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CHAPTER |

INTRODUCTION

1.1 Conjugated polymers

In 1977, Shirakawa, MacDiarmid and Heeger found that conductivity of
polyacetylene films could be increased by 10” times under oxidation with halogen
vapor [1, 2]. This discovery was awarded the Nobel Prize in Chemistry in 2000 “for
the discovery and development of electrically conductive polymers”. Further
advance in the development of conjugated poly(heterocycles) was reported in 1979
by Diaz and coworkers with the polypyrrole (PPy) obtained as a free standing film by
oxidative electropolymerization of pyrrole [3]. Since then, these conducting polymers
were highlighted as interesting technology because of their unique properties [4]. This
material has the electronic properties of a semiconductor with mechanical flexibility
and potential ease of plastic processing. Moreover, conjugated polymers are suitable
materials to be employed in the fabrication of electronic devices because their
properties is tunable by chemical synthesis.

In the field of conjugated polymers, polythiophenes and their derivatives
have received large attention because of their unique electrical properties,
environmental stabilities, ease of derivatization and ability to be polymerized by
various methods. Other polymers such as polyaniline, polypyrrole and poly(p-
phenylene) (Figure 1.1) were also well known with inferior stability or conductivity

(Table 1.1) [5].
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Figure 1.1 Structures of some conjugated polymers

Table 1.1 General properties of some conducting polymers

Polymer Conductivity Stability Processing
(S/cm) (doped state) Possibility

Polyacetylene 10-10° poor limited
Poly(p-phenylene) 1000 poor limited
poly(p-phenylene 1000 poor limited
vinylene)
Polypyrrole 100 fair good
Polythiophene 100 good excellent
Polyaniline 10 good good

1.2 Applications of organic conducting polymers

The tunable and attractive properties of organic conducting polymers lead to

their use in many applications such as:



® Applications utilizing the inherent conductivity of polymer : Antistatic coating
(metal and polymer), microelectronic devices, naval vessels and stealth

material for providing a minimum radar profile for military aircrafts [6]

® Polymer photovoltaics (light-induced charge separation) [7]

® Separation technologies : Novel smart-membrane, selective molecular
recognition

® flectromechanical actuators : windows wipers in spacecrafts, Artificial
muscles, rehabilitation gloves, bionic ears for deaf patients, electronic Braille

screen [8]

® Flectrochemical switching, energy storage and conversion : redox

supercapacitors, new rechargeable battery,
® Cellular communication : Growth and control of biological cell cultures
® (Corrosion protection
® Controlled release devices
® Thin film transistor [9]
® Sensor [10-12]
® Display technologies : Light emitting diode (LED), flat panel displays[13]

® FElectrochromic windows or multichromic displays [14, 15]

1.3 Conjugated polymers and their conductive properties

Conjugated polymers can be classified as organic semiconductors [16]. They
contain a backbone with alternating single and double bonds between carbon-
carbon or carbon-heteroatoms. (Figure 1.2) Conjugated polymers are imaged to be
linear or rigid rods. In fact, they are not completely straight and flat, but twisted
along their backbones. [17] The m-electrons from the spz—hybridized carbons form a

delocalized m-system, which yield the semiconducting property.
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Figure 1.2 The delocalized & system of conjugated polymers

By linking a string of m bonds together, conjugated systems can be created
such that the HOMO and LUMO of these extended systems merge into continuous
bands similar to those inorganic semiconductors. By taking the E,, values for
oxidation of thiophene oligomers and their onset of absorption from UV-Vis
experiments, a plot of the position of the HOMO and LUMO can be shown in Figure
1.3 [18, 19]. Thiophene can be oxidized at 2.07 V vs SCE and has a HOMO-LUMO
separation of 5.0 eV based on UV-Vis experiments. Addition of a second thiophene
ring to create bithiophene extends the conjugation and results in a lowering of both
the energy gap and oxidation potential to 3.5 eV and 1.31 V, respectively [20]. As the
n-system is extended further to sexithiophene, the values approach a saturation
point with oxidation occuring at 0.83 V and an energy gap of 2.5 eV. Further
extension leads to intractable solids and, at this point, addition of thiophene units
results in properties that are “polythiophene-like.” Polythiophene (PT) oxidizes at 0.7
V, and its energy gap (or band gap) is 2.0 eV. [21, 22]
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Figure 1.3 HOMO and LUMO energy levels of oligo and polythiophenes

Materials may be placed in one of three categories depicted in Figure 1.4

[23]. The valence band is defined as the total sum of all HOMOs, and is therefore

lower in energy. The conduction band is made up of LUMOs and is consequently

higher in energy.
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Figure 1.4 Band energy levels of an insulator, a semiconductor, and a conductor



Common molecular compounds are insulators. The band gap (Eg) in these
materials is too wide (over 3-4 eV) for any excitation of charge carriers to occur. The
reason is that the valence band is made up of completely filled bonding orbitals,
while the conduction band is constructed of anti-bonding orbitals of much higher
energy. If a charge is injected into an insulator, it has no energetically favorable way
to travel within the material. Semiconductors have a narrow bandgap (under 3 eV),
which allows some excitation of charge carriers to the conduction band. Since the
overlap between the two bands is not very efficient, semiconductors usually have
conductivities much lower than true conductors. When the temperature of a
semiconductor is lowered, the probability of thermal excitation to the conduction
band is diminished, which explains why conductivity of semiconductors decrease
with decreasing temperature.

Conductors have either an incomplete valence band which is the case for all
transition metals with unoccupied d-orbitals, or a near-zero bandgap between the
valence band and the conduction band. Both these situations lead to a continuous
and partially filled band. Conductors have a very large number of charge carriers but
are instead limited by a relatively low mobility. Thermal excitation leads to scattering
of charges, which makes it less probable for them to move ideally along the current
axis, hence lowering the conductivity. This explains why conductivity decreases with

increasing temperature in metallic conductors.

1.4 Doping process

Doping means the introduction of impurities into a semiconductor crystal that
induce modification in conductivity. The modification of electrical conductivity of
conducting polymers can be accomplished either by chemical or electrochemical
doping. Both n-type (electron donating) and p-type (electron accepting) dopants
have been used to induce an insulator-to-conductor transition in polymers. Unlike
substitutional doping that occurs in conventional semiconductors, the dopants are
interstitially positioned between n-conjugated polymers chain, and donate charges to
or accept charges from the polymer backbone. In this case, the counter ion is not

covalently bound to the polymer, but only attracted to it by the Coulombic force. In



self-doping cases, these dopants are covalently bound to the polymer backbone
[24]. The strong coupling between electrons and phonons near the doped charges
causes distortions of the bond lengths. For degenerate ground state polymers, doped
charges at low doping levels are stored in charged solitons whereas nondegenerate
systems, they are stored as charged polarons or bipolarons [25-28]. High doping
nondegenerate polymers form a polaron lattice or electrically conducting partially
filled energy band [29, 30]. Bipolarons or pairs of polarons are formed in less ordered

regions of doped polymers [31].

1.5 Conductive Processes

In order for a polyheterocycle to exhibit metallic conductivity, it must be
doped in high level. Intermediate doping results in charge carriers called polarons.
There are unpaired spin in polaron, and they are radical cations or radical anions.
They exhibit an EPR signal and are delocalized over four to five heterocycle rings.

High doping levels result in formation of non spin dication bipolarons [16].
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Figure 1.5 Conductivities of various metals and conjugated polymers



1.6 Effective conjugation length (ECL)

Ideal conducting polymers have totally delocalized TU electrons in the
conjugated unsaturated bonds along the whole chain. This requirement usually does
not occur due to the following:

i) defects in polymer chain

i) Twisting of planar structure

Examples of those two reasons above are shown in Figure 1.6. Formation of a
defect in polyacetylene which is the saturated sp3—hybridized methylene caused the
disruptive effect to the electrons flow on polymer chain. In another case, the steric
incumbent between adjacent R groups on HH thienyl units in irregular poly(3-
alkylthiophene) brought about the twisting of the thienyl ring planes out of
coplanarity, causing an increase of energy required to allow the flow of electrons

through the polymer chain, which make the polymer chain less conductive.

Ve
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/I N\ s\

Vs T g \ / S
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polyacetylene poly(3-alkylthiophene)

Figure 1.6 A defect in polyacetylene and steric induced structural twisting in poly (3-

alkylthiophene)

Another reason might be the twisting of polymer chain, which randomly occur
at the single bonds and divided the polymer into separated sections with their own
coplanarity (Figure 1.7). This polymer chain twisting would also cause the reduction

of conjugation in the polymer.
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Figure 1.7 Twisting of polythiophene

1.7 Polythiophene

Polythiophene composes of repeating five-membered sulfur heterocyclic
monomeric units. It is also considered one of the most interested classes of
conducting polymers in many applications [32]. It has environmental stability,
structural versatility which allows their electrochemical and electronic properties to
be modified by chemical means, and non-degenerate ground states in aromatic and
quinoidal forms [33, 34]. For these reasons, polythiophene has been reported to be
used in applications with the following characters:

® The electrical properties of the doped conducting state, (antistatic coating,

EMI shielding, radiation detector, gas sensors, and corrosion protective films)
® The electrical properties of the neutral semiconducting state (non-linear
optics and photovoltaic cell)
® The reversibility of electrochemical properties in the transition between the
doped and the undoped states (new rechargeable battery, modified

electrode, electrochemical sensor, and display devices) [34].

1.8 Synthesis of polythiophene

Initially, polythiophene can be obtained from electrochemical polymerization
of thiophene monomers [35]. The yield of polymers prepared from electrochemical
polymerization is moderate to low, and their structures are not well-defined and
polymer film that produced at the anode surface after electropolymerization, are not
easy to process further.

Compared to other chemical and electrochemical syntheses of conducting
polymers (Table 1.2), the anodic electropolymerization of the monomer shows
several advantages such as no presence of catalysts, easy control of the film

thickness by deposition charge, possibility for doped conducting polymer to be
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directly grafted onto the electrode surface and in situ characterization for the

growing process of the polymer by electrochemical and/or spectroscopic techniques.

Table 1.2 Comparison between the chemical and electrochemical synthesis

Polymerization Approach Advantages Disadvantages
Chemical Large scale production Difficult to make thin film
Polymerization possible

Post-covalent modification | Complicated Synthesis
of bulk conjugated polymer
(CP) possible

More options to modify CP

Backbone covalently

Electrochemical Thin film synthesis possible | Difficult to remove film

Polymerization Ease of synthesis from electrode surface

Entrapment of molecules in | Post-covalent modification
CcP of bulk CP is difficult

Doping is simultaneous

Although electrochemical polymerization is a very useful method for
preparing polymers such as polythiophene, poly(3-methylthiophene), and poly (3-
phenylthiophene), the obtained polymers are infusible and insoluble, and their
powder cannot be processed into a film or other useable forms [36]. Furthermore
polythiophene is unstable at the potentials used for the electrochemical
polymerization of thiophene. Consequently, the deposited thiophene on the anode
at the earlier stage of the polymerization is overoxidized and damaged, while the

process continues to produce new polymer.

The yield of polythiophene prepared from the oxidative polymerization with
iron (lll) chloride is relatively higher than the polymer prepared by electrochemical
polymerization. Moreover, the molecular weight of polymer synthesized by this
method is sufficiently high to be cast into a film. There are examples of polymers
obtained from this method that are soluble in common organic solvents and their

films can be formed by simply casting its solution on a solid substrate.
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The study of the polymerization mechanism and polymerization conditions
have been made by Amou and coworkers [37]. They discovered that lower
concentration and temperature increased the HT coupling. Niemi and coworkers [38]
performed a detailed study on the polymerization mechanism of 3-alkylthiophene
with iron (lll) chloride. The results revealed that only solid iron (lll) chloride was active
as an oxidative polymerization agent for 3-alkylthiophene while the soluble part of
iron () chloride was inert. The solubility of iron (lll) chloride in chloroform and the
consuming effect of evolved hydrogen chloride gas explained the extra amount of
iron (ll) chloride that was initially necessary to obtain high conversion in
polymerization.

Polymerization via the metal-catalyzed cross-coupling technique has been
extensively investigated [39, 40]. The reaction proceeds by an oxidative addition of
an organic halide with a metal catalyst and then transmetallation between the
catalyst complex and a reactive Grignard or other organometallic reagent (or
disproportionation), to form a diorganometallic complex. The last step includes
reductive elimination of the coupled product with regeneration of the metal catalyst.
Numerous organometallic species (including organomagnesium, organozing,
organoboron, organoaluminum, and organotin) have been demonstrated to be used

in cross-coupling reactions with organic halides.

