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CHAPTER 1

INTRODUCTION

During the past three decades, research on functional m-conjugated systems
has rapidly grown. The discovery of the metal-like conductivity in oxidized
poly(acetylene) and later in MW systems such as poly(thiophene) or
poly(pyrrole) in the late 12:!23 and uﬂ@o has progressively explored novel
materials for various appm [1-4]. mmmomcs, or plastic electronics, is

ﬁeldm.ch that involves a series of

a moderately new
ng challenges concerning electronic devices

conceptual, experi
made with carbon-bas semi-conducting n-conjugated polymers
L fiom conventional electronics that use
: ."‘h:swtide in many aspects. With the
nigs* ' ecfomcs, it has generated a quite
' ~=conjugated systems to control and
el sarg and emission spectra, oxidation and
% N el priority targets. The

, design of new architectures for
electronic mmpone il and smaller/thinner/flexible

electronic devices requz;cs novel matenals with new and improved characteristics and
new fabri mw que properties that are
mt&restmgc:'ﬂns new t nulugy ey not nnlﬁL ?ﬁ: electronic properties of
a semi m ﬁ , ﬁ' %ﬁlﬂn of plastics.
Mo:g , conj a m m n the fabrication

of electronic devices because their properties, can be fine-tuned by external
parameters during chemical synthesis within a certain band width. Another important
motivation is the expected low cost of the end product. The intrinsic flexibility of the
polymers enables new and low-cost manufacturing techniques of flexible roll-up

displays, flexible sensors, large photovoltaic arrays and many others. In fact, the

manufacturing processes that will eventually be chosen for making organic electronics



products are unknown. However, it appears that the economics prospect of organic

electronics will be much more attractive and feasible than silicon manufacturing.

1.1 Applications of organic conducting polymers
According to the attractive and tunable properties of organic conducting

polymers, this facilitates the use of conducting polymers in many applications such as:

* Applications g ) conductivity of polymer
Antistatic ‘and~polymer), microelectronic devices,

um radar profile for military

fts, rehabilitation gloves

a[ectmmg Braille screen, bmmc ears for deaf patients.

&ummmwmm

Novel smart-membréne, selective-molecular recognition

AT I A e

lar communica
Growth and control of biological cell cultures

=  (Controlled release devices
Ideal host for the controlled release of chemical substances

= Corrosion protection

New-generation Corrosion protective coatings



1.2 Electronic properties of conducting polymers

The field of organic electronics was established in 1970s when MacDiarmid,
Heeger and Shirakawa discovered that the conductivity of polyacetylene films could
be altered over several orders of magnitude by chemical doping [6]. For their

breakthrough work in this area, they were awarded the Nobel Prize in Chemistry in

the year 2000 [7-9]. '
N/
Conducting and uctln@ materials with either electron

(n-type) or hole transport teri Is ca made. Since the pioneer work,
many novel materials - have been rapidly developed and
characterized. The pa id e carbon atoms in the polymer
backbone is the main n for tic electronic properties of tunable
conductivity, electre slectrs d electroactivity [10]

A general charagferistic of mers is the presence of double
bonds alternating with single hﬂjﬂﬁ  the polymer chain, i.e. conjugated bonds
The electron configuration of the n ;1 carbon atom (in its ground state) is

1s°25°2p" . The clecﬁons in ﬂm“mi& n‘{ al do'ni tribute to the chemical bonding.
The s and p orbitals '--‘ orbitais {sp', sp”, and sp’), depending

upon the number of © u!t in triple, double, or single

bond, respectively. In can]ugatad pulymers one 2s mtutat pairs with the two 2p
orbitals to fo unhybridized. Two sp’
orbitals on m@ﬂa&ﬂﬂﬁ?ﬂdﬁﬁﬁmng carbon atoms; the
remai lﬁ' or side group.
This ﬁ:ﬁjﬁiﬂ%ﬁiﬁﬂﬁﬁﬁm ﬁ"ciw axis [11].

The unhybridized p; orbital side overlaps with the unhybridized p. orbital on the
neighboring carbon. This bond is called a n-bond, as is any bond which arises from

electrons approaching side by side, off the internuclear axis shown in Figure 1.1.



Both conjug ated ing polymers and inerganic semiconductor electronic
structure are vel il The .' lectrons organized in bands
rather than in discrete levels and their § ground state r:rﬂgy bands are either completely
filled or ﬁ ﬁ&] The band stnicture of a conjugated polymer originates

from the in g R I B WSkl Broughout th chain, s

is illustrated in Figure 1.2 where the calculated.energy levels c{jl:gﬂﬂnophenes with

o= SO b U A e . st

every flew thiophene unit causes rehybridization of the energy levels yielding more
and more sub levels until a point reached at which there are bands rather than discrete
levels. Interaction between the n-electrons of neighboring molecules leads to a three-
dimensional band structure.
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Figure 1.2 Calculated (fron
polythiophene

Analogous to semicondiiciors, the fighest occupied band is called the valence

N . . 3
band, while the lowest unoccupied band is called the eofiduction band. The difference
in energy betwcenl ese mel'g}f' band evels d gap energy or simply,

band gap (Ey). Gcne:’ah}' spc;i_laﬁa because {:unducti:&lpulymcrs possess delocalized

electrons in m-conju té’dastem alon mﬁvhula lymeric chain, their conductivity
s g0 B & FHEI NI UL, Chbded s, Thee e
nun—cnnjugate}l polymers are usually known to be insulators. 4.

AR We TITTAL

ce between n-conjugated polymers
the orbitals of the atoms overlap with the equivalent orbitals of their neighboring
atoms in all directions to form molecular orbitals similar to those of isolated
molecules. With N numbers of interacting atomic orbitals, there would be N
molecular orbitals. In the metals or any continuous solid-state structures, N will be a
very large number (typically 10” for a | cm® metal piece). With so many molecular
orbitals spaced together in a given range of energies, they form an apparently
_ continuous band of energies (Figure 1.3).



A i semiconductors, the band gap is small enough that
thermal energy can bridge the gap for a small fraction
of the electrons. In conductors, there is no band gap

Conduction band The large energy E since the valence band overlaps the conduction band,
gap between the

. valence and A E
= Corm level mﬂ Conduction band Fermi level
: rd
cletrons canreach po--—emm—eme—--- p— Conduction band
the conduction Overlap
Valamce band Valance band Valance band

a. Insulator H‘\\\ %mnﬂmtm c¢. Conductor

nce between an insulator, a

In insulators, the glegh ‘the val nce band are separated by a large gap
from the conduction band we i r?.‘hke metals, the valence band

excitations can bridge the gap. With such, a small gap, the presence of a small

percentage of a dﬂpmg matcpﬁp incre; H 3

"g,—"r

field the electrons easﬂy redlsmbutc Elecu-nns are excited to the higher energy bands
and leave and conducting polymers
exhibit npﬂ. nmﬂﬁm ction of temperature as

)i ing temperature
D NI 04 1) JareY

temperature, T;) while it generally decreases with lowered temperature for polymeric
semiconductors and insulators.
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iy _endless manipulation of their
N

chemical structures; hese semiconductors is a research

I C iIE,'__l::ljl .
zrst. This “band gap enginee ing” may give the polymer to its
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Figure 1.5 Chemital sirehures-of-fow ters and their band gap

‘”"""“"ﬁwﬁ NUNINYINS

The d ing process is an addition nf a doping agent into the polymer
ex Qﬁ W}: W tion of electrical
wnpzﬂwty ﬂhcondmtmgﬁﬂeg from insulator t;ﬂ:ctlﬂ ;;ﬁ be accomplished
either by chemical doping or by electrochemical doping. Both n-fype (electron
donating) and p-fype (electron accepting) dopants have been used to induce an
insulator-to-conductor transition in electronic polymers. Familiar to inorganic
semiconductors, these dopants remove or add charges to the polymers. However,
unlike substitutional doping that occurs in conventional semiconductors, the dopant
atomic or molecular ions are interstitially positioned between m-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 [11]. Initially added charges during doping process do not simply
start to fill the conduction band to have metallic behavior immediately. The strong
coupling between electrons and phonons near the doped charges causes distortions of
the bond lengths. For degenerate ground state polymers such as trans-polyacetylene,

doped charges at low dup:@\ y stored in charged solitons whereas

nondegenerate systems t sed polarons or bipolarons [13-16].
tt: ﬁly in polarons interacting to form a
ally filled energy band [17-18].

less ordered regions of doped

High doping for the no

polaron lattice or ele
Bipolarons or the pai
polymers [19]. ‘

Simultaneous®withf 1€ dopifig, the electrochemical potential (the Fermi level)

(Figure 1.3) is moved€ither | '? feacti acid-base reaction into a region

of energy where there/is & *ﬁ of onic states, charge neutrality is
maintained by the intro '_ L ons. The electrical conductivity results
from the existence of charge @e:ﬁm th charge doping and from the ability of
those charge can‘r%'s to mu;ef'cmé the m-bong hgjvever,l disorder restricts the

e ——

carrier mobility T . ucti
Accordingly, e!mtn d co njugaﬁd polymers is improved due to

two reasons.

