields or number average
molecular weights. Furthermore, we tested Li,COs, Na>COs, and Cs,COs as bases for our solid-

state synthesis of PFBT. No polymerizations were observed with these bases.
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Table 5.3: Comparison of solid-state synthesis of PFBT promoted by BM and solution-state
synthesis of PFBT and effect of Pd catalyst.

Entry  Catalyst Base Reaction Time % Mp? b?
(10 mol %) (8eq) media Yield (Da)
1 Pd(OAC): K2COs HSBM 30 min 25 5640 14
(600 rpm),
RT
2 Pd(OACc). K2COs THF: Water 48 h 43 2639 1.5
reflux
3 Pd(PPhs)s K2COs HSBM 30 min 5 5772 14
(600 rpm)
4 Pd(PPhs)4 K2COs THF: Water 48 h 46 8477 2.8
reflux

aDetermined by GPC in THF using polystyrene standards.

Next, we compared our solid-state Suzuki polymerization of PFBT with that of the solution-based
Suzuki polymerization method. The results are summarized in Table 5.3. Based on the recent
literature for the mechanochemical polymerization,”” ® the milling time was limited to 30 min.
Since typical polymerization reactions in solution-state utilized a reaction time of 48 h, we carried
out the wet reactions for 48 h. As shown in Table 5.3, entries 1 and 2, Pd(OAc), was used as the
catalyst. Under the conditions applied, a higher M, value was obtained via the ball milling product
compared to that of solution-state synthesis. In contrast, the isolated yield of polymer was relatively
low in the solid-state reaction. We changed the catalyst to Pd(PPhs)a, and the polymerization was
carried out in both solid and solution states under argon. (Table 5.3, entries 3-4). The isolated yield
of ball milling product was dramatically decreased compared to entry 1. However, the M, values
remained almost the same in both reactions. In contrast, under the conditions we have used (Table
5.3), in the presence of Pd(PPhs)s, the solution state polymerization resulted in an increased M,
value compared to that of entry 2, where the isolated yield remained almost the same in entries 2

and 4.
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To further optimize the ball milling methodology, milling times were varied. A series of
polymerization reactions were performed for 60 min, 30 min, 15 min, 5 min, and 1 min at 600 rpm

(which is the lowest vibrational frequency in our instrument).

OH 10 mol% Pd(OAc); ,
HO‘B O.Q g+ Br Br geq K,CO3, 600 rpm, 0.0 O
4 . _—
) OH /N time
HO o .H,~ SCgHyy N_ N c ot

N sH17 N

5~

Scheme 5.2: Effect of varying milling time on isolated yield and humber average molecular weight.

Table 5.4: Effect of varying milling time on isolated yield and number average molecular weight.

Entry Time (min) % Yield Mp? p?
1 60 27 5381 1.5
2 30 25 5640 1.4
3 15 24 5791 1.7
4 5 40 7350 1.7
5 1 36 7360 1.7

aDetermined by GPC in THF using polystyrene standards.
D = polydispersity index

As mentioned above, for our initial optimizations the reactions were carried out for 30 min. As
shown in Table 5.4, Entry 1, the reaction time was extended to 1 h, under the conditions used
(Scheme 5.2) no significant improvement in isolated yield or number average molecular weight
occurred. We probed the reaction conditions by lowering the milling time. As shown in Table 5.4,
no significant improvement was observed when lowering the time from 30 min to 15 min.
Surprisingly, further lowering the reaction time from 15 min to 5 min, a significant improvement
in yield and number average molecular weight occurred. However, when the reaction proceeded
for 1 min, a slight lowering of the yield was observed. According to the above data, under the

reaction conditions shown in Scheme 5.4, the solid-state synthesis of PFBT promoted by ball
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milling (via Suzuki cross-coupling polymerization) occurred as fast as 5 min with reasonable
number average molecular weight. However, the yield obtained was low (40%). With an optimized
time in hand, we will further explore the reaction at higher frequencies to investigate whether lower

reaction times at higher frequencies facilitate the polymerization.

5.3 CONCLUSION

In this chapter, we have demonstrated simple, rapid, and solvent-free (green) methodology towards
the synthesis of PFBT (via Suzuki cross-coupling polymerization) promoted by BM. We explored
the influence of different parameters on the reaction and observed that the polymerization in BM
is a rapid process. Based on the optimizations so far, we could obtain the desired polymer with a
reasonable number of average molecular weight in as little as five minutes. With this optimized

time in hand, further studies will be carried out to get a higher yield.