1.9 Solid state polymerization

Polymerization of PEDOT via traditional oxidative polymerization of 3,4-
ethylenedioxythiophene (EDOT) with FeCl; in organic solvents gives an insoluble
blue-black polymer in form of powder. The limitations of traditional polymerization
methods can be a serious problem for PEDOT applications as well as for in-depth
investigation of molecular order in this conducting polymer. It is generally not
possible to obtain a well-defined polymer structure, unless the synthesis of
conducting polymers is carried out via pure chemical polymerization routes, without
adding any catalyst. The possible solution for this problem lies in a solid-state
polymerization of structurally pre-organized crystalline monomer. The first report of

solid state polymerization was in 1962 by Magat [41] and was applied to conjugated
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polymer in 1970 by Wegner on poly(diacetylenes) [42], and MacDiarmid, Heeger and
co-workers on poly(sulfurnitride).[41, 43]

The advantages of solid-state polymerization includes low operating
temperatures, which prevent side reactions and thermal degradation of production,
while requiring inexpensive equipment, and uncomplicated and environmental
friendly. For the solid-state polymerization at low temperatures, rate of the reactions
are slow compared to polymerization in the melting phase because of the reduced
mobility of the reacting species, and the slow diffusion of the by-products [44].

Meng and coworkers [45, 46] discovered the solid-state polymerization (SSP)
of 2,5-dibromo-3,4-ethylenedioxythiophene (DBEDOT) by chance as a result of
prolonged storage (2 years) at room temperature or heated (50-80 °C) of the
monomer (Figure 1.8). The colorless crystalline DBEDOT transformed into a dark blue
material while retaining the morphology. Surprisingly, the conductivity of this
decomposition product appeared to be very high (up to 80 S/cm) for an organic
solid. Indeed, the most likely explanation for the observed transformation was

polymerization with formation of bromine-doped PEDOT.

0 e} O @]
rt or heat
Br S Br S n

Figure 1.8 Solid-state polymerization of DBEDOT to PEDOT

Meng and coworkers have continued to study solid state polymerization (SSP)
of other dihalogen-substituted derivatives of 3,4-ethylenedioxythiophene (EDOT),
whose halogen atoms are Cl, Br or I, respectively.[45] The results showed that 2,5-
dibromo-3,4-ethylenedioxythiophene (DBEDOT) is the most reactive monomer and

polymerization reaction occurred via radical cationic polymerization which electron
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donating group (3,4-ethylenedioxy group) enhanced the stability of cation
intermediate.

The conductivity of different SSP-PEDOT samples was measured by the four
point probe technique at room temperature (Table 1.3) [46]. The polymer prepared
at lowest temperature and longest reaction time, showed the highest in conductivity
which may reflect achievement of a higher degree of order. Indeed, heating above
the monomer’s melting point resulted in dramatically reduced conductivity (0.1
S/cm), which rised up to 5.8 S/cm after doping with iodine, approaching the value of
an FeCls-synthesized PEDOT (7.6 S/cm). Not very significant, but certain increase in
conductivity of SSP-PEDOT (about 2 times) was found on exposing a sample to iodine

vapor.

Table 1.3 Conductivity of PEDOT polymer

Conductivity (o) (S.cm’)

Polymerization method SSP-PEDOT" FeCL3—PEDOTb
Reaction temperature (°C) 20 60 80 120 0-5
Reaction time 2 years 24 h 4 h 24 h 24 h

1. Crystal 80 33 20 - -

2. Pellets as synthesized 30 18 16 0.1 <

3. Pellets after |, doping 53 30 27 5.8 7.6

® Prepared from solid state polymerization (SSP)
° Prepared from oxidative coupling polymerization by FeCl;
“ cannot be obtained

‘ very small value

From the experiment, they concluded that heating the solid state DBEDOT
resulted in an unprecedented self-coupling reaction which yield highly conductive
and relatively well-ordered bromine-doped PEDOT. Furthermore, heating DBEDOT
above its melting point resulted in polymer with a lower conductivity.

As a unique derivative of polythiophene, poly(3,4-ethylenedioxythiophene)
(PEDQT), possesses several advantageous properties compared with unsubstituted

polythiophene and polythiophene derivatives. PEDOT had received considerable



14

interests attributable to its low band gap, high electrical conductivity, excellent
optical transparency in the visible region and good stability. Ether groups at B,p’
positions of thiophene ring in PEDOT can prevent the formation of a-B’ linkages
defect during polymerization process. Thus derivatization of thiophene ring by other
substituents such as alkoxy or polyether groups at the B positions could lead to
higher solubility and improved physical and chemical properties. Solid state
polymerization (SSP) of their new structurally pre-organized crystalline monomers
could also result in another well-defined polymer structures with high conductivity.
Moreover, this method was uncomplicated, had environmental friendly procedures
and less side reactions.

Eunkyoung and coworker [47] have studied the solid state polymerization of
2,5-dibromo-3,4-propylenedioxythiophene (DBProDOT) which are another thiophene
derivatives that can be prepared by SSP. They found that the result of
crystallographic studies revealed a short interplane distance between DBProDOT
molecules, which was responsible for polymerization at low temperature with a
lower activation energy and higher exothermic reaction than 2,5-dibromo-3,4-
ethylenedioxythiophene (DBEDOT) or its derivatives. To elucidate the reaction
mechanism, the energy of each structure was calculated by the Gaussian 03 program.
The dimerization of DBProDOT was exothermic at 11.9 kcal/mol, releasing more
energy than the dimerization of DBEDOT (11.2 kcal/mol) and dibromothiophene (8.3
kcal/mol, Figure 1.9a). In radical polymerization in the dark, the homolytic cleavage
energy of a C-Br bond in DBProDOT was 87.0 kcal/mol, which barely progresses at
room temperature. The electron donating dioxypropylene ring in DBProDOT
stabilized the cation of the heterolytic cleavage of the C-Br bond in oxidative
polymerization. In Figure 1.9b, the first step for the production of a DBProDOT
carbocation by bromine requires a high activation energy of 115.2 kcal/mol, which
makes it the rate-determining step. Nonetheless, this value is smaller than that for
the DBEDOT reaction. The second step for the production of a dimerized carbocation
releases 11.0 kcal/mol, and the last step for the release of bromine is exothermic
with 116.1 kcal/mol. Thus, SSP for DBProDOT is an energetically favorable process

and is autocatalyzed by the bromide ions Br and Brs. Despite the ordered structure
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of PProDOT and steric bulkiness, the activation energy of the oligomerized
carbocations is less than that of the dimerized carbocations, mainly because of the

formation of a stable delocalized structure in the otigomer.
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Figure 1.9 (a) Calculated energy for dimerization of DBProDOT (b) Proposed
mechanism for the autocatalyzed initiation of the SSP of DBProDOT

1.10 Porous materials

Porous materials play vital roles in many fields of scince and technology and
have attracted much attention as a useful platform for advanced functional material
design. Historically, the skeleton structure of porous material has evolved from the
inorganic open framework of zeolite and mesoporous silicates [48] to metal-organic
frameworks (MOFs) [49] and recently organic porous materials [50]. Organic porous
materials can be constructed by noncovalent and covalent approaches.

Porous polymer is the sub class of organic porous materials. It was defined as
polymeric material containing many pores. According to the IUPAC recommendation,
[51] microporous polymers are defined as polymeric materials with pore size smaller
than 2 nm in diameter, mesoporous polymers with pore size in the range of 2-50
nm, and macroporous polymers with pore size larger than 50 nm. Pores with a
smaller size (e.g., micropores) contribute predominantly to the generation of
materials with high surface area. In addition to the physical structure of the pores,
the functionalities of the polymer framework and pore surface are also important.

The framework and pore surface functionalities can be engineered through the use
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of functional monomers or by postmodification processes. The ability to control the
structure of pores and incorporate desired functionalities into the material has
benefited from the great strides being made in the preparation of porous polymers
by various synthetic methods. Microporous materials have garnered considerable
attention from both the academic and the industrial communities due to their wide
range of potential applications in storage, separation, and catalysis [52]. There are
several different classes of microporous organic polymer (MOP), such as hyper-
crosslinked polymers (HCPs) [53], polymers of intrinsic microporosity (PIMs) [54], and
covalent organic frameworks (COFs) [55]. MOPs can be classified as either amorphous
(HCPs, PIMs) or crystalline (COFs).

There are three distinct strategies for the synthesis of polymers with inherent
microporosity. First, excess free volume can be trapped by the formation of an
amorphous hypercrosslinked polymer network, which on removal of the included
solvent provides a predominantly microporous material. Second, polymers (e.g.,
polymers of intrinsic microporosity) can be designed to possess macromolecular
structures that are both rigid and contorted so as to pack space very inefficiently,
resulting in a large amount of interconnected free volume. Such polymers with
“intrinsic” microporosity may be a network or a non-network polymer; the former
may also trap additional excess free volume, whereas the latter can be soluble and,
therefore, solvent processable.

In contrast to traditional syntheses of polymers, where long chains of
polymerized monomers are interconnected by ditopic cross-linkers, porous polymers
are generally constructed from monomer units that are multitopic (three or more
connection points). These multitopic monomeric precursors generate the linkages
between polymer chains after polymerization in which each chain is kept far apart by
void space near the linkers. The presence of the interchain space leads to the porous

materials.

1.11 Conjugated microporous polymer

Conjugated microporous polymers (CMPs) constitute the typical classes of

covalently linked organic porous materials and feature high porosity, light weight
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elements and strong covalent linkages [56]. Among these covalently linked organic
porous materials, CMPs are a class of amorphous materials that permit the linking of
building blocks in a m-conjugated fashion and possess three-dimensional (3D)
networks. These structural features are unique and are not avaliable in other porous
materials, which are typically not m-conjugated, or conventional conjugated
polymer, which are nonporous. Since the first discovery of CMP by Jiang and
coworkers [57], many chemists and materials scientists have joined this field of study
and contributed to the rapid growth of the CMP family. From a molecular design
perspective, the most characteristic feature of CMPs is the rather broad diversity of &
units. Building blocks ranging from simple phenyl units to extended arenes,
heterocyclic aromatic units and large macrocycles have been successfully exploited
for the synthesis of CMPs. Because there is less limitation on size, geometry and
functional groups, CMPs can be systematically tuned their m-conjugated porous
architectures and allowed for the optimization of the skeleton and properties. From
a synthetic perspective, chemical reactions for synthesizing linear conjugated
polymers, such as the Suzuki cross-coupling reaction, Yamamoto reaction,
Sonogashira-Hagihara  reaction,  oxidative  coupling,  Schiff-base  reaction,
cyclotrimerization, phenazine ring fusion reaction and Friedel-Crafts arylation, are
effective for the preparation of CMPs. The diversity of building blocks, coupled with
the wide availability of different reaction types, make CMPs an invaluable platform
for developing new organic porous materials. To construct a conjugated skeleton, the
synthetic reaction must covalently link building blocks with a m-conjugated bond.
Because building blocks can have different geometries, reactive groups and =
systems, this structural diversity significantly enhances the flexibility of the design of
both skeletons and pores. CMPs are usually obtained as insoluble powders which is
the main obstacle that prevents it from forming thin film product by solution

processes.

1.12 Application of CMP

CMPs are unique in that they are nanoporous and m-conjugated, whereas

their structures can be designed at the molecular level and synthetically controlled.
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By virtue of high surface areas and microporous characteristics, CMPs have emerged

as a new class of porous materials for gas adsorption and storage applications. The

pores provide open space and are accessible to various guest molecules and metal

ions, allowing for the construction of supramolecular structures and organic—inorganic

hybrids. Most importantly, CMPs allow the complementary utilization of =-

conjugated skeletons and nanopores for functional exploration. For examples:

Gas adsorption and storage: CMPs have been widely explored for the
adsorption and storage of gases, such as hydrogen, carbon dioxide and
methane. In addition to the control over porosity provided by
synthetic methods, the pore environment can be modified by
introducing functional units to the wall surface. This surface
functionalization is an important and effective way to enhance the
capacity and selectivity of a specific gas [58, 59].

Encapsulation of dyes, solvents and other chemicals: In addition to
gases, the pores of CMPs are accessible to toxic chemicals, organic
solvents, dyes and fullerenes, expanding the encapsulation scope of
CMPs. The introduction of a hydrophobic unit, such as fluorine,
endows CMPs with hydrophobic pores, whereas hydrophilic groups
can enhance the hydrophilicity of the porous materials [60].
Heterogeneous catalyst: CMPs are characterized by their capabilities of
integrating various functionalities into their skeletons. Introduction of
catalytic sites to the skeletons endows CMPs with built-in catalytic
sites. Due to their 3D open frameworks, CMPs constitute a new type of
nanoreactor that allows the complementary utilization of skeletons
and pores [61].

Light emitter: Extended m conjugation over their 3D skeletons endows
CMPs with a high probability of preparing highly efficient luminescent
materials [62].

Chemosensors: Conjugated polymers are fascinating materials with ©
conjugation and light-emitting properties that allow for the detection

of various chemicals. Specific sites that interact with target
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compounds can be introduced into conjugated chains to enhance the
interaction interface and improve the signaling activity. CMPs are
attractive candidates because they possess large surface areas and

provide a broad interface for analyte interaction [63].

® [icht harvesting and excitation energy transduction: A variety of light-
harvesting systems have been studied and attracted much attention
due to their potential for artificial photosynthesis. Among them, CMPs
that bear conjugated skeletons and inherent micropores are
fascinating platforms because CMPs allow for building supramolecular
light-harvesting systems by encapsulating energy acceptors within the
micropores [64].