 BUAT DAY TN T s s

every repeating unit is‘a i otential redox site, %&d polymers can be

o VioorDhisd il s e s

charge carriers.

high density of

2. The attraction of an electron in one unit to the nuclei in the neighboring
units leads to carrier delocalization along the polymer chain and to charge
carrier mobility, which is extended into three dimensions through inter-

chain electron transfer.
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Charge injection or “doping” onto conjugated conducting polymers leads to
the wide variety of interesting and important phenomena which define the field. The

doping can be accomplished in a number of ways:
1.3.1 Chemical doping by charge transfer

The first discovery of the abili gdnpe conjugated polymers involved charge

transfer redox chemistry; nxl

ng} or reduction (n-type doping), as

demonstrated with the following e 'mpl

Although chegcal (charge trar doping is ﬁ efficient and straightforward

process, it is normally .difficult to centrol. Complete doping to the highest

cﬂnctntraxinnﬂi%%w &k%ﬁ W%ﬁpﬂu er, attempts to obtain

intermediate dﬂinmg levels often result in mhumogcneous dnqﬁg Electrochemical
roQARARAT BHEHA") M. o s
suppliesithe redox charge to the conducting polymer, while ions diffuse into (or out of)
the polymer structure from the nearby electrolyte to compensate the electronic charge.
The doping level is determined by the voltage between the conducting polymer and
the counter-electrode; at electrochemical equilibrium the doping level can be achieved
by setting the electrochemical cell at a fixed applied voltage and simply waiting as
long as necessary for the system to come to electrochemical equilibrium as indicated
by the current through the cell going to Zero. Electrochemical doping is illustrated by

the following examples:
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1. p-type
(n-polymer), + [Li+ (BF¢)luowion — [(m-polymer)”(BFy)y]a + Li (electrode)
2. n-type

(n-polymer), + Li(electrode) — [(Lﬂy(m-pnlymer) o + [Li + (BF4)]sotuton

unsaturated bonds even hy.disieibuting th t the whole chain. This requirement

1.4 Effective cnn]ugltm-

n electrons in the conjugated

of a defect in polyacetylen 2 -hyb:idimd methylene caused the
disruptive effect inﬁn flow solymer chain. In another case, the steric
incumbent betwegn BEOUPS :.:_t':*’ki ¢l units in irregular poly
(3-alkylthiophene) b )
coplanarity, causing ar mease in the energy neede to allow the flow of electrons

mﬂmmﬁﬁ*ﬂﬂﬁwwﬂw
amaﬁﬂimum'z iR

P et o

e thienyl ring planes out of

ue,

polyacetylene poly(3-alkytthiophene)

Figure 1.6 A defect in polyacetylene and steric induced structural twisting in
poly(3-alkylthiophene).
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Another possible reason would be the twisting of polymer chain, which occurs
randomly at the single bonds and divided the polymer into separated sections with
their own coplanarity (Figure 1.10). Twisting of polymer chain would also cause the

reduction of conjugation in the polymer.

nodification of conducting polymers,

| alent grafting of functional groups
represents the most straight od to achieve @ molecular level control of the

the polymerization of t

prohlmns As a matter of fact:@ of the modified conducting polymers in
__;;/’_ W T
which a spaclﬁc ﬁlgmn will be ¢ o fq& ) the ¢ afed m system requires that the

h mpatible with both the
pulymerization and @ conse eX ensi{'éy conjugated system in the
resulting polymer in gorder to preserye, its relevant electronic, optical, and

e:ectmchemiﬂ prdperfiés) Gonfeqleity, W Syhithesis OF functional conducting

polymers froma substituted monomer in respect of the above prerequls:tes implies a

W XA RS W,

and steric) of the monomer at the various stages of organization of the material [20],

* Molecular - reactivity of the monomer
- propagation of the polymerization
* Macromolecular - planarity of the conjugated system

(effective conjugation length)
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= Macroscopic - crystallinity, morphology
- mechanical properties

- macroscopic conductivity
1.6 Polythiophene
f repeating five-membered heterocyclic
#ﬁe promising classes of conducting
: ﬂbuted to its good environmental
: ver@ch allows their electronic and

Polythiophene is compo

B

monomeric unit. It is also

polymers for technological

= The elecgﬂchenucal reversnhlluty of the transition between the doped

ﬂ‘%ﬂ’ n@-@rﬂﬁxmle battery, display

devices, e[actrochemmal sensor, dified electrode [20].

IR 01T B T DU Bt oy

puljrmerg with perfectly 2,5-linked repeating units. However, 2,4- and 2,3-couplings
as well as hydrogenated thiophene units can also be found in the polymers.

The two main disadvantages of polythiophene are its infusibility and
insolubility which results from strong interchain stacking and relative chain rigidity.
The standard procedure of attaching long, flexible chains to the conjugated backbone
can often have deleterious effects on the electrical conductivity of polymers in their

conducting state. A significant discovery demonstrated that polythiophene belongs to
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one of few cases in which substitution of hydrogen at the 3-position by alkyl chain or
electron donating group with flexible chain does not affect polymer conductivity of
the polymer, whereas impart solubility and consequently enhance processibility. The
substituted thienyl was polymerized by a number of chemical and electrochemical
methods to yield poly(3-alkylthiophene) [25,26]. The flexible substituents solubilized
the pnlythiophene chains h}.r this disruption of their interchain stacking [26]. This in

%JE’LEJ mgﬂm ﬁhﬂjﬁl m E}the)s
Al aﬂﬂim URIANYIA Y

The 3-substitutent can be incorporated into the polymer chain with two
different regioregularities: head-to-tail (HT) and head-to-head (HH) orientations
which can in tumn result in four triad regioisomers in the polymer chain, i.e. HT-HT,
HT-HH, TT-HT, and TT-HH (Figure 1.11). Although HT coupling is generally
favored, since the less repulsive force of HT coupling is expected about 15-20% of
HH coupling is also observed.
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1.7 Synthesis of polythiophene

According to many intensive research efforts, polythiophene is generally
prepared by means of two main routes which are the electrochemical and the
chemical syntheses.

Initially, pol 3 was(. hemical polymerization of
thiophene monomers {26}/ Even ; : is produced at the anode surface
after electropolymerization i- ' e not easily processible further
This method is appropria e : epa vof polymers such as polythiophene and
poly(3-methylthiophene). The j,li}d of polymers prepared from electrochemical
polymerization is moderate to low, andthur M# ot well-defined.

nical syntheses of conducting

Compared to

polymers, the an Ic etectmpulymenmmn of

o mﬂﬂm D i
polymer nnmﬂ; :m in for electrochemical
app tion and possibility

maﬁ Tﬁﬁmymm ggthe polymer by

electrochemical and/or spectroscopic techniques.

monomer shows several

The electrochemical formation of conducting polymers is a unique process.
Although it displays some similarities with the electrodeposition of metals since it
proceeds via a nucleation and phase-growth mechanism, the major difference is that
charged species precursors of the deposited material must be initially produced by
oxidation of the neutral monomer at the anode surface. The consequence is that
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various electrochemical and chemical follow-up reactions are possible, making a

difficult problem for the elucidation of the electropolymerization mechanism [1].