5.4 EXPERIMENTAL

5.4.1 Materials

9,9-Dioctylfluorene-2,7-diboronic acid and 4,7-dibromobenzo[c]-1,2,5-thiadiazole, and Pd(OAc):
were purchased from Sigma Aldrich. K,COs;was purchased from Acros. All the reagents were
used as received. When needed, THF was obtained from a solvent purification system under ultra-

pure argon. Water was degassed under Argon. All the other solvents were used as received.

5.4.2 Instrumentation

The ball-milling experiments were carried out in FORM-TECH Scientific (FTS-100) instrument
(65 Rue Saint-Paul Ouest, Unit 407,Montreal, (QC) H2Y 3S5 Canada). The *H NMR spectra were
measured on a Bruker Avance 400 MHz instrument. Number average molecular weight (M,) and
polydispersity (D) were determined by gel permeation chromatography (GPC) using a Waters

pump with a Waters 2410 refractive index detector. THF was used as an eluent at 35 °C with a
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flow rate of 1.0 mL mint. The instrument was calibrated with polystyrene standards, and data were

analyzed using Breeze software.

5.4.3 Synthesis

General experimental procedure for the synthesis of PFBT via solid-state Suzuki
polymerization in the ball mill (5.4.3.1): To a stainless steel (SS) milling jar (5 mL) were added
9,9-dioctylfluorene-2,7-diboronic acid (100 mg, 0.209 mmol), 4,7-dibromobenzo[c]-1,2,5-
thiadiazole (61.5 mg, 0.209 mmol), Pd(OAc). (5.0 mg, 0.029 mmol) and K,CO; (231 mg, 1.672
mmol) followed by SS balls (5 mm, 4 balls). The vial was sealed and placed in the vibrational ball
mill and subjected to milling for 30 min at 600 rpm. After an allotted time, methanol (5 mL) was
added to the jar which was shacken manually for 30 sec. The product was precipitated in methanol
and the mixture was poured through a cellulose thimble and subjected to Soxhlet extraction with
methanol, acetone, and chloroform. The chloroform extraction was solvent evaporated to obtain a
dark brown color solid. Yield (28 mg, 25%). *H NMR (400 MHz, CDCls): & 8.11-7.68 (b, 8H),

1.29-0.78 (b, 28H). M, = 5640 Da, b =1.4.

Synthesis of PFBT via solution-state Suzuki polymerization: In an oven-dried (10 mL) Schlenk
flask (equipped with a stir bar) were placed dioctylfluorene-2,7-diboronic acid (100 mg, 0.209
mmol), 4,7-dibromobenzo|[c]-1,2,5-thiadiazole (61.5 mg, 0.209 mmol), Pd(PPhs)4 (24 mg, 0.0209
mmol) and K>CO3 (231 mg, 1.672 mmol) inside a glove box. A condenser was connected to the
flask and sealed with a rubber septum. The apparatus was taken out of the glove box, and THF (4
mL) and degassed water (4 mL) was added. The reaction was refluxed for 48 h under an argon
environment. The reaction mixture was added to 6 N HCI (15 mL), and the mixture was extracted
with CHCIs. The CHCI; fractions were combined and the solvent was evaporated. The product

was precipitated in methanol and filtered through a cellulose thimble. Soxhlet extraction was done
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with methanol, acetone, and chloroform to yield a brown-yellow solid. 46 % yield. *H NMR (400

MHz, CDCls): 6 8.11-7.68 (b, 8H), 1.29-0.78 (b, 28H). M, = 8477 Da, b = 2.8.
5.4.4 Spectra

H NMR of solid-state synthesis of PFBT in ball mill
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CHAPTER VI

CONCLUSIONS AND FUTURE DIRECTIONS

6.1 INTRODUCTION
In this chapter, | have summarized my projects and included some future directions.
6.2 CHAPTER 2: CONCLUSION AND FUTURE DIRECTIONS