® f[lectrical energy storage and power supply: Supercapacitors are
energy storage and power supply devices that are in increasing
demand with the broadening of applications such as vehicles and
electric devices. Supercapacitive energy storage operates on the
electric double layer by accumulation of charges at the
electrode/electrolyte interface, where the stored energy is
proportional to the capacitance of the electrode. Therefore, a
breakthrough in electrode materials holds the key to fundamental

advances in supercapacitors [65].

1.13 Multitopic thiophene precursors

There are some examples of multitopic thiophene monomer unit. Since the
polymerization of those molecules will lead to the formation of CMPs. In 2008
Roncali and coworkers [66] have synthesized first three-dimensional m-conjugated
system based on 3,4-ethylenedioxythiophene (EDOT) (Figure 1.10) by electro
polymerization of the linked multi units of EDOT, but the porous properties of this

polymer has not been observed.
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Figure 1.10 Generation of a 3D conjugated network by electropolymerization of a

pseudo-tetrahedral precursor

In 2009, Ak and Toppare [67] have synthesized star shaped thiophene
functionalized monomer: 2,4,6-tris(4-(1H-pyrrol-1-yUphenoxy)-1,3,5-triazine  (TriaTh).
(Figure 1.11) Spectroelectrochemical analysis reflected that copolymer films have

low 7 to m* electronic transitions (386 nm) and high band gap (1.97 eV).
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Figure 1.11 Structure of TriaTh

In 2010, Roncali and coworkers [68] have continued their work on three-

dimensional m-conjugated system based on 3,4-ethylenedioxythiophene (EDOT)
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(Figure 1.12). Three-dimensional conjugated architectures involving conjugated
branches with terminal EDOT groups attached onto a bithiophene core twisted by
steric interactions have been synthesized by Stille coupling reactions. The UV-Vis
absorption spectra recorded in solution showed complex spectral features that
depended on both size and chemical structure of the main conjugated segment and
of the conjugated side chains. Thanks to the fixation of the terminal EDOT groups,
these compounds undergo straightforward and complete electropolymerization to
produce stable electrode materials. The analysis of the electrochemical and optical
properties of the polymers by cyclic voltammetry and spectroelectrochemistry
suggests that the electrochemical coupling of the terminal EDOT groups leads to the
formation of m-conjugated networks the electrochemical and optical properties of
which can be tuned through the length and chemical composition of the oligomeric

conjugated links.

EgTy

Figure 1.12 Structure of various range of EDOT attached to bithiophene core
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1.14 Literature review

In 2007, Cooper and coworkers [57] have synthesized porous
poly(aryleneethynylene) networks using palladium-catalyzed Sonogashira-Hagihara
cross-coupling (Table 1.4). They have demonstrated systematic control over
micropore size distribution by varying the structure of the monomers. The micropore
size was directly correlated to the dimensions and geometry of the precursor

molecules.

Table 1.4 Surface area for poly(aryleneethynylene) network

CMP Alkyne Halogen SgeT

monomer monomer [m e ]
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In 2009, Thomas and coworkers [69] have synthesized a new class of
microporous conjugated polymers, namely poly(arylene thienylene)s, based on
thiophene linkages. They have synthesized 2,2'7,7'-tetrakis(2-thienyl)-9,9'-
spirobifluorene (Compound 5) and 1,3,5-tris(2-thienyl)benzene (compound 6) which
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can be polymerized using FeCls. (Figure 1.13) The resulting powders exhibited very
high surface areas of 577 and 1060 mz/g, respectively.

Figure 1.13 Structures of monomers used for the generation of microporous

polythiophene networks

In 2010, Cooper and coworkers [70] have synthesized a series of contorted
conjugated microporous polymer networks using Sonogashira-Hagihara cross-coupling
on a contorted monomer: spiro-bis(2,5-dibromopropylenedioxythiophene). (Figure
1.14) The polymers show enhanced surface areas and exhibit a reversibly adsorption
of 1.71% hydrogen by mass at 1.13 bar/77 K While they do not anticipate
applications in H, storage by simple physisorption, these polymers are highly porous
and represent a new class of cross-linked CMP-containing thiophene in the
backbone. These discoveries suggested the possibility for producing composite
photovoltaic materials or conducting microporous materials by introducing low band-

gap units into the polymer chain.



Figure 1.14 Structure of contorted conjugated microporous polymers 7- 9

24
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In 2014, Yang and coworkers [71] have synthesized two conjugated porous
polymers with different steric configuration. (Figure 1.15) The two polymers have
almost equal BET surface areas of 57.72 m2/g and 62.97 mz/g respectively, but
exhibit different CO, uptake capacity even with identical chemical constitution. This
resulted from the different ageregated morphologies. This work demonstrates that
design of initial monomer with specific geometries can change the polymer
aggregated morphology, which could influence the gas isotherms enthalpies and
adsorption capacity. In other words, the gas adsorption capacity depends not only on

the high BET area, but also on the aggregated morphology of the material.
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Figure 1.15 Synthetic pathways toward the polythiophene networks

1.15 Statement of the problem and objectives

As only few examples of conjugated microporous polymers (CMP) based on
3,4-dioxythiophenes were reported, the possibilities of creating new porous materials
carrying beneficial features of this versatile group of conjugated polymers are still
vastly available. The ease and varieties of polymerization methods allow these
polythiophenes, especially PEDOT derivatives, to be the prime target. Consequently,

the goal of this project is to synthesize new conjugated microporous polymer (CMP)



26

from multitopic EDOT monomers carrying 2 or more thiophene units that linked
together by appropriate linkers. Furthermore, new thiophene derivatives relating to
PEDOT are designed and prepared to extend the utility of efficient solid state
polymerization (SSP) with the prospect to apply towards constructing new CMP.



CHAPTER Il

EXPERIMENTS

2.1 Chemicals

Thin layer Chromatography (TLC) was performed on aluminum sheets
precoated with silica gel (Merck Kieselgel 60 F,s54, Merck KGaA, Darmstadt, Germany).
Column chromatography was performed using 0.063-0.200 mm or 70-230 mesh ASTM
silica gel 60 (Merck Kieselgel 60 G, Merck KGaA, Darmstadt, Germany). Solvents used
in synthesis were reagent or analytical grades. Solvents wused in column
chromatography were distilled from commercial grade prior to use. Other reagents
were purchased from the following venders:

- RCl Labscan (Bangkok, Thailand): acetone, acetonitrile, chloroform,
dichloromethane, dimethylsulfoxide (DMSO), dimethylformamide (DMF), nitric
acid (HNO3), sodium hydrogen carbonate (NaHCO5)

- Acrés Organics (New Jersey, USA): 1,2-dibromoethane, dimethyl sulfate
((CH3),SOy),  N-bromosuccinimide  (NBS), p-toluenesulfonic acid (PTSA),
quinoline,

- Carlo Erba (Milan, ltaly): fuming nitric acid, lodine, sodium azide (NaNs),
triethylamine (TEA).

- Merck Co. (Darmstadt, Germany): acetic acid (AcOH), chloroacetyl chloride,
concentrated hydrochloric acid, concentrated sulfuric acid, diethyl ether
(Et,0), absolute ethanol (EtOH), glycerol, epichlorohydrin, sodium hydroxide
(NaOH).

- Ajax Finechem Pty (Auckland, New Zealand): calcium chloride

- Cambridge Isotope Laboratories (USA): deuterated chloroform (CDCls),
deuterated dimethylsulfoxide (DMSO-dy)

- Aldrich  (USA): diethyl oxalate (CO.Et),, ethyl chloroacetate, 3,4-
dimethoxythiophene  (DMT), deuterium oxide (D,0), 3,4-ethylene-
dioxythiophene (EDOT), malonylchloride, 1,4-phenylene  diisocyanate,

terephthaloylchloride, p-toluene sulfonyl chloride, 1,3,5-benzene tricarbonyl
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trichloride, cuprous oxide (Cu,O), epichlorohydrin, potassium carbonate
(K,COs), propionyl chloride, sodium metal

- KENTO (Japan): methanesulfonyl chloride

- TCI-EP (Japan): trans-1,2-cyclohexanediol

- Panreac (Spain): anhydrous magnesium sulfate (MgSQO,)

2.2 Instruments and equipment

Melting points were determined with a Stuart Scientific Melting Point SMP10
(Bibby Sterlin Ltd., Staffordshire, UK). FT-IR spectra were recorded on a Nicolet 6700
FT-IR spectrometer. 'Hand °C NMR spectra were obtained in deuterated chloroform
(CDCly), deuterated dimethylsulfoxide (DMSO-dy) or deuterium oxide (D,O) using
Varian Mercury NMR spectrometer operated at 400.00 MHz for 'H and 100.00 MHz for
PC nuclei (Varian Company, USA). Mass spectra were recorded on Waters Micromass
Quatto micro APl ESCi (Waters, USA). Samples were dissolved in EtOAc, MeOH,
acetone or water. UV-Vis absorption spectra were recorded on an Agilent 8453E UV-
Visible spectroscopy. Conductivity of each polymers were measured by 4-point
probe technique using Keithley Semiconductor Characterization System 4200. Surface
morphologies of the polymers were analyzed by scaning electron microscope JEM-
2100 (JEOL, Tokyo, Japan). High resolution mass spectra were recorded on microTOF-

Q I 10335.

2.3 Monomer Synthesis
2.3.1 Ethyl chloroacetate (12)

(0]
o
OEt

12
50 mL (56.510 g, 0.50 mol) of chloroacetyl chloride was slowly added into 32
mL (25.4 g, 0.55 mol) of EtOH over period of 30 min. The reaction mixture was stirred
at 0 °C and then warmed to room temperature and stirred for another 3 h. The

mixture was quenched by adding 120 mL of 2 M NaOH. The organic layer was
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separated and the aqueous layer was extracted with diethyl ether three times. The
combined organic layers were dried over anhydrous MgSO,. The solvent was
removed using rotary evaporator to give an almost quantitative yield of 1 as
colorless liquid (55 mL, 99%). 1H NMR (400 MHz, CDCls): & (ppm) 4.24 (q, J = 7.2 Hz,
2H), 4.04 (s, 2H), 1.29 (t, J = 7.2 Hz, 3H) (Figure A.1, Appendix A). ~C NMR (100 MHz,
CDCLy): & (ppm) 167.3, 62.2, 40.9, 14.0 (Figure A.2, Appendix A).

2.3.2 Diethyl thiodiglycolate (13)

EtO OFEt
W}A S /\H/

(0) (0]
13

Solution of sodium sulfide nonahydrate (Na,S.9H,0, 12.0 g, 50 mmol) in water
(30 mL) was added dropwise to the solution of compound 12 (13.240 ¢, 55 mmol) in
acetone (50 mL). The reaction was stirred and refluxed for 3 h under nitrogen
atmosphere. After cooling back to room temperature, the organic layer was
separated and the aqueous layer was extracted with diethyl ether three times. The
combined organic layers were dried over anhydrous MgSO, and then evaporated by
a rotary evaporator to give compound 2 as a yellow liquid (5.030 g, 45%). "H NMR
(400 MHz, CDCly): & (ppm) 4.19 (g, J = 7.1 Hz, 4H), 3.37 (s, 4H), 1.28 (t, J = 7.2 Hz, 6H)
(Figure A.3, Appendix A). °C NMR (100 MHz, CDCLy): & (ppm) 169.5, 61.1, 33.3, 13.9
(Figure A.4, Appendix A). MS: [M+Na]” m/z = 229.05 (Figure A.5, Appendix A) [72].

2.3.3 Diethyl 3,4-dihydroxythiophene-2,5-dicarboxylate (14)

HO OH

/

S

EtO OEt

14
Sodium metal (4.0 g, 0.35 mol) was dissolved in EtOH (75 mL) and then
added dropwise to a mixture of compound 2 (4.217 g, 0.021 mol) and diethyl oxalate

(7.2 g, 0.05 mol) over 30 min in ice bath. The reaction mixture was refluxed for
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additional 3 h under nitrogen, cooled to room temperature, poured into water (400
mL) and acidified by concentrated hydrochloric acid (15 mL) to afford a yellow
precipitate. The filtered solid was recrystallized from methanol to give 14 as white
needle crystals (3.502 g, 68%). mp. 134-135 °C. "H NMR (400 MHz, CDCly): & (ppm)
9.36 (s, 2H), 4.39 (q, J = 7.1 Hz, 4H), 1.38 (t, J = 7.1 Hz, 6H) (Figure A.6, Appendix A).
“C NMR (100 MHz, CDCL): & (ppm) 1655, 151.6, 107.1, 61.7, 14.0 (Figure A.7,
Appendix A). IR (ATR, cm71): 3305 (-OH st), 2981 (-CH st), 1690 (C=0 st), 1663 (C=C st)
(Figure A.8, Appendix A). MS: [M+H]" m/z = 250.20 (Figure A.9, Appendix A) [73].