As discussed, electrochemical polymerization is very useful method for
preparing polymers such as polythiophene, poly(3-methylthiophene), and poly
(3-phenylthiophene) (Figure 1.9), which are insoluble and infusible. When these

polymers are obtained in the fﬂl{]‘\ﬂr er they cannot be processed into a film or
other useful forms [27]. - _' W /v///

Polythiophene 1§ not stable at tl@s used for the electrochemical

fthiophene deposited on the anode at the earlier

€ ﬂdiﬁﬁ*-.,gd has been damaged, while
duces new polymer.

~tPe

polymerization of thio]
stage of the polyr
electrochemical polymeriz:

]

wi{h iron (TIT) chloride

lion, the yield of polythiophene

dbd i
| ——

prepared from the oxidat e@m ation with iron (III) chloride is relatively high.

Moreover, the molecular w_e;gﬁj?fi_ pglwmﬁimd by this method is sufficiently
high to be cast i@ a film. Anothnr%hmcalﬂﬁ Grignard coupling, is very
essential for the pseparation of polymers witl ell-defined structure because no
' reactioll) The drawback of this method

is the conductivity of polymers prepared from this method is lower than those

nbtainedbyﬁﬂli%%dﬂ% NENINEINT

hi 7 sﬁﬁimﬂm@nic solvents
sﬁl 1 ti lid substrate. In

addition, many 3-alkylthiophenes are commercially prepared by this method.

Sugimoto and coworker [28] elaborated transition metal halides as oxidizing
agent for polymerization of 3-hexylthiophene and found that iron (III) chlorides were
the effective one (Figure 1.10). The films was fabricated by casting a solution of the
resulting poly(3-hexylthiophene) on substrate and the results showed similar
characteristics to those prepared by the electrochemicall methad..
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Poly(3-alkylthiophene) was undoped from trace of FeCl: by extraction with
methanol, but this polymer remained in partially doped states. Completely undoped

polymer was obtained by reduction with an aqueous solution of hydrazine.

G atf e

2

Figure 1.10 The oxidmi_gg_@ﬁuﬁ eacti

T

conditions, and fbu’_ that a low t ratu dEncentr&tion were effective for
increasing the HT %m‘.l__gling. Niemi gﬂ] performed a detailed study on the

palym&rinlﬂ chﬁ‘i%nn GMﬁ;ﬂwm ﬁn?ﬂ) chloride. The results

showed that enly soli ride was active as an oxidative polymerization
age Ithio e & ﬁ i ﬁ ide was inert. The
mhﬁﬁiﬁ& | mi: . m 'ﬂeﬂ'act of evolved
hydrogen chloride gas explained the extra amount of iron (III) chloride that was
initially necessary to obtain high conversion in polymerization. A plausible
polymerization mechanism of 3-alkylthiophene was proposed to proceed through a
radical mechanism, developed on the basis of the crystal structure of iron (III)

chloride and quantum chemical computations of thiophene derivatives.
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1.7.3 Grignard coupling and other chemical polymerizations

Polymerization using a metal-catalyzed cross-coupling technique has been
extensively investigated [31,32]. The reaction is supposed to proceed 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) generates a dig metallic complex. The last step involves

% regeneration of the metal catalyst.
Numerous organometallic  species _ organomagnesium, Organozing,

<
[; demonstrated to be used in

The synth i regiores ’ 7 " was reported by McCullough and

coworkers [33] i Iy (F -11). This synthetic method [34-38]
regiospecifically gengrated ? - f romomag i0)-3-alkylthiophene which was
polymerized with catalyti otints 6F Ni(dppp) l> using Kumada cross-coupling
methods [39] to give P3 couplings. In this approach, HT-

P3ATs were prepared in yiei z
L ; s

Molecular weights, of HT-P3ATs are typicallypin the range of (20-40) x 10°

(PDI ~ 1.4). A propared sample |

(PDI =2.1). '

AUEINENINYINg
AMIANTUNNIINYAY
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Br Bry/ AcOH / 15°C
RMgBr 75% _
Ni(dppp)Cls or NBS/AcOH/CHCl;

Et,0, 35°C 70-85%
T5%

1. LDA / THF / -40°C / 40 min
2. LII;B[‘;DE[;!-GD‘CNJW
Br 40 min

4.0.5-1 mole% Nifi
T~ G0 100% Head-to-Tail PATS
m __ —qm %HT  %yield
— vl 4 S Dodecyl 9% 4%
; «, 99%  65%
e 99%  69%
Figure 1.11 The M ; *c synthesis of
1.8 Poly(3, 4—dmkoqrthm eng:
e ;; P s
Substltutmn of ;m!yﬂ:lgfg@ne position with flexible alkyl or alkyl
containing one or yngre ether groups results in the con ducting polymers with unusual
properties such as 3 _ 0]. In addition, introducing
electron donating su into thiophene ring also decrease

polymerizatio Eﬂﬁﬁ' lﬁns;w ?j_‘ r electroactivity in the
solution, mﬂrﬂ H fj, gues. Oxygen directly
attached to the ring was further Substantially stabilized the qgnductmg p-type of

royrin P Vb4 Dl Y W b o o1

Incorporation of the second alkoxy substituent into the thiophene ring or
cyclization between 3- and 4- positions of the thiophene ring is a convenient way for
preparing the perfectly stereoregular, long conjugated polymers (high effective
conjugation length) by elimination 2,4” or o, couplings [42].

Poly(3,4-ethylenedioxythiophene) (PEDOT) is the prime example. Owing to
its excellent electronic properties (electrical conductivity, electrochromic properties,
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etc.) and high stability, PEDOT is one of the most industrially important conjugated
polymers. Due to a stereorugularity of the only possible polymer structure, it has a
very high conductivity (up to 550 S/cm in the electrochemical doped state) The
remarkable stability of PEDOT in its doped state, compared with other conducting
polymers, allows a number of potential applications [42]. Prepared by oxidative
chemical and electrochemical pn[ cnzatmn method, PEDOT is found relatively
insoluble in conventional or, eadmg to the difficulties in fabrication
process. Nevertheless, the&i‘:gﬁ anti t@ﬂnt the increase of the alkyl chain

length in the alkoxy Wle&cﬁo a lymers in organic solvents.

The substii
EDOT-CgHz;) ar

electrochemical pol

1 s and “coworkers [43]). Chemical and
omers ‘Eesulted in insoluble polymers

with comparable cond

Groenendaal i synthesized alkylated
3,4-ethylenedioxythioph AEDOT Cablie; n = 1,6,10,14) and pnlymerized by
electmpolymmzatmn in acetanfﬁlc 7

o __,-rd-_

exceptionally high cgjiduct'ii.rit‘jff m_— J_J.
m m | qﬂmges with hydroxymethyl

and ohga{o &ﬂ ale tlg ylenedioxy bridge [45].
WAL v e To e ir T Ty R

t:;lz roperties of the

oligo(oxyethylene)-substituted polymer exhibited a negative shift of oxidation
potential and a considerable increase of effective conjugation length with a 0.10 eV

decrease of the bandgap.

Zuo and coworkers performed the addition reaction of
perfluorohydroxyethylene into ethylene bridge of EDOT via Mitsunobu reaction of
perfluorohexylated diol and diethyl 3,4-dihydroxythiophenedicarboxylate, and
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followed by decarboxylation reaction. The synthesized monomer was then
polymerized using both oxidative chemical and electrochemical polymerization
techniques [46]. In undoped state, resultant polymers (PEDOT-CgF;3) slightly
dissolved in chloroform. The measured conductivity of undoped polymers was
slightly higher than that of PEDOT {lﬂx]ﬂ‘é S/cm and 1.2 x10% S/cm, respectively).