Our research group developed a methodology towards copper-mediated, regioselective C-H direct
arylation of benzodithiophene-S,S-tetraoxide (BDTT).% In this chapter, the mechanistic insight of
this methodology and further utilization were discussed. The detailed experimental and theoretical
studies showed that the base (K3PO4) and additive (Ag.COs) have important role in the reaction.®’
We utilized this methodology towards C-H direct arylation polymerization. Current reaction
conditions resulted in low molecular weight oligomers. To obtain high molecular weight polymers,
future optimizations will be carried out by probing the use of Cul, K3;PO4 and Ag.COs.
Furthermore, instead of DMF, greener and sustainable solvents, such as y-valerolactone, 2-

methyltetrahydrofuran, and cyclopentyl methyl ether will be used.?’
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Moreover, utilizing 2,6-diiodinated BDTT, BDTT-based novel donor-acceptor conjugated
polymers (PBDTT-C, PBDTT-SiF, and PBDTT-IDTT) were synthesized via a Suzuki
polycondensation. Under the current reaction conditions used for the synthesis of PBDTT-IDTT,
low number average molecular weight (3 kDa) and low yield (16%) were obtained. The reaction
conditions will be optimized to improve the yield and number average molecular weight.
Furthermore, characterization of the polymers should be conducted for the optical, electronic, and

physical properties.

6.3 CHAPTER 3: CONCLUSION AND FUTURE DIRECTIONS

In chapter 3, we synthesized poly(2,5-dialkoxy-1,4-phenylenediethynylene)s using a Cu.O
nanoparticle-mediated polymerization under ligand-free conditions and in air as oxidant via a
Glaser polymerization. Compared to a dodecyloxy analog, incorporation of branched 2-
ethylhexoxy side chains improved the solubility of the resulted polymer. Hence, higher molecular
weights were obtained. The polymerizations were carried out using DMF as the solvent at 110 °C
for 48 h. In the future, this polymerization reaction can be conducted in the ball mill under solvent-
free grinding or solvent assisted grinding (adding a catalytic amount of solvent). Moreover,
mechanochemical polymerization is faster than solution-state polymerization. Based on the
previous literature from Andiappan and co-workers,'?® and the UV-vis extinction spectroscopy and
ESI-MS data obtained from the polymerization reactions, we proposed this polymerization reaction
might undergo via a homogeneous catalytic pathway. However, if the reaction is performed in the
solid-state, the catalytic pathway might be different from the solution state and the process can be

analyzed using UV-vis extinction spectroscopy and ESI-MS.

6.4 CHAPTER 4: CONCLUSION AND FUTURE DIRECTIONS

In Chapter 4, conjugated homopolymers, polyfluorene, polycarbazole, polysilafluorene, and poly
6,6,12,12-tetrakis(4-hexylphenyl)-6,12-dihydro-dithieno[2,3-d:2°,3’-d’]-s-indaceno[1,2-b:6,6-
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b’]dithiophene were synthesized under benchtop conditions (room temperature, open to air) via
Pd/Cu co-catalysis. These polymerizations were carried out in DMSO for 48 h. In the future, these

reactions can be synthesized in a more greener way under solvent-free conditions in a ball mill.
6.5 CHAPTER 5: CONCLUSION AND FUTURE DIRECTIONS

In chapter 5, polyfluorene-co-benzothiadiazole (PFBT) was synthesized under solvent-free
conditions promoted by ball milling via a Sonogashira cross-coupling polymerization using 9,9-
dioctylfluorene-2,7-diboronic acid and 4,7-dibromobenzo[c]-1,2,5-thiadiazole as the monomers.
We have examined several parameters, such as the effect of vibrational frequency, base (K2COs)
loadings, catalysts, and milling time on the polymer yield and number average molecular weight.
Based on the results, the polymerization occurred in five minutes at 600 rpm with a reasonable
number average molecular weight (7.3 kDa), however in low yield (40%). Previous literature
emphasized that the use of a mechanochemical Suzuki-Miyara reaction significantly improved the
yield in the presence of liquid additive (liquid assisted grinding).%® Ananikov and co-workers
showed water can play a crucial role in the solid-state Suzuki cross-coupling reaction.'®® In the
future, this reaction will be performed with liquid assisted grinding using water as an additive.
Furthermore, optimizations will be carried out by changing the kinetic energy of the reaction via
varying the sizes of the balls and the number of balls. With the optimized conditions in hand, high
performing donor-acceptor conjugated polymers will be synthesized via mechanochemical Suzuki
cross-coupling polymerization. Further, band-gap of the resulting polymer can be highly tuned by
incorporating a thiophene ring into the benzothiodiazole unit.****%8 In the future, a copolymer based
on fluorene-co-thienylbenzothiadiazole can be synthesized via a solid-state Suzuki cross-coupling

polymerization in the ball mill (Scheme 6.1).

Pd(OAc)z
K2C03
OH I \ HSBM

HO C5H17 C8H17

Scheme 6.1: Synthesis of polyfluorene co-thienylbenzothiadiazole in the ball mill.
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