2.3.4 Diethyl 2-(hydroxymethyl)-2,3-dihydrothieno[3,4-b]-1,4-dioxine-5,7-

dicarboxylate (15)

e

o O

et
EtOOC COOEt

S
15
Compound 14 (0.260 g, 1.0 mmol), epichlorohydrin (0.47 mL, 6.0 mmol) and
K,CO5 (0.28 g, 2.0 mmol) were mixed in EtOH (20 mL). The reaction was stirred and
refluxed at 80 °C for 72 h under nitrogen atmosphere. The reaction mixture was
quenched by 10% hydrochloric acid solution and then extracted twice with
chloroform. The combined organic layers were washed by 2 M NaOH, dried over
anhydrous MgSQy, and evaporated using rotary evaporator to get yellow solid. The
crude mixture was purified by passing through a silica gel column, eluted with
hexane:ethyl acetate (2:1) to yield a light yellow solid (0.180 g, 57%). '"H NMR (400
MHz, CDCly): & (ppm) 4.47 (m, 2H), 4.36 (m, 1H), 4.27 (m, 2H), 3.94 (g, J = 12.5, 4H),
1.36 (s, 1H), 1.33 (t, 6H) (Figure A.10, Appendix A). “C NMR (100 MHz, CDCly): &
(ppm) 161.0, 160.8, 145.3, 144.7, 112.0, 111.3, 74.8, 74.5, 66.0, 61.4, 60.9, 14.2, 14.2
(Figure A.11, Appendix A). IR (ATR, cm ) 3539 (-OH st), 2987, 2934 (-CH st), 1702
(C=0 st) (Figure A.12, Appendix A) [74].
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2.3.5 2,3-Dihydrothieno[3,4-b]-1,4-dioxin-2-yl methanol (16)

e

(0] O

8
S

16

3,4-dimethoxythiophene (0.144 g, 1.0 mmol), glycerol (0.552 g, 6.0 mmol) and
p-toluenesulfonic acid (PTSA) (0.038 g, 0.2 mmol) was stirred in 15 mL toluene and
refluxed at 110 °C for 48 h under nitrogen atmosphere. After completion, the
reaction was quenched by adding saturated NaHCO; solution. Then the organic layer
was separated and the aqueous layer was extracted with ethyl acetate three times.
The combined organic layers were dried over anhydrous MgSQO,4. The crude mixture
was purified by column chromatography using hexane:ethyl acetate (1:1) as eluent to
yield 2,3-dihydrothieno[3,4-b]-1,4-dioxin-2-yl methanol (16) as yellow oil (0.070 g, 42
%). 'H NMR (400 MHz, CDCls): 8 (ppm) 6.27 (s, 2H), 4.15 (m, 2H), 4.02 (m, 1H), 3.77 (m,
2H), 1.94 (s, 1H) (Figure A.13, Appendix A). ~C NMR (100 MHz, CDCL): & (ppm):
141.4, 100.2, 99.8, 74.1, 65.7, 61.6 (Figure A.14, Appendix A). IR (ATR, Cm_l): 3386 (-
OH st), 3114 (-CH st), 2923, 1485 (C=C st), 1183 (-C-O st) (Figure A.15, Appendix A)
[74].

2.3.6  (2,3-Dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl-4’-methylbenzene

sulfonate (17)

Compound 16 (0.086 g, 0.5 mmol) and p-toluenesulfonyl chloride (0.191 g,

1.0 mmol) was dissolved in 2 mL of dry dichloromethane, added triethylamine (0.2
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mL, 1.4 mmol) and stirred for 2 days under nitrogen atmosphere at room
temperature. The solution was quenched by 5% H,SO,4 solution, extracted by
dichloromethane, and washed by sat. NaHCOs;. After purified by column
chromatography using EtOAc and hexane in 1:4 ratio as eluent, the product was
obtained as white solid in 0.130 ¢ (80% yield). 'H NMR (400 MHz, CDCLl;) 6 (ppm) 7.80
(d,J =79 Hz, 2H), 7.36 (d, J = 7.9 Hz, 2H), 6.32 (3.6 Hz, 1H), 6.26 (3.6 Hz, 1H), 4.35 (d,
J = 5.6 Hz, 1H), 4.15-4.23 (m, 3H), 4.02 (dd, J = 11.8, 6.5 Hz, 1H), 2.46 (s, 3H) (Figure
A.16, Appendix A). °C NMR (100 MHz, CDCl;) & 145.3, 141.0, 140.4, 132.5, 130.0,
128.0, 100.2, 100.2, 70.8, 66.9, 65.0, 21.6 (Figure A.17, Appendix A) [75].

2.3.7 (2,3-Dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl methanesulfonate(18)

Compound 16 (0.086 g, 0.5 mmol) was added into dichloromethane 2 mL
and NEt; 1 mL solution that was stirred in ice bath. Methanesulfonyl chloride (0.092
g, 0.8 mmol) was added dropwise into the solution and then stirred for 24 h. The
solution was quenched by 5% H,SO4. The organic layer was extracted by
dichloromethane, washed by sat. NaHCOs;, dried with anhydrous MgSO, and
evaporated the solvent to obtain the product as yellow liquid in quantitative yield
(0.125 9). 'H NMR (400 MHz, CDCls) 6 6.37 (s, 2H), 4.43 (m, 3H), 4.25 (d, J = 11.8 Hz,
1H), 4.10 (dd, J = 11.8, 6.2 Hz, 1H), 3.07 (s, 3H) (Figure A.18, Appendix A). ~C NMR
(100 MHz, CDCl;) 6 141.0, 140.4, 100.4, 71.1, 66.9, 64.9, 52.6, 37.7, 37.6 (Figure A.19,
Appendix A) [76].
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238 2-(Azidomethyl)-2,3-dihydrothieno[3,4-b][1,4]dioxine (19)

Compound 18 (0.100 g, 0.4 mmol) was added into solution of 2 mL EtOH and
2 mL THF. Sodium azide solution (0.28 g, 0.43 mmol in 1 mL water) was added and
the reaction was stirred and heated at 80 °C for 48 h. The reaction was added 10 mL
water and extracted by EtOAc. The separated organic layer was concentrated and
purified by column chromatography using hexane:ethyl acetate (1:1) as eluent to
yield the clear liquid product in 70 % yield (0.055 9). 'H NMR (400 MHz, CDCls) 6 6.38
(d, J = 3.5 Hz, 1H), 6.35 (d, J = 3.5 Hz, 1H), 4.36-4.26 (m, 1H), 4.19 (dd, J = 11.7, 1.4
Hz, 1H), 4.05 (dd, J = 11.7, 6.9 Hz, 1H), 3.53 (ddd, J = 18.3, 13.1, 5.6 Hz, 2H) (Figure
A.20, Appendix A). °C NMR (100 MHz, CDCL,) & 141.1, 140.7, 100.3, 100.1, 72.5, 65.8,
50.6 (Figure A.21, Appendix A) [76].

239 Ethyl 2-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methoxy)acetate (20)

Compound 16 (0.122 g, 0.7 mmol), Nal (0.023 g, 0.15 mmol) and NaH (0.080 g,
2 mmol) were added into 5 mL of dry THF and then stirred for 15 min in ice bath.
Ethyl chloroacetate (0.1 mmol, 0.123 g) was added and the solution was stirred at
room temperature under nitrogen atmosphere for 24 h. The reaction was added 10

mL water and extracted by EtOAc. The separated organic layer was concentrated and
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purified by column chromatography using hexane:ethyl acetate (1:1) as eluent to
yield the clear liquid product in 37 % vyield (0.040 ¢).[77] "H NMR (400 MHz, CDCLl;) &
6.53-6.16 (m, 2H), 4.44 — 4.34 (m, 1H), 4.33-4.20 (m, 3H), 4.20-4.07 (m, 3H), 3.82 (dtd,
J =145, 10.0, 4.6 Hz, 2H), 1.31 (t, J = 4.8 Hz, 3H) (Figure A.22, Appendix A). C NMR
(101 MHz, CDCls) & 170.0, 141.5, 141.3, 99.8, 99.7, 72.6, 69.9, 68.9, 659, 61.0, 14.2
(Figure A.23, Appendix A).

2.3.10 2-((2,3-Dihydrothieno[3,4-b][1,4]dioxin-2-yl)methoxy)acetic acid (21)

21
Compound 20 (0.069 g, 0.27 mmol) was dissolved in 2 mL THF. 2 mL of 2 M

NaOH solution was added and stirred for 4 h. Excess THF was removed and the
mixture was acidified by 10% HCl to pH 2. The mixture was extracted by 10 mL
EtOAc twice. The combind organic layer was evaporated to obtain product as clear
liquid in 92 % yield (0.057 g). [77] "H NMR (400 MHz, CDCl;) 6 6.28 (d, J = 3.7 Hz, 1H),
6.26 (d, J = 3.7 Hz, 1H), 4.34 - 4.25 (m, 1H), 4.22-4.17 (m, 1H), 4.16 (s, 2H), 4.08-4.00
(m, 1H), 3.82-3.69 (m, 2H) (Figure A.24, Appendix A). C NMR (101 MHz, CDCL,) &
174.6, 141.4, 141.1, 100.0, 99.9, 72.6, 70.1, 68.4, 65.8 (Figure A.25, Appendix A).
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2.3.11 (2,3-Dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl 2’-chloroacetate (22)

(@] Cl

Compound 16 (0.086 ¢, 0.5 mmol), K,CO; (0.207 ¢, 1.5 mmol) and DMAP
(0.012 g, 0.1 mmol) were added into 5 mL DCM. Chloroacetyl chloride (0.16 mL, 2
mmol) was added into the solution and then stirred for 24 h. The reaction was
quenched by sat. NaHCO; and extracted twice with 10 mL DCM. The separated
organic layer was concentrated and purified by column chromatography using
hexane:ethyl acetate (1:1) as eluent to yield the clear liquid product in quantitative
yield (0.124 g). 'H NMR (400 MHz, CDCLy) & 6.30 (d, J = 3.7 Hz, 1H), 6.29 (d, J = 3.7 Hz,
1H), 4.38-4.32 (m, 3H), 4.20-4.13 (m, 1H), 4.07-3.96 (m, 3H) (Figure A.26, Appendix
A). °C NMR (101 MHz, CDCl;) 6 167.0, 141.1, 140.8, 100.3, 100.2, 71.1, 65.3, 63.8, 40.5
(Figure A.27, Appendix A) [78].

2.3.12 Bis((2,3-dihydrothieno[3,4-b]ldioxin-2-yl)methyl) [1',4']benzene

dicarboxylate (23)

23
Compound 16 (0.172 g, 1 mmol) was dissolved in 20 mL dry dichloromethane
with potassium carbonate (0.138 g, 1 mmol) and terephthaloyl chloride (0.122 g, 0.6
mmol). Then, catalytic amount of DMAP was added (0.024 g, 0.02 mmol). The
reaction was stirred at room temperature for 48 h. After washed by sat. NaHCO,

solution, the organic phase was purified by column chromatography with 1:1 EtOAc
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and hexane as mobile phase. The product was obtained as white solid in 0.133 ¢
(56% vyield). mp. 158.2-158.5 °C; HRMS m/z:  497.0325 [M + Na]". Calcd for
CooHig0gS,Na:  497.0341 (Figure A.28, Appendix A). 'H NMR (400 MHz, CDCls) &
(ppm) 8.10 (s, 4H), 6.39 (d, J = 3.6 Hz, 2H), 6.36 (d, J = 3.6 Hz, 2H), 4.66-4.46 (m, 6H),
4.32 (dd, J = 11.7, 1.8 Hz, 2H), 4.16 (dd, J = 11.7, 6.7 Hz, 2H) (Figure A.29, Appendix
A). 13C NMR (100 MHz, CDCls) & (ppm) 166.3, 165.4, 141.1, 133.6, 129.8, 100.2, 71.4,
65.6, 63.4 (Figure A.30, Appendix A). IR (ATR, cm ') 3105 (-CH st), 1715 (C=0 st), 1474
(C=C st), 1171 (-C-O st) (Figure A.31, Appendix A) [78].