1.9 Solid state synthesis of PEI)Q(" | ,/

Polymerization of PEDO PEDOT by tn@xidaﬁv& polymerization with FeCls

in organic solvents gives an lase lubl blu;@ymm‘ powder. The limitations of
traditional pniymenzat'_, netf ol bg. a seﬁbuithlem for PEDOT applications
as well as for in-depth ifivesfigatio: m?lncular ‘order in this conducting polymer. It

is generally not possible £0/obtai LY 'lq,ﬁcﬁnﬂ‘pulymm structure, unless the
ngt via pure chemical polymerization
ib \&hﬁiun for this lies in a solid-state
stalline monomer.

_ erization including low operating
C ‘Sc‘fﬁ thermal degradation of production,
o

while requiring incxpensive-—equipmen cated and environmentally

The advantages of
temperatures, Whlqﬂ restaifl Ak roi

sound procedures. Hr ation low temperatures, rate of

the reactions are slow compared to p-alymcnzatmn in the melt phase because of the

reduce mob:ﬁ wgﬁlﬁﬁ.ﬂ f W m ﬁujn of the by-products [47].

In &ddlt?dﬂ, Meng and cowarkers studied solid state polymerization (SSP) of the
Al T Al EBOT) e 111, v
halogen atoms are Cl, BrorI, respectively. The polymerization results indicated that
DBEDOT was the most reactive monomer, and polymerization reaction occurred via
radical cationic polymerization which electron donating group (3,4-ethylenedioxy
group) enhanced the stability of cation intermediate. They also suggested that the
distance between bromine atoms of each DBEDOT was less than the summation of
Van der Waal radius, confirmed by single-crystal X-ray technique, may be another
factor that facilitates the solid state polymerization [48].
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N-chlorosuccinimide i
-
CHCL/AcOH,8h
EDOT - DCEDOT
Br Br

DBEDOT
0
7 DIEDOT

i alo-EDOT monomers [48].

“Solid-state polymerization (SSP)
2

of DBEDOT was discove olonged storage (2 years) at
room tempmtun: mﬂmﬂl (50-80 °C) of the monomier (Figure 1.13). The colorless
crystalline D T fransformed into &-black blue material while retaining the

morphology. Sty dd cofdadividof his Becbiostion product appered t

be very high (ﬁ]!o to 80 S/cm) for an organic solid, Indeed, the most likely explanation

or WU bR I B G v e

PEDOT!

{ ) {
0
E/M\ RT, 2 years or heat
- -
Br
n

Figure 1.13 Solid state polymerization of DBEDOT.
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The conductivity of different SSP-PEDOT samples was measured by the four
point probe method at room temperature (Table 1.1). The highest conductivity
belongs to the polymer prepared at lowest temperature and longest reaction time,
which may reflect achievement of a higher degree of order. Indeed, heating above the
monomer’s melting point results in dramatically reduced conductivity (0.1 S/cm),
which rises up to 5.8 S/cm after dopmg with iodine, approaching the value of an
FeCls-synthesized PEDOT (7. 6\5{ y ry significant, but certain increase in
conductivity of SSP-PE

iodine vapor. b 4

Table 1.1 Conductivit

as found on exposing a sample to

S —
'*\

ducti wty{u} S.em™”
FeCl;-PEDOT"
Reaction temperature 120 0-5
Reaction time 24h 24h
1. Crystal > 3
2. Pellets as symhes:zed ,_ 0.1 -~
3. Pellets after @m L8 538 76

* Prepared from salgstat; polymerization
® Prepared from mudaﬁm h'ej %ymmumn Bﬁ FeCls

INEIN
K E&MEQJMJ&QH TLEL AL e i e

resultad in an unprecedented self-coupling reaction and gave highly conductive and
relatively well-ordered bromine-doped PEDOT. Furthermore, heating DBEDOT
above its melting point led to polymer with a lower conductivity.

¢ cannot be

As a unique derivative of polythiophene, poly(3,4-ethylenedioxythiophene)
(PEDOT), possesses several advantageous properties compared with unsubstituted
polythiophene and polythiophene derivatives. PEDOT had received considerable
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interests attributable to its low band gap, high electrical conductivity, good stability,
and excellent optical transparency in the visible region. Even ether groups at B’
positions of thiophene ring in PEDOT avoided the formation of a-B' linkages defect
during polymerization. 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 chemi perties. Solid state polymerization (SSP) of

| illine monomers could also result in another
ith h ﬁgﬁﬁty. Moreover, this method was
uncomplicated, less side reaeti - nmentally sound procedures. This

research will aim at ofili74

their new structurally pre-organi
well-defined polymer

The goal of this rese; on making poly(3,4-dialkoxythiophene)
derivatives from lﬂew & d Ts and study their physical,
electrical and cheh |

1.11 Scope of the ﬂlﬂtigjﬁﬂn

e R R TH SO

1. Literature survey on reldted research . o/
q. Eﬁ]ﬂgugon,gﬁgymg,n;lgm 'olﬂnj bgl'iléjct bromination of
a. 3,4-ethylenedioxythiophene (EDOT)
b. 3,4-dimethoxythiophene (DMT)

¢. 3,4-dialkoxythiophene monomer
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3. Synthesis of 3,4-dialkoxythiophene by ether exchange reaction of
2,5-Dibromo-3,4-ethylenedioxythiophene and 3,4-dimethoxythiophene

4. Synthesize poly(3,4-dialkoxythiophene) derivatives  from
3,4-dialkoxythiophene monomers by

5. Study and comg of poly(3 4:dilksrythioptions)

o oXidath .‘?‘%- zation with ferric chloride
(FeCls) from 42 and s0li y\w 1 (SSP) process from 5b.

ﬂ‘lJEl’J‘VIEWIﬁWEI'm‘i
ammnim NN Y



CHAPTER I

EXPERIMENTS

2.1 Instruments and equipments
Melting points wer ﬁt}g‘ a Stuart Sciencetific Melting Point

SMP1 (Bibby Sterlin Lt shlre, FT-IR spectra were recorded on a
T —

Perkin-Elmer FT-IR spe
Instruments LLC.,

spectrometer (Perkin Elmer
e incorporated into a pellet of
potassium bromide uid samples were 2 as neat. The 'H-NMR and
BC.NMR spectra weé obtaiged it srated chloroform (CDCls), deuterated
dimethylsulfoxide (OMEOL or (dehtefated\athiont (Acetone-ds) using Varian
Mercury NMR specti®meter ) d!eii 00 MHz for 'H and 100.00 MHz for °C
%) | ectra were recorded on Mass
iero API ESCi (Waters, USA). Samples
L Hﬂ 50 pL into the Mass Specrometer in.
The absorption spécta were rmﬂad mm
(Shimadzu Corpo pn,Kynto Japan).

g
2.2 Chemicals

Tl Sl R BT RV BN o smi s

precoated mﬂi‘ silica gel (Merck Kieselgel ‘go Fasq) (Mer&I_r, KgaA, Darmstadt,

G PP 4 46 i 9 00002

70-230'mesh ASTM (Merck Kieselgel 60 G, Merck KgaA, Darmstadt, Germany or
Scharlau Chemie S. A., Barcelona, Spain). Solvents used in synthesis were reagent or
analytical grades. Solvents used in column chromatography were distilled from

nuclei (Varian Comgp
Spectmmeter Waters

E Spectrometer: UV-2550

commercial grade prior to use. Other reagents were purchased from the following
venders:
- Labscan (Bangkok, Thailand): chloroform, concentrated hydrochloric acid,
toluene, tetrahydrofuran, dimethylsulfoxide, acetonitrile, acetic acid
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- Acros Organic (USA): N-bromosuccinimide, N-chlorosuccinimide,
Lithium perchlorate, 2-bromoethanol, p-toluenesulfonic acid

- Carlo Erba Reagent (Milan, Italy): benzoyl chloride, ferric chloride

- Fluka Chemical Company (Buchs, Switzerland): glycerol

- Merck Co. Ltd. (Darmstadt, Germany): ethanol, anhydrous sodium
hydrogen carbonate, Sﬁdl m hydmxlde: anhydrous sodium sulfate, acetone,

acetonitrile /
- Riedel-de H@hgﬁmus z@h (III) chloride
s Mdnch?ed m@ﬂn, 3,4-dimethoxythiophene

\ mm\chiumhm deuterated

il —
General procedure : In a twe mL round bottom flask filled with 9 mL
of a 2:1 solvent mixtaresof chloroform (CHC éjﬁ mL) and acetic acid (CH;COOH)

6 i, « Bb S LIS WS P RIATHS e scrion v sty

added 2.5 eq?l’ivalents of N—hrmq&mcc:mmldgNBS) or N—cl:ggumccinimide (NCS)
3 B | G s s
temperature. After completion, The reaction mixture was quenched by adding
saturated sodium hydrogen carbonate solution. The organic layer was separated, and
water layer was extracted with chloroform three times. The combination between
organic layer and chloroform extract was washed with water. After drying over
anhydrous sodium sulfate, the solution was evaporated using rotary evaporator. The
obtained solution was then purified by column chromatography. The corresponding
dihalothiophene derivatives were obtained.
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2.3.1 2,5-dibromo-3,4-ethylenedioxythiophene (DBEDOT; R,—R; =
CH;CH3)

to a stirred solution of EDOT
chloroform (CHCIs) (6 mL)
ider inert atmosphere. The crude
Wlumm and eluted with 8:2

(EDOT) by slowly addi
(0.1421 g, 1 mmol) di
and acetic acid (C

mixture was purified

MeO

quﬁ"’jm ““;"i’nm
AIAINTUNTIINYAE

The compound was prepared from a reaction of 3,4-dimethoxythiophene
(DMT) (0.1442 g, 1 mmol) and NBS (0.4450 g, 2.5 mmol) in 2:1 solvent mixture of
chloroform (CHCls) (6 mL) and acetic acid (CH;COOH) (3 mL). The crude mixture
was purified by column chromatography, and eluted with 8:2 mixtures of hexane and
dichloromethane to get a pale yellow oil (0.2583 g, 80%). 'H-NMR (400 MHz,
CDCly): & (ppm) 3.90 (s, 6H, Ar-OCHs) (Figure A.4, Appendix A); *C-NMR (100
MHz, CDCL): 6 (ppm) 61.2, 95.0 148.2 (Figure A.5, Appendix A). MS-H™ (EtOAc):
m/z 301.9 (Figure A.6, Appendix A).
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2.3.3 2,5-dichloro-3,4-dimethoxythiophene (DCDMT; R;= R; = CHj;)

MeO, OMe

/ \

The compound was \ « reaction of 3,4-dimethoxythiophene
(DMT) (0.1442 g, 1 mmol) and NCS, (0.3 5 mmol) in 2:1 solvent mixture of

chloroform (CHCls) (& CH3COOH) (3 mL). The crude mixture

was purified by columf chubmatography, and « ith hexane to get a pale yellow
oil (0.1725 g, 80%)*H- _ (ppm) 3.90 (s, 6H, Ar-OCH;)
(Figure A.7, Appengix A), *C-NMR (100 MHz, CDCl): 3 (ppm) 60.8, 108.6, 145.3

(Figure A.8, Appendif A) MS "h"‘% ) mfz 212.1 (Figure A.9, Appendix A).

2.4.1 Egﬁmﬁﬂ nlﬂj-«l (R—Ry =
ARIAINIUURAINGAY
G

N

Br Br
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The crown ether derivative was synthesized by introducing DBEDOT (0.4498 g, 1.5
mmol) into 2-bromoethanol (3.5 mL, 50 mmol) in the presence of p-toluenesulfonic
acid (PTSA) (0.5706 g, 3 mmol). The mixture was allowed to heat at 80 °C for 2 hour
and then quenched with saturated sodium hydrogen carbonate solution. The organic
layer was separated, and water layer was extracted with dichloromethane three times.
The combination between organic layer and dichloromethane extract was rinsed with
distilled water and dried wgth , - sodium sulfate. The solution was

concentrated by wapnratl usm vaporator. The crude mixture was

then purified by pasmwia si %and eluted with 8:2 mixtures of
0 Ll LE

L was obtained as pale-yellow liquid (0.1725

D0 )3.50,(t, 2H, Ar-OCH;-) 4.2 (s, 2H, Ar-
OCH,CH;y-), 4.5 (&, ghHj 'zﬂM' A0, Appendu A); C-NMR (400
MHz, CDCl): & (pp
MS-H' (EtOAc): m/z

ﬂuHQWBmﬁﬁﬂnﬂi
JBARSATAUBATN LI AL o e

dlmethoxythmphene Ether exchange was done using 3,4- dlmcthuxjnhmphm
(0.1442 g, 1 mmol), glycerol (3.0 mL, 40 mmol) and p-toluenesulfonic acid (PTSA)
(0.1902 g, 1 mmol). The mixture was heated at 80 °C for 5 hours and then quenched
with saturated sodium hydrogen carbonate solution. The organic layer was separated,
and water layer was extracted with ethylacetate three times. The combination between
organic layer and ethylacetate extracts was rinsed with distilled water and dried with

anhydrous sodium sulfate. The solution was concentrated by evaporating solvent
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using rotary evaporator. The product was purified by passing through a silica gel
column, and eluted with 1:1 mixtures of dichloromethane and hexane. The product
was obtained as pale yellow liquid (0.1725 g, 20%). 'H-NMR (400 MHz, CDCL):
& (ppm) 2.28 (s, 1H, OH), 3.72-3.81 (m, 2H, OCHCH,-OH), 4.00-4.03 (m, 1H,
OCHCH,-OH), 4.14-4.16 (m, 2H, Ar-OCH,CHO-), 6.27 (s, 2H, Ar-H) (Figure A.13,
Appendix A); "C-NMR (100 ls): &(ppm) 61.5, 65.7, 74.0, 9938,
99.9,141.3 (Figure A.14, A W r,cm”): 3411 (O-H st), 1489 (C=C st)
(Figure A.15, Apptndl

To the solufig of " -3, 4-ethylenedioxythiophene (HEDOT)
(0.1720 g, 1 mmol) in‘a.2:1 solvent mixture of chloroform (6 mL) and acetic acid

(3 mL) at 8| %) nder b} Rbdéphere e $iowi§ jadded N-bromosucinimide

(NBS) (0. 4453-h, 2.5 mmol). The golutmn was &nﬁad by pass:g through a silica gel
= RO S AT Ay b e
(0.4450 g, 72%). "H-NMR (400 MHz, CDCl): & (ppm) 2.28 (s, 1H, OH), 3.78-3.89
(m, 2H, CH,-OH), 4.09-4.11 (m, 1H, OCHCH,-OH), 4.21-428 (m, 2H, Ar-
OCH,CHO) (Figure A.16, Appendix A); "C-NMR (400 MHz, CDCl;): 8 (ppm) 61.8,
65.8,74.5, 85.5, 85.6, 139.4, 139 5 (Figure A.17, Appendix A). MS-H (EtOAc): m/z
329.1 (Figure A.18, Appendix A).
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2.5 Synthesis of 3,4-dibenzoyloxythiophene (R3, Ry = OCOC¢Hs) 6

0
lI
c

n=o

N2
A solution 0@:{ 1013@2 g, 1 mmol) in toluene (5 mL)

was heated for 2 hour nhydrous :7 inum chloride (0.3334 g, 2.5
mmol) under an atmospherg©f uifrogen. The resul ling solution was poured into dilute
hydrochloric acid (20 #L) e acitfs ‘Was extracted with ether and the
dihydroxythiophenef#va 7 0N
hydroxide. Treatmeniof ifle ka]m lution with a éxcess of benzoyl chloride (0.35
(00648 g, 20%). 'HNMR (400 MHz, CDCl,):
| 0% 2H) , 8.11 (d, 2H) (Figure A.19,
Appendix A); ”C-NMZR (m.ﬁ_fﬂﬂ% 15): 5 (ppm) 110.7, 128.6, 128.8, 130.4,
133.8, 138.4, 153%@3 A.20, Appendi S4M+Na]" (MeOH): m/z 347.0

ther-toluene solution with sodium

mL, 3 mmol) gave the

2.6 Polymerization

'“ﬂ‘TJ'EI‘?‘P‘TW“Eﬂm
q ‘W’Wa ] ll#ﬂ-’l’lﬂ y

CH,Cl,

General procedure: To a two-necked 50 mL flask equipped with a magnetic
stirrer was added the thiophene monomer and dichloromethane (4 mL) under nitrogen
atmosphere. The solution was slowly added into a stirred suspension of three
equivalents of anhydrous ferric chloride in dichloromethane (4 mL). When the

addition was completed, the mixture was stirred for an additional 24 h at room
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temperature. After the polymerization, the reaction mixture was poured into methanol
to recover the product followed by washing with methanol several times. The solution
was filtered and purified by a Soxhlet extraction with methanol until the solution was
colorless. The resulting polymer was then dried to give the corresponding

polythiophene derivatives.