2.3.13 Bis((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl) malonate (24)

24

Compound 16 (0.172 ¢, 1 mmol) was added into 10 mL of dry
dichloromethane and potassium carbonate (0.138 ¢, 1 mmol) under nitrogen
atmosphere at 0 °C. Malonyl chloride (0.085 ¢, 0.6 mmol) in 10 mL dry
dichloromethane was added dropwise for 30 min, followed by DMAP (0.024 g, 0.02
mmol). The reaction was stirred at room temperature for 30 min before being
quenched by sat. NaHCO; solution. The mixtured was extracted twice with 10 mL
dichloromethane. The combined organic phase was purified by column
chromatography eluted with EtOAc and obtained pale yellow liquid as the product in
0.811 ¢ (88 %yield). HRMS m/z: 435.0185 [M + Na]+ Calcd for Cy7H40gS,Na: 435.0184
(Figure A.32, Appendix A). 'H NMR (400 MHz, CDCly) & (ppm) 6.39-6.31 (m, 4H),
4.45-4.32 (m, 6H), 4.26-4.17 (m, 2H), 4.09-3.99 (m, 2H), 3.50 (s, 2H) (Figure A.33,
Appendix A). °C NMR (100 MHz, CDCly) & (ppm) 165.7, 141.1, 140.8, 106.0, 100.2,
100.1, 71.2, 65.4, 63.3, 41.0 (Figure A.34, Appendix A). IR (ATR, cm ) 3109 (-CH st),
1733 (C=0 st), 1478 (C=C st), 1171 (-C-O st) (Figure A.35, Appendix A) [78].
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2.3.14 Tris((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl) benzene-1’,3’,5’-
O
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Compound 16 (0.103 g 0.6 mmol) was dissolved in 10 mL dichloromethane
and the solution was added K,CO; (0.083 g, 0.6 mmol) and benzene-1,3,5-tricarbonyl
trichloride (0.054 ¢, 0.2 mmol), followed by DMAP (0.003 ¢, 0.025 mmol). The
reaction was stirred at room temperature under nitrogen atmosphere for 48 h. After
washed by sat. NaHCO; solution, the organic phase was separated, concentrated and
purified by column chromatography using 1:1 EtOAc and hexane as mobile phase.
The product was obtained as white solid in 0.082 ¢ (61 %yield). "H NMR (400 MHz,
CDCly) 6 8.85 (s, 3H), 6.38 (d, J = 3.6 Hz, 3H), 6.36 (d, J = 3.6 Hz, 3H), 4.65-4.60 (m,
6H), 4.55 (td, J = 6.6, 2.2 Hz, 3H), 4.32 (dd, J = 11.7, 2.1 Hz, 3H), 4.19-4.10 (m, 3H)
(Figure A.36, Appendix A). "C NMR (100 MHz, CDCly) & 164.3, 141.1, 140.9, 135.1,
130.9, 100.3, 100.2, 71.3, 65.5, 63.7 (Figure A.37, Appendix A). IR (ATR, cmfl) 3110 (-
CH st), 1712 (C=0 st), 1481 (C=C st), 1165 (-C-O st) (Figure A.38, Appendix A) [78].
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2.3.15 2-(Chloromethyl)-2,3-dihydrothieno[3,4-b][1,4]dioxine (26)

26
3,4-Dimethoxythiophene (0.288 g, 2 mmol) was mixed with 3-chloro-1,2-

propanediol (0.5 mL, 6 mmol) and PTSA (0.080 g, 0.4 mmol) in 10 mL dry toluene.
The mixture was stirred at 100 °C under nitrogen atmosphere for 24 h. The reaction
mixture was washed by sat. NaHCO; and then extracted twice with 10 mL EtOAc. The
combind organic layer was evaporated to obtained product as colorless liquid in
quantitative yield (0.381 g). "H NMR (400 MHz, CDCls) 8 6.44-6.25 (m, 2H), 4.37 (tdd, J
=7.3,5.3,22 Hz, 1H), 4.28 (dd, J = 11.7, 2.2 Hz, 1H), 4.20-4.09 (m, 1H), 3.78-3.60 (m,
2H) (Figure A.39, Appendix A). C NMR (101 MHz, CDCls) & 141.2, 140.7, 100.2, 72.9,
65.6, 41.3 (Figure A.40, Appendix A) [79].

2.3.16 (+)-4a,5,6,7,8,8a-Hexahydrobenzo[elthieno[3,4-b][1,4]dioxine (27)

27

3,4-Dimethoxythiophene (0.144 ¢, 1 mmol) was mixed with (+) trans-1,2-
cyclohexanediol (0.233 g, 2 mmol) and PTSA (0.020 g, 0.1 mmol) in 10 mL dry
toluene. The mixture was stirred at 100 °C under nitrogen atmosphere for 72 h. The
reaction mixture was washed by sat. NaHCO; and then extracted twice with EtOAc.
Using column chromatography eluted by hexane/dichloromethane (3:2), 3,4-
cyclohexenedioxythiophene (CDOT) was obtained as white solid crystal in 0.197 ¢
(86% yield). mp. 142.1-142.5 °C; 'H NMR (400 MHz, CDCL,) & (ppm) 6.30 (s, 2H), 3.78-
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3.68 (m, 2H), 2.20 (d, J = 11.8 Hz, 2H), 1.84 (dd, J = 6.2, 2.7 Hz, 2H), 1.49-1.24 (m, 4H)
(Figure A.41, Appendix A). "C NMR (100 MHz, CDCly) § (ppm) 142.4, 99.0, 77.1, 30.1,
23.8 (Figure A.42, Appendix A) [80].

2.4 Brominations of thiophene derivatives

RO OR RO OR

NBS

S Br S Br

Y

General procedure: 2.5 equivalents of N-bromosuccinimide (NBS) were
added to a stirred solution of a thiophene precursor (1.0 mmol) in chloroform (10
mL) at room temperature. After completion, the reaction mixture was quenched by
adding saturated NaHCOj; solution. The organic layer was separated and the aqueous
layer was extracted with dichloromethane three times. Then the combined organic
layers were washed with 2 M NaOH three times. After drying over anhydrous MgSQy,
the solution was evaporated using rotary evaporator and then purified by column

chromatography to obtain the corresponding dibromothiophene.[81]

2.4.1 2,5-Dibromo-3,4-ethylenedioxythiophene (28)

o O

bat

Br S Br

28
Following the general procedure, 3,4-ethylenedioxythiophene (EDOT) (0.142 g,
1.0 mmol) and NBS (0.4450 g, 2.5 mmol) in chloroform (10 mL) were mixed for 2 min.
The crude mixture was purified by column chromatography, eluted with 3:2 mixture
of hexane and ethyl acetate to get a light yellow solid (0.290 g, 98%). Mp. 96-97 °C.
'H NMR (800 MHz, CDCL,): & (ppm) 4.27 (s, 4H) (Figure A.43, Appendix A). “C NMR
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(100 MHz, CDCls): & (ppm) 139.7, 85.5, 64.9 (Figure A.44, Appendix A). IR (ATR, cmfl):
2923 (-CH st), 1505 (C=0 st), 1080 (-C-O st) (Figure A.45, Appendix A). MS: [IM+H]"
m/z = 299.20 (Figure A.46, Appendix A) [81].

2.4.2 (5,7-dibromo-2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methanol (29)

29

Following the general procedure, compound 16 (0.172 g, 1.0 mmol) and NBS
(0.4450 g, 2.5 mmol) in chloroform (10 mL) were mixed for 1 min. The crude mixture
was purified by column chromatography, eluted with ethyl acetate to get a pale
yellow liquid (0.250 g, 77%). 'H NMR (400 MHz, CDCL,): & (ppm) .24 (m, 2H), 4.10 (m,
1H), 3.84 (m, 2H), 1.99 (s, 1H) (Figure A.47, Appendix A). °C NMR (100 MHz, CDCLy): &
(ppm) 139.5, 85.6, 85.5, 74.6, 65.1, 61.4 (Figure A.48, Appendix A). MS: IM+H]" m/z =
329.09 (Figure A.49, Appendix A) [82].

2.4.3 (5,7-Dibromo-2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl 4°-

methylbenzenesulfonate (30)

30
Following the general procedure, compound 17 (0.163 g, 0.5 mmol) and NBS
(0.223 g, 1.25 mmol) in chloroform (10 mL) were stirred for 1 min. The crude mixture

was purified by column chromatography, eluted with ethyl acetate to get a white
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solid product (0.219 g, 90.4 %) 'H NMR (400 MHz, CDCl5) 6 7.81 (d, J = 8.3 Hz, 2H),
7.37(d, J = 8.1 Hz, 2H), 4.52-4.34 (m, 1H), 4.26 (ddd, J = 9.9, 6.2, 3.7 Hz, 2H), 4.20 (dd,
J = 111, 59 Hz, 1H), 4.08 (dd, J = 12.1, 6.7 Hz, 1H), 2.46 (s, 3H) (Figure A.50,
Appendix A). "C NMR (100 MHz, CDCl,) § 145.5, 139.0, 138.5, 132.2, 130.1, 130.0,
128.0, 86.1, 71.3, 66.3, 65.3, 29.6, 21.7 (Figure A.51, Appendix A). HRMS m/z:
504.8374 [M + Na]" Calcd for Ci4H12Br,05S,Na: 504.8391 (Figure A.52, Appendix A).

2.4.4 2-(Azidomethyl)-5,7-dibromo-2,3-dihydrothieno[3,4-b][1,4]dioxine (31)

31

Following the general procedure, compound 19 (0.099 g, 0.5 mmol) and NBS
(0.223 ¢, 1.25 mmol) in chloroform (10 mL) were stirred for 1 min. The crude mixture
was purified by column chromatography, eluted with ethyl acetate to get a yellow
liquid (0.124 ¢, 70%) 1H NMR (400 MHz, CDCls) & 4.37 (td, J = 7.4, 2.1 Hz, 1H), 4.28 (dd,
J =119, 2.1 Hz, 1H), 4.19-4.04 (m, 1H), 3.67-3.48 (m, 2H) (Figure A.53, Appendix A).
PC NMR (100 MHz, CDCly) & 139.1, 138.8, 86.2, 86.0, 73.0, 66.1, 50.2 (Figure A.54,
Appendix A).

2.45 (5,7-Dibromo-2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl 2’-

chloroacetate (32)
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Following the general procedure, compound 22 (0.125 g, 0.5 mmol) and NBS
(0.223 g, 1.25 mmol) in chloroform (10 mL) were stirred for 1 min. The crude mixture
was purified by column chromatography, eluted with ethyl acetate to get a white
solid product (0.148 g, 73%). 'H NMR (400 MHz, CDCls) & 4.46-4.30 (m, 3H), 4.25 (dd, J
- 11.9, 2.1 Hz, 1H), 4.11-4.02 (m, 3H) (Figure A.55, Appendix A). "C NMR (101 MHz,
CDCly) & 166.9, 139.1, 138.8, 86.1, 86.0, 71.5, 65.6, 63.2, 40.5, 28.7 (Figure A.56,
Appendix A). HRMS m/z: 426.8050 [M + Na]  Calcd for CoH;Br,ClO,SNa: 426.8018
(Figure A.57, Appendix A).

2.4.6 Bis((5,7-dibromo-2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl)

terephthalate (33)

Br
33

Following the general procedure, compound 23 (0.119 ¢, 0.25 mmol) and NBS
(0.223 ¢, 1.25 mmol) in chloroform (10 mL) were stirred for 3 min. The crude mixture
was purified by column chromatography, eluted with ethyl acetate to get clear liquid
product (0.188 g, 95%). 'H NMR (400 MHz, CDCL,) & 8.10 (s, 4H), 4.70-4.56 (m, 6H),
4.40 (dd, J = 11.9, 2.0 Hz, 2H), 4.24 (dd, J = 11.9, 6.0 Hz, 2H) (Figure A.58, Appendix
A). “C NMR (100 MHz, CDCly) & 165.1, 139.0, 1335, 129.9, 86.0, 71.8, 65.9, 62.9

(Figure A.59, Appendix A).



2.4.7 Bis((5,7-dibromo-2,3-dihydrothieno[3,4-b][1,4]dioxin-2-y)methyl)

malonate (34)

(0] (0]
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Br Br
34
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Following the general procedure, compound 24 (0.103 g, 0.25 mmol) and NBS

(0.223 g, 1.25 mmol) in chloroform (10 mL) were stirred for 2 min. The crude mixture

was purified by column chromatography, eluted with dichloromethane and hexane

in 3:1 ratio to get clear liquid product (0.124 g, 68%). 'H NMR (400 MHz, CDCls) &
4.53-4.41 (m, 4H), 4.42-4.34 (m, 2H), 4.31 (d, J = 11.6 Hz, 2H), 4.18-4.05 (m, 2H), 3.53
(d, J = 8.9 Hz, 2H) (Figure A.60, Appendix A). °C NMR (101 MHz, CDCly) & 165.6,

139.1, 138.9, 86.0, 71.6, 71.6, 65.6, 62.8, 62.8, 41.1, 40.9 (Figure A.61, Appendix A).

2.4.8 Tris((5,7-dibromo-2,3-dihydrothieno[3,4-b][1,4]dioxin-2-y)methyl)

benzene-1’,3’,5 -tricarboxylate (35)
Br
o)
—
S
—
O
o o Br
0\/K/0 o)

(0] (@)
;\O
(0]
\ N Br
S
r
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35
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Following the general procedure compound 25 (0.067 ¢, 0.10 mmol) and NBS
(0.134 g, 0.75 mmol) in chloroform (10 mL) were stirred for 3 min. The crude mixture
was purified by column chromatography, eluted with ethyl acetate to get a clear
liquid product (0.095 g, 83 % yield). 'H NMR (400 MHz, CDCls) & 8.85 (s, 3H), 4.75-4.66
(m, 3H), 4.63 (dd, J = 9.0, 3.6 Hz, 6H), 4.39 (dt, J = 20.0, 10.0 Hz, 3H), 4.24 (dd, J =
11.9, 5.9 Hz, 3H) (Figure A.62, Appendix A).