2.6.1.1 Synthugﬁb_(ku,,‘y}ydmythiuphm] (PDHT; Ry, R;

=

42 g, 1 mmol) in toluene (5 mL)
uminum chloride (0.3334 g, 2.5

T E
Fad b n

mmol) under an atmosphere of nitrogen

hydrochloric acid. ,;I'he amd‘so‘l—ﬁﬂ?ﬁn‘

solution of dihyd i

res .‘liing solution was poured into dilute
ted with CH,Cl; and collected the

g, 2.5 mmol) foll:j'.g-tbe general bo
! b
methanol was poured into the reaction mixture to re

wuhingthemm ethang
was colorless. ' I €
q

polythiophene derivatives as dark“solid (0.11 98%). It whs’partially soluble in
Y AV R A F AT TaXan i 1le Y
completely soluble in 0.5 M sodium hydroxide. 'H-NMR (400 MHz, NaOH/D;0):
no signal; "C-NMR (100 MHz, NaOH/ D;0): & (ppm) 168.2, 172.9 (Figure A.22,
Appendix A). IR of the soluble part (KBr, cm™): 3428 (O-H st), 1642 (C=C st)
(Figure A.23, Appendix A); IR of the insoluble part (direct probe on surface, cm™):

3369 (O-H st), 1631 (C=C st) (Figure A.24, Appendix A).

over the product followed by
‘ ajntil the washed solution

o“give the corresponding
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2.6.2 Thermal polymerization of 2,5-dibromothiophene derivatives

R, R, R,0, OR,

The compound € | ingubation of crystallized 2,5-dibromo-

3,4-ethylenedioxythiop at, 70 : color of the crystals changed from
white to dark blue with hrtg,ﬁ or appeared. The product was insoluble in all
organic solvents. "y

——=7]
rthiop cleﬁPDMT; R;= R; = CH3)

ARIAIN TN

2,5-dibromo-3,4-dimethoxythiophene monomer, as starting material was
incubated at 80 °C to 160 °C in a closed round-bottomed flask. Unfortunately, no
physical change indicating an occurrence of polymerization was observed. The liquid
only evaporized and recondensed back to its original state.
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2.6.2.3 Poly(thiopheno-12-crown-4) (Ry—Ry =
~CH,CH,;0CH;CH;0CH,CH-)

round-bottomed flask. Ufifortunate *_'-f » physical change indicating an occurrence of

polymerization

AuEInenInghs
o A 0OV £ O] bl | BV vt o

bottomed flask for 15 minute. The liquid changed from pale yellow to dark blue with
brown vapor appeared. The resulting polymer was then dried to give the
corresponding polythiophene derivatives. The resulting polymer was then dried to
give the dark solid (0.0214 g, 54%) as product. It was slightly soluble in methanol,
acetone, tetrahydrofuran, dimethysulfoxide and chloroform. '"H-NMR of the soluble
part (400 MHz, Acetone-ds): & (ppm) 3.35-4.60 (broad m, CH;CHCH,), 4.80 (broad s,
OH) (Figure A.25, Appendix A). IR of the soluble part (KBr, cm™): 3439 (O-H st),
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1639 (C=C st) (Figure A.26, Appendix A), IR of the insoluble part (direct probe on
surface, cm™): 3323 (O-H st), 1683 (C=C st) (Figure A.27, Appendix A).

AULINENININT
ARIANTANNINGIAY



CHAPTER III

RESULTS AND DISCUSSION

3.1 Halogenation of minphegp.‘w
-

Ry
X =Br, Cl
X

Figure 3.1 Synthési; 15-dihalo-3,4- ialkoxythiophene derivatives.

Since o-positi 1 thiop! ) ring) i &H&ll}f very reactive towards
electrophiles or radical fitition c-hyc halogenation reaction of EDOT
prior to carrying out r dge may be necessary to prevent
side-reactions [Sﬂ] Fullumng prmedure by Kellogg and coworkers

Likewise, mmmmnn at room tcmperaxure af EDOT, DMT and HEDOT,
utilizing N- m ent gave products with
different m nj.\n n the thiophene ring as
depic 1 Tw HCl3/CH;COOH

m§ ﬁﬁmrl ﬂeﬁdﬁmﬂemnmg& brief
ructmn in CH2Cl; could provide a reasonable amount of product or even better in
some cases such as that of 2’'-hydroxymethyl-3,4-ethylenethiophene (Entries 6,7,
Table 3.1). Moreover, N-chlorosuccinimide (NCS) was used as chlorinating agent for
DMT to give the dichloro derivative. The peak in "H-NMR spectrum at & ~ 6.3 ppm

which corresponds to a-hydrogen signal on thiophene ring was disappeared after

either bromination or chlorination.



Table 3.1 Synthesis of 2,5-dihalo-3,4-dialkoxythiophene derivatives

Entry | Substrate | Reagent Solvent Time Product Yield
2:1
1 NBS 5h 85%
CHCl;:CH3;COOH
. B Br
2 ‘i\“ - 2h 80%
: ~ | CHCl»€H;COOH
e / ‘_ @ s -
, , B Br
3 / 73%
4 81%
5 75%
6 72%
¥ 82%

NS5

A8

o) T8 ‘difedent ﬂ@ﬂ%ﬁqﬁ A arisny aﬁE}phm ring were

plausibly proposed [51,52]. The likely mechanism is illustrated in Scheme 3.1. It
suggested that the bromination reaction was occurred via acid-catalyzed electrophilic

aromatic substitution in polar solvent. Another mechanism was proposed that the

reaction was taken place through radical-based single electron transfer followed by

aromatic radical substitution as shown in Scheme 3.2. The chlorination mechanism is

likely to be similar to that of bromination.
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’/z:, ’\

hilic aromatic substitution.

[ A2
= a;,

ﬂumwﬂmwmmlmm
I fsainmn’ ﬂaw

R R.
1 1 2 ﬁ
Lﬁm ~
X X
Scheme 3.2 Bromination mechanism through radical-based single electron transfer
followed by aromatic substitution.



3.2 Synthesis of 3,4-dialkoxythiophene derivatives

R,

DCDMT: X = CliRy=Rs = CHs

Rz

DMT: X = H, Re=Ri=CHy | \K
Figure 3.2 of 3,4-dialkoxythiophene derivatives.
ALAS N\
; (o 4 A\ "
Table 3.2 Synthesis of 3,44 thio vatives
: Product
Entry | Substrate ition Time .
(yield)
SA,
1 | DBEDOT 31h | dark solid
80 °C
2 | DBEDOT.{ pa A 5h | dark solid
¢ w
3 Dﬂmﬂ%w~ . | 24h | dark solid
- ¢
4 EDC - : h | dark solid
e L C
AICl;,
5 | DBEDOT | formalin37% | 1,2-dichloroethane | 24 h | dark solid
/ reflux
PTS
6 |DBEDOT [ 22 i 6h | dark solid
dimethoxypropane |  toluene/ reflux
PTSA, :
7 DBDMT | paraformaldehyde lh dark solid




Table 3.2 Synthesis of 3,4-dialkoxythiophene derivatives (continued)