2.4.9 5,7-Dibromo-2-(chloromethyl)-2,3-dihydrothieno[3,4-b][1,4]dioxine (36)

e

(0] 0]

"
Br Br

S
36

Following the general procedure, compound 26 (0.191 g, 1.0 mmol) and NBS
(0.445 ¢, 2.5 mmol) in chloroform (10 mL) were mixed for 1 min. The crude mixture
was purified by column chromatography, eluted with ethyl acetate to get a pale
yellow liquid product (0.296 g, 85%). "H NMR (400 MHz, CDCls) & 4.46-4.39 (m, 1H),
4.29 (ddd, J = 18.2, 11.9, 4.3 Hz, 2H), 3.82-3.63 (m, 2H) (Figure A.63, Appendix A). Pc
NMR (101 MHz, CDCly) & 139.2, 138.8, 95.0, 86.0, 73.4, 66.0, 40.7 (Figure A.64,
Appendix A).

2.4.10 (%)-1,3-Dibromo-4a,5,6,7,8,8a-hexahydrobenzo[e]thieno[3,4-

bl[1,4]dioxine (37)
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Following the general procedure, compound 27 (0.098 g, 0.5 mmol) and NBS
(0.223 g, 1.25 mmol) in chloroform (10 mL) were stirred for 2 min. The crude mixture
was purified by column chromatography, eluted with dichloromethane and hexane
in 2:3 ratio to get white needle crystal of the product (0.166 g, 94%). mp. 127.5-128
°C 1H NMR (400 MHz, CDCls) & 3.79-3.65 (m, 2H), 2.28 (d, J = 13.1 Hz, 2H), 1.85(d, J =
9.0 Hz, 2H), 1.55-1.28 (m, 4H). (Figure A.65, Appendix A). -C NMR (100 MHz, CDCL)
0 140.4, 84.8, 77.7, 29.9, 23.7. (Figure A.66, Appendix A).

2.5 Polymer synthesis

2.5.1 Solid state polymerization (SSP)

R R R R

AN

Br S Br S

Y

n

General procedure: 0.5 mmol of brominated monomer was placed in a
round bottom flask and heated at 80 C for 24 h. During this period the brominated
monomer would turn into dark blue solid polymer. The resulted polymer was
washed by dichloromethane to remove the non-polymerized monomer and afforded

the corresponding bromine-doped polymer after being dried in dessicator [46].

2.5.1.1 PEDOT from SSP (38)

Following the general procedure, compound 28 (0.150 ¢, 0.5 mmol) was
turned into insoluble doped PEDOT 38 in 0.115 g (> 100%). IR (ATR, cm’): 1476 (C=C
st), 1165 (-C-O st) (Figure A.67, Appendix A).[83]
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2.5.1.2 Poly (2,3-dihydrothieno[3,4-b]-1,4-dioxin-2-yl methanol) (39)

39
Following the general procedure, compound 29 (0.165 g, 0.5 mmol) was
turned into insoluble polymer 39 in 0.122 ¢ (> 100%). IR (ATR, cm’): 3425 (-O-H st),
1502 (C=C st), 1135 (-C-O st) (Figure A.69, Appendix A).

2.5.1.3 Poly ((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl 4’-

methylbenzenesulfonate) (40)

=

o O

ha

S

I 4 n

40
Following the general procedure compound 30 (0.242 g, 0.5 mmol) was
turned into insoluble polymer 40 in 0.183 ¢ (> 100%). IR (ATR, cm_1): 1485 (C=C st),
1290 (S=0 st), 1125 (-C-O st) (Figure A.71, Appendix A).
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2.5.1.4 Poly ((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl 2’-chloroacetate)

(41)

41

Following the general procedure, compound 32 (0.203 ¢, 0.5 mmol) was
turned into insoluble polymer 41 in 0.146 ¢ (> 100%). IR (ATR, cm'l): 1735 (C=0 st),
1481 (C=0 st), 1134 (-C-O st) (Figure A.73, Appendix A).

2.5.1.5 Poly ((+)-4a,5,6,7,8,8a-hexahydrobenzo[e]thieno[3,4-b][1,4]dioxine) (42)

42

Following the general procedure compound 37 (0.177 g, 0.5 mmol) was
turned into insoluble polymer 42 in 0.135g. (> 100%). IR (ATR, cmfl): 1431 (C=C st),
1102 (-C-O st) (Figure A.75, Appendix A).

2.5.2 Chemical polymerization

3 equiv FeCly
B —
/ \ CHCl, / \

S S
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2.5.2.1 PEDOT from chemical polymerization (38c)

Solution of EDOT (2.840 ¢, 20 mmol) in 20 mL chloroform was added
dropwise to well stirred suspension of FeCls (9.72 ¢, 60 mmol) in 100 mL chloroform.
After being stirred for 24 h, methanol (20 mL) was added and filtered solid product.
The remaining FeCl; was removed by soxhlet extraction with methanol for 72 h to
obtain insoluble dark blue polymer (1.846 g, 65%). IR (ATR, cm_1): 1477 (C=C st), 1157
(-C-O st) (Figure A.77, Appendix A). [83, 84]

2.5.2.2 Poly bis((2,3-dihydrothieno[3,4-bldioxin-2-yl)methyl) [1',4']benzene

dicarboxylate (44)

n

44

Solution of compound 23 (0.237 g, 0.5 mmol) in 10 mL chloroform was
added dropwise to well stirred suspension of FeCl; (0.488 g, 3 mmol) in 20 mL
chloroform. After being stirred for 24 h, methanol (20 mL) was added and filtered the
solid product. The remaining FeCl; was removed by soxhlet extraction with
methanol for 72 h to obtain insoluble dark blue polymer (0.149 g, 63%). IR
(ATR, cm ) 1708 (C=0 st), 1432 (C=C st), 1085 (-C-O st) (Figure A.78, Appendix A).

2.5.2.3 Poly (bis((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl) malonate) (45)

45
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Solution of compound 24 (0.206 g, 0.5 mmol) in 10 mL chloroform was
added dropwise to well stirred suspension of FeCl; (0.488 ¢, 3 mmol) in 20 mL
chloroform. After being stirred for 24 h, methanol (20 mL) was added and filtered
solid product. The remaining FeCl; was removed by soxhlet extraction with methanol
for 72 h to obtain insoluble dark blue polymer (0.126 g, 61%). IR (ATR, cmfl): 1721
(C=0 st), 1459 (C=C st), 1094 (-C-O st) (Figure A.79, Appendix A).

2.5.2.4 Poly (tris((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl) benzene-1,3,5-

tricarboxylate) (46)

46

Solution of compound 25 (0.134 g, 0.2 mmol) in 10 mL chloroform was
added dropwise to well stirred suspension of FeCl; (0.292 g, 1.8 mmol) in 20 mL
chloroform. After being stirred for 24 h, methanol (20 mL) was added and filtered
solid product. The remaining FeCl; was removed by soxhlet extraction with methanol
for 72 h to obtain insoluble dark blue polymer (0.090 ¢, 67%). IR (ATR, cm): 1712
(C=0 st), 1481 (C=C st), 1090 (-C-O st) (Figure A.80, Appendix A).
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2.5.2.5 Copolymer of (PEDOT + 5% polymer 44)

The copolymer of PEDOT + 5% polymer 44 was prepared from the mixture of
compound 23 (0.475 g, 1 mmol) and EDOT (2.698 ¢, 19 mmol) in chloroform (20 mL),
which was added dropwise into 100 mL chloroform containing stirred suspension of
FeCl; (9.732 ¢, 60 mmol). The mixture underwent the same chemical polymerization
procedure as in 2.5.2.1 to obtain 1.843 ¢ (58%) of the corresponding insoluble
copolymer (Figure A.81, Appendix A).



CHAPTER IlI

RESULTS AND DISCUSSION

3.1 Monomer synthesis
3.1.1 Synthesis of Diethyl 3,4-dihydroxythiophene-2,5-dicarboxylate (14)
QCL (i) i (ii)
ol o . CI\JJ\OEt EtO\HAS A{(OB
12 0 43 O

(iif)

HO OH

EtO / \
S
(¢} 14 o

Reagents and conditions: (i) absolute EtOH, rt; (ii) Na,S.9H,0, acetone, 60 °C, 3 h; (iii)

OEt

NaOEt, 0.5 h, 0 °C, (CO,Et),, then reflux in EtOH, 1 h

Scheme 3.1 Synthesis of Diethyl 3,4-dihydroxythiophene-2,5-dicarboxylate (14)

The reaction of chloroacetyl chloride and ethanol obtained compound 12 as
colorless liquid in 99 %yield. This reaction underwent the bimolecular nucleophilic
acyl substitution. The characteristic quartet and triplet signals of the newly added
ethyl group of compound 12 clearly appeared at 6 4.21, 1.23 ppm in 'H NMR
spectrum (Figure A.1, Appendix A) and 6 62.2, 14.1 ppm in PC NMR spectrum
(Figure A.2, Appendix A).

An acetone solution of ethyl chloroacetate 12 was treated through the S\2
fashion with sodium sulfide, giving diethyl thioglycolate 13 in 50 %yield (Entry 2,

Table 3.1), which was much better than ambient atmosphere, possibly due to less
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sulfide air oxidation (Entry 1). Longer reaction time gave only slight increase of the
product yield. The reactant may nearly be used up after 3 h. (Entry 3).
Table 3.1 Conditions for the synthesis of diester 13

Entry Conditions Time (h) %yield
1 60 °C, air 3 25
2 60 °C, N, 3 50
3 60 °C, N, 24 55

The 'H NMR showed the singlet methylene signal at 3.32 ppm and the
quartet and triplet ethyl signals at 4.13 and 1.23 ppm respectively (Figure A.3,
Appendix A). In the C NMR spectrum, the carbonyl carbon appeared at 169.5 ppm
(Figure A.4, Appendix A). Finally, the formation of 13 was supported by the mass
value from MS in the positive mode at 229.05 amu [M+Na]™ [85] (Figure A.5,
Appendix A).

The synthesis of diethyl 3,4-dihydroxythiophene-2,5-dicarboxylate 14
followed the Hinsberg reaction [86], which is a condensation of diethyl thioglycolate
13 with diethyl oxalate under basic conditions [87]. The mechanism of this reaction
as shown in Scheme 3.2 is generally understood to consist of subsequent Claisen
condensation reactions to produce a diketone intermediate, which readily

tautomerizes to the fully conjugated dihydroxythiophene [73, 88].
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Scheme 3.2 Mechanism of Hinsberg reaction

The preparation of dihydroxythiophene 14 was optimized in various reaction
conditions as shown in Table 3.2. The diester 13 was condensed with diethyl oxalate
to give the dihydroxythiophene product in good yield (70%) (Entry 2). No erosion of
the yield was observed with the scale-up reaction (Entry 3). Longer reaction time
seemed to give poorer results probably due to further reaction of product 14 (Entry
6).

The 'H NMR showed a broad singlet OH peak at 9.36 ppm (Figure A.6,
Appendix A). In the °C NMR the carbonyl carbon appeared at 165.5 ppm and the
two carbons of the thiophene ring at 107.1 and 151.6 ppm (Figure A.7, Appendix A).
IR spectrum showed very strong broad OH stretching appeared at 3293 cm ‘and the
double bond region at 1661 and 1508 cmfl(Figure A.8, Appendix A). In the mass
spectrum, the molecular ion peak appeared in the positive mode at 259.20 amu [M-

HI" (Figure A.9, Appendix A).
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Table 3.2 Conditions for the synthesis of dihydroxythiophene 14

1) 3 equiv NaOEt, 0.5 h,

0 0 1.2 equiv (CO,Et),, HO OH
fl
EtO)J\/ S\)J\OEt == M
2) conc. HCI EtOO0C S COOEt
13 14
Entry mmol of 13 Time (h) %yield
1 5 1 55
2 10 1 70
3 30 1 68
4 10 2 55
5 30 2 48
6 5 24 41

3.1.2  Synthesis of diethyl 2-(hydroxymethyl)-2,3-dihydrothieno[3,4-b]-1,4-

dioxine-5,7-dicarboxylate (15)

To prepare compound 15, diethyl 3,4-dihydroxythiophene-2,5-dicarboxylate
14 reacted with excess epichlorohydrin by double Sy2 mechanism as shown in

Scheme 3.3. The reaction consists of substitution reactions twice on epoxide ring.
0@/0
G~ .
) /A /_(OH
HO  OH o kOH 0
Et00OC™ “s” COOEt EtOOC~ g~ ~COOEt

Scheme 3.3 Mechanism for substitution on epichlorohydrin

The synthesis of compound 15 was optimized in various conditions as shown

in Table 3.3. The reaction gave only unidentified side product when ethanol was
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used as solvent (Entries 1-2). Most conditions yielded the crude mixture of
compounds that could not be purified.
Table 3.3 Condition for the synthesis of compound 15
OH
HO  OH oﬁg
Epichlorohydrin, K,CO4
Et00C~ g~ “COOEt EtOH, reflux 48 h Et0OC™ g~ “COOEt
14 15
Entry  Solvent Base Epichlorohydrin ~ Time Product %yield
(equiv) (h)
1 EtOH K,CO4 V.2 72 Brown crude oil -
2 EtOH K,CO4 2.0 48 Brown crude oil -
3 DMF TEA 182 48 White solid 10%
a4 DMF TEA 2.0 72 White solid 20%
5 DMF K,CO4 2.0 72 White solid 40%
6 DMF K,COs5 3.0 72 White solid .
coated with

brown crude oil

°Since the product was still a mixture, %yield could not be calculated.