41

E Substrat Reagent Conditio Toe || o0
n u e on n ime
e (yield)
8 DBDMT | paraformaldehyd ey 24h
e e
4 peli solid
dark
9 | DBDMT 3h :
solid
dark
10 | DBDMT 2h ;
solid
11 | DBDMT 2h
solid
12 | DBDMT 7d a
13 | DBDMT 2d -
14 DBDMT | /I bromic 30h -
T ethylsilyl
m sl
15 | DBDMT |¢a o 07 o}  Kireflux 3n | -
“'" “J AAHEIINeIIng
16 o] 20 »
r:x-nﬁﬁ.ra né’%‘ﬁ’ﬁwn ﬁ%ﬁﬁ 0]
e 1A 1 0 )
17 9| DBDMT 30h -
chlmde DMEF/ 90 °C
PTSA,
18 | DCOMT | paraformaldehyd 2d NR
e v toluene/ reflux
PTSA.
19 | DCDMT | paraformaldehyde 2d NR
” DME/ 90 °C
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Table 3.2 Synthesis of 3,4-dialkoxythiophene derivatives (continued)

Entry | Substrate |  Reagent Conditio PO el
n ubstra n n e
(vield)
% PTSA,
20 | DCDMT | > 24 NR
dimethoxypropane DMEF/ 90 °C
21 DCDMT 2d NR
3d .
22 DCDMT =
20h
23 4d -
24 2d £
3d
25 >
19h
26 2d &
27 3d NR
3d
oA NN T I RS T =
DMEF/ 90 °C 22h
trimethylsilyl TBAIL KI 1d
29 | pmr | ? i NR
chloride / reflux 9h
liquid
30 DBEDOT | 2-bromoethanol PTSA/ 80 °C 2h
(11%)
MSA, LiClO4 liquid
31 DBEDOT 2-bromoethanol 2h
- /80°C (22%)
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Table 3.2 Synthesis of 3,4-dialkoxythiophene derivatives (continued)

Product

Entry Substrat Reagent Condition Time (sield)
liquid
32 DMT glycerol PTSA, 80°C 3h (18%)
33 DMT lyced PTSA.80°C | sn | |aud
3 {fW// : (20%)
—_ ’&/ liquid

34 DMT _|=~—gljcerol ~{-PTSA,80°C | 24h
= - r?} -:——- (1 1%)

NR = No reaction
* debromination

b dechlorination

all products were ohgmed in dark solid form which Eipre anticipated to be poly(3,4-
ethylenedioxythiopheng) EEDOT) sinu@e}r could not be dissolved in any organic

solvents. Thﬁ u% W@ Ew Eﬂeﬁq% exchange reaction to

replace the ethylene bridge in BEDUT was not sumsﬁ.ll due to the facile

solid Nﬂﬁﬁmﬁm l | Ey um Eltmm :;::;:m -

Next, DBDMT was selected as the precursor as a substitute for DBEDOT
expecting that the methyl groups might be removed were easily than the ethylene
bridge. The ether exchange reactions employing PTSA as a catalyst for entries 7-11
also gave the similar insoluble dark solid products which were expected to be
poly(3,4-ethylenedioxythiophene) (PDMT) insolubility of solid product in organic
solvent [40].



The results of entries 12-17 demonstrated that the desired nucleophilic
substitutions did not occur. Instead, out of the bromine atoms was found to detach
from the thiophene ring. The obtained product was BDMT (1), confirmed by the
presence of two signals the desymmetrized CH; groups and a singlet signal of the a-

position of the thiophene ring from 'H spectrum (Figure A.29, Appendix A). Two
methyl peak from "“C NMR sp (Flgure A.30, Appendix A) additionally
confirmed this mterpretanun {

made in which the _fh[m m 5/

precursor for enl)g; ;

feaction of a-hydrogen of
tties 18-21 did not occur but

dechlorination reax:tmn did not ahserve Opposite to prior entries, dechlorination of

°“"‘°*”*ﬁﬂﬂﬂﬁwmwa’m

Non-halogenated DMT was picked as a precursor for enries 27, 28, and 29 to

et A A, 4. i e o o e

place. Only starting material was recovered.

Fortunately, as shown in entries 30 and 31, it was found that the substitution of
the ethylene bridge in DBEDOT was occurred upon the reaction with the 2-
bromoethanol in the presence of p-toluenesulfonic acid (PTSA) at 80 °C. The
thiophene crown ether product (2) (Figure 3.4) was obtained as pale yellow liquid in
11% yield. '"H-NMR (Figure A.10, Appendix A) demonstrated triplets signal at
3.5, 4.5 ppm and singlet signal at 4.2 ppm which corresponded to the signals of
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hydrogen atoms on the crown ether. '*C-NMR spectrum (Figure A.11, Appendix A)
of the crown ether product correctly revealed 5 different types of carbon that
substantiated the crown ether structure. To increase the yield, methane sulfonic acid
(MSA) in the presence of lithium perchlorate (LiClO4) was used as the catalyst.
Lithium ion is believed to be a template to help binding four oxygen atoms to form
crown ether ring and enhance the amount of product. The resulting yield (22%, entry
31) was partly improved in compa that from PTSA-based catalyst. The

inferior yield could be a%@t
exchange reactions xnw wm:;h some dark solid precipitate

suspected to be PEDOT

ions (entries 30-34,

Mor ﬁg m m es 32, 33 and 34 to
perform cthe ‘ﬁn was heated at 80°C

for three hours and gave the product 3 in 18% yield. Howeverpit was found that the
reacid) ol R F45 V0 bbb sl
(Flgure 3.4). This by-product was the intermediate arose from incomplete
substitution of glycerol replacing only one methoxy group of DMT. Characterizations
by 'H-NMR (Figure A.31, Appendix A) and C-NMR (Figure A.32, Appendix A)
confirmed the structure of the intermediate 4. When the reaction mixture was repeated
and continued for 5 hours and 24 hours, only 20% and 11% yields of the product 3
(Figure 3.4) were obtained respectively. This means that longer reaction time might
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not the competitive ether exchange side reaction and polymerization could also be

applied in this case.

Fager and coworker [53] have reported an alternative method to functionalize
at the 3,4-dioxy position of DMT by simply removed the methyl groups and quickly

trapped the unstable dihydmxy intermediate 5 with benzoyl chloride to give
dibenzoate 6 (Scheme 3.3). T of interest, 3,4-dihydroxythiophene (5),
was not isolated due to i % toward oxygen. To confirm the
existence of cumpnundm w;:ed in which the dibenzoate 6

could be synthesized.ar , by 'H-NMR (Figure A.19,

3.3 mid.ﬁﬁﬂﬁ %ﬁﬁ{ﬁﬁ%ﬁﬁaphm

St W

Figure 3.5 Synthesis of 3,4-dialkoxythiophene derivatives by oxidative coupling

polymerization.

The synthesis of polythiophene derivative by oxidative coupling
polymerization using ferric chloride was adapted from that reported by Tepveera [54].
Together with the process using previously mentioned, the Fager's procedure, 3,4-



47

dihydroxythiophene was first synthesized and was further polymerized by oxidative
coupling technique using FeCls as the oxidizing agent (Scheme 3.4).