We assumed that the brown crude liquid product probably resulted from

self-polymerization of the excess epichlorohydrin. Changing the solvent to DMF

successfully yielded the desired product. The "H NMR showed the signal at 0 4.2-4.5

ppm which related to the newly constructed structure of compound 15 (Figure

A.10, Appendix A). In the e NMR, the new 3 carbon signals appeared at 74.8, 74.5

and 66.0 ppm (Figure A.11, Appendix A). K,CO; seemed to be more efficient base

for this reaction than TEA (Entries 4 and 5). Increase the equivalence

of

epichlorohydrin seemed to improve the process, but also generated more side

product and complicated the subsequent purification (Entry 6). Overall, the best

condition we found so far still yielded the product in only 40 %. The use

of
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epichlorohydrin in stead of the originally used epibromohydrin might be the cause of
this ineffectiveness.[74] The reactions also often generated brown oil side product
that required tedious purifications and further lowered the yields. These lack of

efficiency and difficulties led us to discontinue this synthetic route towards EDTM.

3.1.3 Synthesis of EDTM by transetherification

Transetherification reaction with glycerol using 3,4-dimethoxythiophene (DMT)
as the starting material was applied on EDTM synthesis [89-91]. We optimized the
reaction condition as shown in Table 3.4. This reaction yielded EDTM as yellow oil
which can be confirmed the structure by 'H NMR (Figure A.13, Appendix A), C
NMR (Figure A.14, Appendix A) and broad IR peak at 3386 cm’ of O-H stretching of
hydroxyl group (Figure A.15, Appendix A). All the characterization data

corresponded well with the report from literature [74].
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Table 3.4 Conditions for transetherification of DMT with glycerol

MeO OMe o O
PTSA, toluene
Z/ \i + 0T Y on - Z/ \i
s OH 80C s
Entry  DMT Glycerol ~ PTSA Time % conversion % yield

(mmol)  (mmol)  (mmol) (h)

1 1 6 0.2 30 56 a5
2 1 6 0.2 a8 61 63
3 1 6 0.2 72 63 34
4 1 6 0.2 168 73 25
5 0.5 3 0.05 a8 52 32
6 0.5 3 0.15 a8 62 71
7 0.5 3 0.3 a8 62 50
8 0.5 3 0.5 a8 87 16
9 1 6 0.1 a8 63 34
10 1 6 0.3 a8 70 53
11 1 6 0.6 a8 72 32

From the above table, the optimum time for this reaction is 48 h (Entry 2),
Longer reaction time increased the conversion of DMT but decreased the amount of
EDTM obtained, which might result from partial decomposition of EDTM. The reason
for this ineffective transetherification may be because the presence of appreciable
amount of water in glycerol interferes the reaction by competitively exchanging with
product or reactant. The suitable amount of PTSA for this reaction seemed to be
approximately 0.2-0.3 equivalents to DMT (Entries 6 and 10). In this reaction

moreover, smaller scale gave better % yield of the product (Entry 6).
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3.1.4 Synthesis of other thiophene derivatives

3.1.4.1 Synthesis of (2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl 4’-methyl

benzenesulfonate (17)

N
/S\\
OH (0) (@)
~ : ~
[e) o) | | NEt3, CHZCIZ (o) o)
+ ﬁ‘—'CI >
/ \ 0 Z/ \g
S S
16 17

Scheme 3.4 Synthesis of compound 17

The reaction was carried out based on a relevant report, which yielded
compound 17 in 80 Y%yield [10]. The presence of the tosylate group was
characterized by "H NMR showing the 2 aromatic ArH signals and the methyl group in
addition to the signals of EDTM (Figure A.16, Appendix A). These signals of aromatic
ring and methyl group were also present in C NMR at 140.4, 132.5, 130.0, 128.0 and
21.6 ppm (Figure A.17, Appendix A).

3.1.4.2 Synthesis of 2-(azidomethyl)-2,3-dihydrothieno[3,4-b][1,4]dioxine (19)

e e e

0 e) MsCI (0] O NaNj3 O O
2/ \g NEt;, CH,Cl, 2/ S\g THF, EtOH, H,0 Z/ S\g
S 80°C, 48h
18 19

Scheme 3.5 Synthesis of compounds 18 and 19
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EDTM was used as nucleophile in substitution reaction with methanesulfonyl
chloride. The product was obtained in quantitative yield and confirmed the structure
by 'H NMR singlet signal of methanesulfonate group at 3.07 ppm (Figure A.18,
Appendix A) and PC NMR signal at 37.6 ppm (Figure A.19, Appendix A).

Compound 18 was used as the starting material in the subsequent
substitution reaction with azide [76]. The product 19 was obtained as clear liquid in
70 %yield. 'H NMR showed similar pattern of signals to EDTM except the exocyclic
methylene group that shifted downfield to 3.53 ppm (Figure A.20, Appendix A). The
position of this signal in C NMR was at 50.6 ppm (Figure A.21, Appendix A).

3.1.4.3 Synthesis of 2-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methoxy) acetic

acid (21)

oy, it
© O Nal NaH, THF ~ © O  THF, NaOH 8 0
U ethyl chloroacetate ( » > / \

S 24 h, rt - 2 . g

Scheme 3.6 Synthesis of compounds 20 and 21

The deprotonated EDTM was used as nucleophile in substitution reaction
with ethyl chloroacetate with Nal as catalyst to obtain compound 20 in 37 %yield.
The efficiency of this reaction may be increased by using more reactive reagent such
as ethyl bromoacetate. The structure of the product was confirmed by 'H NMR
showing the presence of ethoxy acetate group at 4.18, 4.20-4.33 and 1.28-1.35 ppm
(Figure A.22, Appendix A). These signals also presented in C NMR at 14.2, 61.0 for
ethyl group, 65.9 for a-carbon and 170.0 ppm for carbonyl carbon (Figure A.23,
Appendix A).
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Compound 20 was hydrolyzed by NaOH to obtain compound 21 in
quantitative yield. The structure of compound 21 was confirmed from the absence
of the ethyl group of the original ester in '"H NMR (Figure A.24, Appendix A) and e
NMR spectra (Figure A.25, Appendix A).

3.1.4.4 Synthesis of (2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl 2’-

chloroacetate (22)

0O O K,CO;, DMAP,DCM  © o
:/ \; chloroacetyl chloride ;/ \;

Scheme 3.7 Synthesis of compound 22

EDTM was used as nucleophile in substitution reaction with chloroacetyl
chloride. Using DMAP as catalyst, the reaction obtained the product in quantitative
yield. The structure of the product was confirmed by "H NMR showing the presence
of additional 2H signal compared to EDTM structure at 4.38-4.32 ppm (Figure A.26,
Appendix A) and the presence of carbonyl group in C NMR at 167.0 ppm (Figure
A.27, Appendix A).
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3.1.4.5 Synthesis of 2-(chloromethyl)-2,3-dihydrothieno[3,4-b][1,4]dioxine (26)

MeO OMe o 0
PTSA, toluene
I\ o+ Ho/\(\m > /R
s OH 80C, 24 h S
26

Scheme 3.8 Synthesis of compound 26

DMT was used as the starting material in transetherification reaction with 3-
chloro-1,2-propanediol to obtain compound 26 in quantitative yield. The reason that
this reaction give better yield compared with the earlier ether exchange with glycerol
is because of no interfering moisture in the reagent. The structure of compound 26
was confirmed by 'H NMR showing splitting pattern similar to EDTM at 4.37, 4.28,
4.20-4.09 and 3.78-3.60 ppm (Figure A.39, Appendix A) and C NMR showing the
new carbon signals at 72.9, 65.6 and 41.3 (Figure A.40, Appendix A) [79].

3.1.4.6 Synthesis of (+)-4a,5,6,7,8,8a-hexahydrobenzolelthieno[3,4b][1,4]dioxine

27
MeO OMe
PTSA, toluene
/ A\ + - 0 0
S reflux 72h U
S
27

Scheme 3.9 Synthesis of compound 27



DMT was used as the starting material in transetherification reaction with
(£)trans-1,2-cyclohexanediol to synthesize compound 27 in 86 %yield [80]. The
structure of compound 27 was confirmed by ' NMR, showing the signals of
cyclohexane ring at 1.24-2.20 ppm with the signal of thiophene ring at 6.30 ppm
(Figure A.41, Appendix A). In e NMR, the signals of cyclohexane ring appeared at
77.1, 30.1 and 23.8 ppm (Figure A.42, Appendix A).

3.1.5 Synthesis of linked multi thiophene precursor

O

cl EDTM O/ﬁﬂ o o
—_—

(@)
e

—
S

_

EDTM 0

_—
cl 0 S 0 o)
DMAP )
0 Cl NN
0
0O 25

Scheme 3.10 Reactions of EDTM with various acid chlorides
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EDTM was used as the pre-polymerizing unit to be linked as the precursor for
multi strand polymers. The hydroxyl group of EDTM was the nucleophile in
substitution reactions with multi-acid chlorides using DMAP as the catalyst in
anhydrous condition. The presumably incomplete substitution products were
washed away with base during workup. In the reaction of EDTM with terephthaloyl
chloride and benzene-1,3,5-tricarbonyl trichloride resulted in similar % yields of
products (56% and 61%). The higher %yield was found in reaction with malonyl
chloride (88%) which has higher reactivity.

The character of compound 23 was confirmed with high resolution mass
spectrometry (Figure A.28, Appendix A) and NMR, IR spectroscopy. The singlet
aromatic signal at 8.10 ppm of the linker appeared in "H NMR spectrum (Figure A.29,
Appendix A), and also at 133.6 and 129.8 ppm with the carbonyl carbon at 165.4
ppm in PC NMR spectrum (Figure A.30, Appendix A). The IR peak of C=0 stretching
was present at 1715 cm (Figure A.31, Appendix A).

Compound 24 was also characterized by high resolution mass spectrometry
(Figure A.32, Appendix A) and NMR, IR spectroscopy. "H NMR of this compound
showed the singlet methylene hydrogen signal at 3.50 ppm (Figure A.33, Appendix
A). The signal of carbonyl carbon was found in “C NMR at 1657 ppm with
methylene carbon at 41 ppm (Figure A.34, Appendix A). The C=0O stretching
appeared at 1733 cmin IR spectrum (Figure A.35, Appendix A).

The structure of compound 25 was confirmed from the presence of singlet
aromatic signal in 'H NMR at 8.85 ppm (Figure A.36, Appendix A) and the carbonyl
carbon in C NMR at 164.3 ppm (Figure A.37, Appendix A). This carbonyl signal also
presented in IR at 1712 cm’ (Figure A.38, Appendix A).

3.2 Bromination of monomers

The o-positions of thiophene ring are generally very reactive towards
electrophiles or radicals. Substitutions of these a-hydrogens by halogenation
reactions were mostly facile and efficient [81]. Most thiophene derivatives could be
quickly brominated using N-bromosuccinimide (NBS), and provided the corresponding

relatively pure 2,5-dibromothiophenes. We discovered that high vyields of
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bromination of EDOT-related derivatives could simply be obtained when treated with
NBS in a few minutes at room temperature in ambient atmosphere. The possible

mechanism of this bromination procedure was shown in Scheme 3.11.

RO OR |& Br 3

RO OR 1|3r
+o N (@) o) N (0)
3oy —— | 8|y

R

RO 0 RO OR RO OR () N 0]
Repeat H v
B g
~
Br S S H S J
@

Br the process Br

Scheme 3.11 Bromination reaction on thiophene monomers through radical-initiated

mechanism

Most bromination processes yielded the corresponding brominated products
in high to excellent yields (Table 3.5). All brominated products were characterized
by the absence of a-hydrogens signals of thiophene rings in 'H NMR. For the
compound 48, the liquid product was quite reactive and perhaps quickly underwent
polymerization even in concentrated solution yielding insoluble dark blue solid. This

sudden change made it impossible to purify and firmly identify this compound.
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Table 3.5 Percentage yields of brominated dioxythiophene monomers synthesis

Product %yield Product %yield
/_( h
/T \ 0 e}
0 o} 98 /U\ 7
/ o\
M Br S Br
Br S Br
29
28
/—( a ﬁ( )
o} 0 0 0
90.4 70
/ \ / o\
Br S Br Br S Br
30 31
0 Cl /_(70Ms
0 0 0
/_( 7 -
J % [\
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Br S Br 48
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0 0
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Br Br / \
S Br Br
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36 37

“The product can’t be purified or identified.
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Table 3.6 Percentage yields of perbrominated linked multi-thiophenes synthesis

Product %yield
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3.3 Polymerization of monomers

3.3.1 Solid state polymerization (SSP)

PEDOT:R=H Q
39 :R=CH,0OH P
40 :R=CH,OTs
41  :R=CH,0OCOCH.CI /z_\L

Figure 3.1 Polymers obtained from solid state polymerization

Among the prepared brominated compounds, only 28, 30, 32 and 37 are
solid at room temperature and have sufficiently higsh melting points to be used as
the precursors for solid state polymerizations to give polymers PEDOT, 40, 41 and
42. Nevertheless, the liquid 29 was also successfully turned into the corresponding
polymer 39 under the same polymerization condition. Compounds 29, 30 and 32 are
the first examples of unsymmetric monomers that could be polymerized by this
method [45, 46]. The reaction of compound 29 was so facile that the dark blue
polymer 39 was possibly obtained even from the warm concentrated solution. These
polymers were insoluble in all common solvents, which limited them from being
fully characterized. Although the IR spectra of these compounds still carry the
structural information of their corresponding monomers (Figures A.67, A.69, A.71,
A.73, and A.75, Appendix A). The reason for the % yield values higher than 100 in
solid state polymerization is because some bromine gas generated as co-product still
remained doped within the polymer and significantly increased the total weights of
the products.

Unfortunately the perbrominated linked bisthiophene precursors 33, 34 and
35 were liquid at room temperature and did not turn into polymer after being

heated. The orientations of the molecules of these precursors in liquid state might
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not be suitable for polymerization, in which each monomeric unit was probably kept

too far apart from each other by the linker.

3.3.2 Chemical polymerization

Due to the unsuccessful attempts on SSP of their brominated derivatives,
compounds 23, 24 and 25 were instead polymerized by oxidative chemical
polymerization method using FeCl;. The remaining FeCl; reagent was removed by
soxhlet extraction yielding the corresponding insoluble dark blue polymers 44, 45
and 46 in 63, 61 and 67 %yields respectively [92]. The IR spectra of these
compounds contained structural information that were well correlated to the spectra

of their monomers. (Figures A.78-80, Appendix A)

3.4 Surface area measurement

To determine if the polymers containing linked bisthiophene derivatives
could affect the porous property of the PEDOT, a mixture of EDOT combining with
5% of compound 23 was chemically polymerized by FeCl; to obtain the dark blue
copolymer mixture (PEDOT + 5% of polymer 44) and measured its surface area by
BET nitrogen adsorption technique. In comparison to pure PEDOT obtained from
chemical polymerization, the result showed that the surface area of PEDOT increased
from 238.65 mz/g to 423.72 m2/g in copolymer with similar average pore size closed
to 2 nm, the boundary of mesoporous materials. This porous properties made this
copolymeric material to be classified as an example of conjugated microporous
polymer (CMP) [69]. It could be noted that the presence of the linked bisthiophene
polymer 44 even at only 5% incorporation into PEDOT can significantly increase the
surface area of the resulted polymer mixture due to the void space generated
among polymer chains. Higher ratios of linked bisthiophene within the copolymer
may create porous polythiophene based materials with even higher surface area,

suitable for further developments into sensors and related applications.
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3.5 Scanning Electron Microscope (SEM)

Scanning electron microscope was used to observe the surface images of
chemically polymerized PEDOT and its mixture with polymer 44 (Figure 3.2). Pure
PEDOT has a character of amorphous aggregated clusters on its surface while the
polymer 44 showed the fibrous-like structure. Although the copolymer, which
contained 5% of 44 showed quite similar surface image to that of pure PEDOT, some
fibrous structure and relatively larger void space among the aggregates could be
visually noticed, supporting the earlier result on higher surface area of the

copolymer.

Figure 3.2 Scanning electron microscope images (x 5000) for the PEDOT (A), Polymer
44 (B) and PEDOT + 5% polymer 44 (C)

3.6 Conductivity measurement

Electrical conductivity measurement was carried out using four-point probe
technique [93] (Table B.1, Appendix B). A compressed thin polymer pellet of each
polymer sample was measured its surface conductivity immediately after being

doped by |, vapor for 24 h. The results were shown in Table 3.7.
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Table 3.7 Conductivity of the synthesized polymers

Entry Polymer Polymerization Reaction Conductivity

method temperature (°C)° (S/cm)

1 PEDOT (38c) chemical 30 3.62

2 PEDOT (38) ssp” 80 5.91

3 39 Ssp” 80 445

4 40 ssp” 80 19.0

5 41 ssp” 80 1.08

6 42 ssp” 80 0.313

7 42 ssp” 120 129

8 44 chemical 30 4.45x 10"

9 45 chemical 30 330 x 10"

10 PEDOT + 5% 44 chemical 30 6.32

*The reaction time was limited to 24 h.

® Use the corresponding OL,Q-dibromo derivatives as the monomers

From the conductivity data, although PEDOT film obtained from SSP of
compound 28 (Entry 2) showed higher value than that obtained from chemical
polymerization, (Entry 1) the difference margin was not as high as what has been
previously reported [45]. The possible reason could be due to the reaction time that
was limited to 24 h. We observed that all polymer film obtained from SSP process
still contained some unreacted monomers in various amounts. Their conductivity
values were found to continue to increase from further SSP of these remaining
monomers after being heated or kept for longer period of time. Much higher
conductivity of polymer 39 and its tosylate derivative 40 (Entries 3 and 4) indicated
that SSP of these derivatives were more facile, possibly because of polar interactions
among the side chains of the monomers help situate them towards suitable
arrangements for effective SSP. In fact, the monomer 29 was quite difficult to purify
as it kept turning blue upon standing at room temperature or being concentrated

from a solution. The more slowly polymerized 32 that turned into polymer 41 (Entry
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5) showed lower conductivity than SSP-PEDOT. This exemplified the incomplete
polymerization due to limited reaction time used.

The less polar compound 37 correspondingly produced the less conductive
polymer 42. (Entry 6) But since this monomer has a relatively high melting point at
128 °C, the attempt on its SSP was repeated at higher temperature. (Entry 7) After
the same period of 24 h, the conductivity of the resulted polymer 42 soared up to
129 S/cm, reflecting on its much more advanced stage of the reaction progress and
the intrinsic efficiency of this class of conjugated polymers that could be achieved by
SSP. This value surpasses that of PEDOT and is currently the highest among this
group of polymers.[46]

The polymer of linked bisthiophene precursor, polymer 44 and 45 (Entries 8
and 9) showed very low conductivity values. It is possible that the polymers were
formed with less degree of polymerization due to small number of monomers per
mole, which were also kept far apart by the linker. The large space within the
polymer structure could also reduce the possibilities to transmit electrons between
the polymer chains. However, when just 5% of compound 23 was mixed with EDOT
and polymerized, the conductivity of the copolymer has restored to the level
comparable to pure PEDOT (Entry 10). This result revealed that while small blending
of the linked bisthiophene could significantly increase the surface area of the PEDOT
copolymeric film, it had little or no detrimental effect on the conductive property of

the film.

3.7 UV-Visible spectroscopic study

All polymers obtained by SSP were measured the absorbance by solid state
UV. The result showed broad signals with A, around 500-650 nm. (Table 3.8)
(Figures A.68, A.70, A.72, A.74 and A.76, Appendix A). Polymer 39 obtained with
the most facile SSP process (Entry 2) showed highest A, which corresponded
higher conjugation length compared with other polymers that was polymerized
within the same limited time. These results correlated well to the results of

conductivity measurements.
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Entry Polymer Armax (NM)
1 PEDOT 602.0
2 39 653.0
3 40 549.5
a4 41 540.0
5 42 499.5




CHAPTER IV

CONCLUSION

The synthesis of compounds 26 and 27 were achieved via ether exchange
reactions in good vyields. Although the reaction was not yet completed for
compound 27, prolonged reaction only worsened the result. Compound 27 could be
brominated to 37, and subjected to heat-activated SSP, which successfully yielded
the expected polymer 42. Compounds 16, 17 and 22 could also be similarly
brominated and subsequently underwent SSP. The polymer derived from those
compounds became the first unsymmetric examples obtained from this method.

Three derivatives of linked bisthiophenes were obtained from esterifications
of EDTM (16) and diacid chlorides. Unfortunately the perbrominated forms of these
precursors, compounds 23, 24 and 25 were liquid at room temperature and did not
polymerize by simple heating. The unbrominated precursors could instead be turned
into the corresponding polymers by chemical polymerizations using FeCls.
Incorporating just 5% of the polymer of 23 into PEDOT gave a significant increase in
surface area but had small or no effect on the morphology and conductive property.
This result has opened a new way to create a porous conductive material based on
polythiophenes.

Finally, the conductivity data from the polymers obtained at 24 h reaction
time revealed that compounds 29 and 30 could be polymerized via SSP more
efficiently than DBEDOT and became better conductive polymers. Compound 37
could be similarly polymerized at much slower rate. However, its higher melting
point allowed SSP to be carried out at higher temperature, which yielded the
corresponding polymer 42 with much higher conductivity than all other derivatives.
As for the polymers obtained from the linked bisthiophene derivatives, the large
space within the polymer structure might be the reason for the low electron

transmission and hence low conductivity.
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Figure A.5 Mass spectrum of compound 13
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Figure A.9 Mass spectrum of compound 14
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Figure A.51 C NMR (CDCL3) spectrum of compound 30
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Figure A.52 High resolution mass spectrum of compound 30
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Figure A.53 "H NMR (CDCls) spectrum of compound 31
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Figure A.54 “C NMR (CDCLls) spectrum of compound 31
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Figure A.55 "H NMR (CDCly) spectrum of compound 32
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Figure A.56 C NMR (CDCls) spectrum of compound 32
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Figure A.58 "H NMR (CDCls) spectrum of compound 33
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Figure A.60 "H NMR (CDCls) spectrum of compound 34
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Figure A.62 "H NMR (CDCls) spectrum of compound 35
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Figure A.63 "H NMR (CDCly) spectrum of compound 36
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Figure A.64 C NMR (CDCLs) spectrum of compound 36
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Figure A.65 "H NMR (CDCl3) spectrum of compound 37
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Figure A.69 IR spectrum of polymer 39
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Figure A.70 UV-vis spectrum of polymer 39
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Figure A.73 IR spectrum of polymer 41
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Figure A.75 IR spectrum of polymer 42
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The Four-point Probe Method for Electrical Conductivity Measurement

Four tiny electrodes are arranged in straight line separated at exactly equal
distance (d) and touched the surface of the sample to be measured. Then the
electrodes are further connected with an electrical circuit equipped with an Amp
meter (A) and a Voltmeter (V). (Figure B.1) Contacts between the 4 electrodes and
the sample surface must be equal. During the measurement, the current (1) is applied
through electrode contact 1 to 4, and the potential difference (AV) across electrode
contacts 2 and 3 is measured. The resistivity and conductivity of the sample can be
calculated from the equations B-1 and B-2, respectively. The conductivity is

determined by the equation below:

Resistivity (QQ.cm);  p = (mt/In2)(V/1) = 4.53(R1) (B-1)
Conductivity (S/cm) o = 1/p (B-2)

Where | is current (A)
V is voltage (volt)

R is resistant (QQ)

tis film thickness (cm)

D S

Figure B.1 Conductivity measurement by four-point probe method
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127

Table B.1 Electrical conductivity measurements of the synthesized polymers

Samples tay Resistivity ~ Conductivity SD %SD
(cm) (Q.cm); (S/cm)
PEDOT 0.0301 0.276 3.62 0.215 6.3
(Chemically 0.313 3.19
polymerized) average 3.41
PEDOT 0.0475 0.200 5.00 0.418 7.5
(SSP) 0.171 5.86
0.169 5.91
average 5.59
Polymer 39 0.0240  2.25x 10" 44.5 0.850 1.9
(SSP) 235x 10" 42.5
227x10° 44.0
average 43.7
Polymer 40 0.0265 6.68 x 1O>2 15.0 4.13 28.9
(SSP) 0.112 8.95
5.27x10° 19.0
average 14.3
Polymer 41 0.0285 0.969 1.03 0.0411 3.8
(SSP) 0.923 1.07
0.887 1.13
average 1.08
Polymer 42 0.0678 5.60 0.179 0.0548 22.1
(SSP at 80°C) 3.20 0.313
3.96 0.253
average 0.248
Polymer 42 0.0410 6.20 x 1073 161 30.0 23.0
(SSP at 120°C) 7.73%x10° 129
9.89 x 10° 101
average 130
Polymer 44 00235 322x10°  311x10° 547x10° 144
(Chemically 262x10°  382x10°
polymerized) 225x10°  4.45x10°

average 379 x 10"

t,, = thickness average



Table B.1 (continued)

Samples tav Resistivity ~ Conductivity SD %SD
(cm) (Q,cm); (S/cm)
Polymer 45  0.0115 29.9 330x10° 287x10° 09
(Chemically 30.2 331 x 10"
polymerized) 30.5 327 x 10"
average 331 x 10"
Copolymer 0.0148 0.179 5.58 0.308 5.1
PEDOT+5% 0.164 6.08
polymer 44 0.158 6.32
(Chemically average 5.99
polymerized)

t,y = thickness average
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