MeO Me H H = -
1) AICl, toluene, 60 °C FeCly
2) HCl solution J CH,Cl,
n
DMT x.\k 'I/// 7
Scheme 3.4&55 n@ihydmxﬂhiuphene}
— A - e ————
Poly(3,4-dihydro ; obtained as dark blue solid in
98% yield. It was ; ‘methanol, dimethyl sulfoxide, NN-
dimethylformamide, “tetrafiydrofuran, acetone, but g:nud be completely soluble in
0.5 M NaOH solution] indictifg the agidic prope f'lf phenolic-like moieties. The
'H-NMR spectrum of showed no signal (Figure A.22,
Appendix A)."C-NMR ution appeared two signals at & ~
168.2 and 172.9 ppm whigk ﬁﬁ}' T nd to o and B-carbnns on the thiophene

I A pendu A) showed very strong O-H
stretching (3200-3400 om') and C=C stretchin ') characteristic bands. The
molecular weight méasuren 1 GP( hat dissolved in THF gave
approximated M, of Q}f 373, ¢ respondnTTe: E}nnnnmer unit.

onens L mmm -
R \aﬂmum'm 194

B Br 'Brz

Figure 3.6 Synthesis route of 3,4-dialkoxythiophene derivatives by thermal

polymerization.
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The synthesis procedure of polythiophene derivatives by thermal
polymerization was adapted from the solid state polymerization (SSP) used by Meng
and coworkers [48,49]. The solid state polymerization was suggested to
spontaneously occur and give readily-doped PEDOT by simple heating of the
corresponding dibromo derivatives of EDOT monomer. The stacking congested
structure of the DBEDOT in the ¢ nﬂi Jl form and halogen-halogen closed-contact

force the debromination with in s formation resulting in solid state

polymerization of these w ,f_g;gjaxre was repeated to verify and
optimize the process. The resuli- MWWUM be obtained as insoluble
dark blue crystal by in Inrless crystalhne DBEDOT at 80 °C for 4 h.
During the reaction, si of red-brm bromine vapor was observed
debreaﬂ’n tion rmunn had proceeded.

over the crystal pad su

Upon the heating the liquid HE!ET and pound 2 between 80 °C to 160 °C in
: -‘s:f': /)

closed containers, no physma! change »mésewed in both cases. This might be

because mtarmotm d:staﬁ'cé’afmng tfiefﬁﬁ'h‘om&(s fthese two compounds may

=
However, uponj heating at 100 °C for 15 minutes, polymerization reaction of

the dibromo dmvatwcsﬂ'uﬁm ﬂmn:%] lace with a change from pale yellow

liquid to dark uﬁcj ilg[ mlﬁmr 8 (Figure 3.5) was

partially soluble'in methanol, dimethyl sulfoxide, tetrahydrofuran, and acetone. From
e S 5 A 5 15
was assumed to be the protons of the hydroxyl groups on ethylene bridge. The other
protons were shown as multiplet signal at 3.35-4.60 ppm. The optical properties of
polymer 8 was analyzed by UV-Vis spectroscopy using partially dissolved portion of
the polymers in methanol. This blue solution showed a relatively large value
maximum wavelength absorption (Ama) at 610 nm (Figure A.28, Appendix A). The
molecular weight measurement by GPC of the fraction that dissolved in THF gave
approximated M, of only 598, comresponding to about 3 monomer unit. In IR
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spectrum, the polymer 8 showed very strong O-H stretching (3100-3600 cm™) and
C=C stretching (1683 cm™) characteristic bands (Figure A.27, Appendix A).

Figure 3.7 Structure of pol§( 2 hiydroxym :}‘Nﬁ ylenedioxythiophene)
Zatic -hydroxymethyl-2,5-

¥ )
AU INgnInens
AR TUAMINYAE



CHAPTER IV

CONCLUSION

The new 3,4-dialkoxythiophene derivatives were successfully synthesized by
the ether exchange reactions using p-toluenesulfonic acid (PTSA) as the catalyst. The
reaction of 2,5-dibromo-3,4-ethylenediofythiophene (DBEDOT) with  2-
bromoethanol give com 2i

i a-another case, the reaction of 3,4-
dimethoxythiophene with glyeero! gi 3 in 20% yield. Up to 20% yield of

dibenzoate of 3,4-dihydréXyatifophene, has been obtained through demethylation of
3,4-dimethoxythiophene” wi drous  aluminum, chloride and subsequently
trapping of the intermedi 1zoviation w

chloride followed by oxic erization of the resulting intermediate
using anhydrous ferric chlurt =13 ive coupling agent. The solid state
polymerization (sg) of 2,%4:6- ,4-ethyle m;ythluphcne (DBEDOT) to

poly(3,4-ethylenedioxythiopliene) (PEDO 2 ssfull)r repeated. The
procedure was applﬁl to the therm of 2'-hydroxymethyl-2,5-
dibromo-3 4-=thylcn=d19ax hiophene to, give poly(2'-hydroxymethyl-3,4-

ethylenadmxﬁ%%](qmﬁ% ﬁ Pﬁ ﬂﬂﬂnﬁs with 2,5-dibromo-3 4-

dimethoxythiophene (DBDMT) and mmpound 2 were not yet sumssﬁ;t

ama\mm 1RIINYIRY
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Figure A.1 ‘a-m.m (CDCls) spectrum of 2,5-dibromo-3,4-ethylenedioxythiophene (DBEDOT)
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Figure A.2 C-NMR (CDCl) spectrum of 2,5-dibromo-3,4-ethylenedioxythiophene (DBEDOT)
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Figure A.3 Mass spectrum of 2,5-dibrome-3,4-ethylenedioxythiophene (DBEDOT)
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Figure A.4 "H-NMR (CDCl;) spectrum of 2,5-dibromo-3,4-dimethoxythiophene (DBDMT)
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Figure A.5 "C-NMR (CDCls) spectrum of 2, 5-dibromo-3,4-dimethoxythiophene (DBDMT)
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Figure A.6 Mass spectrum of 2,5-dibromo-3,4-dimethoxythiophene (DBDMT)
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Figure A.7 "H-NMR (CDCl;) spectrum of 2,5-dichloro-3,4-dimethoxythiophene (DCDMT)
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Figure A.8 "C-NMR (CDCl;) spectrum of 2,5-dichloro-3,4-dimethoxythiophene (DCDMT)
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Figure A.9 Mass spectrum of 2,5-dichloro-3,4-dimethoxythiophene (DCDMT)
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Figure A.10 "H-NMR (CDCl;) spectrum of 2°,5 -dibromothiopheno-12-crown-4 2
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Figure A.11 "C-NMR (CDCl;) spectrum of 2',5"-dibromothiopheno-12-crown-4 2
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Figure A.13 "H-NMR (CDCls) spectrum of 2'-hydroxymethyl-3,4-ethylenedioxythiophene (HEDOT)
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Figure A.14 "C-NMR (CDCls) spectrum of 2'-hydroxymethyl-3 4-ethylenedioxythiophene (HEDOT)
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Figure A.15 IR spectrum of 2'-hydroxymethyl-3,4-ethylenedioxythiophene (HEDOT)
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Figure A.16 'H-NMR (CDCl;) spectrum of 2'-hydroxymethyl-2,5-dibromo-3,4-cthylenedioxythiophene (DBHEDOT)
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Figure A.17 “C-NMR (CDCl;) spectrum of 2'-hydroxymethyl-2,5-dibromo -3 4-ethylenedioxythiophene (DBHEDOT)
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Figure A.18 Mass spectrum of 2'-hydroxymethyl-2,5-dibromo -3,4-ethylenedioxythiophene (DBHEDOT)
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Figure A.20 "C-NMR (CDCl) spectrum of 3,4-dibenzoyloxythiophene
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Figure A.21 Mass spectrum of 3,4-dibenzoyloxythiophene
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Figure A.22 "C-NMR (NaOH/D;0) spectrum of poly(3,4-dihydroxythiophene) (PDHT)
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Figure A.23 IR spectrum of the soluble part of pely(3,4-dihydroxythiophene) in acetone (PDHT)
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Figure A.24 IR spectrum of poly(3,4-dihydroxythiophene) (PDHT) (solid)
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Figure A.25 "H-NMR (Acetone-dg) spectrum of poly(2'-hydroxymethyl-3,4-ethylenedioxythiophene (PHEDOT)
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Figure A.27 IR spectrum of poly(2'-hydroxymethyl-3 4-ethylenedioxythiophene) {PHEBO’I] (solid)
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Figure A.28 UV-visible spactrum of poly(2'-hydroxymethyl-3,4-ethylenedioxythiophene) (PHEDOT) in MeOH
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Figure A.29 'H-NMR (CDCl;) spectrum of 2-bromo-3,4-dimethoxythiophene (BDMT) 1
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Figure A.30 "C-NMR. (CDCl;) spectrum of 2-bromo-3,4-dimethoxythiophene (BDMT) 1
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Figure A.31 'H-NMR (CDCls) spectrum of intermediate 3
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Figure A.32 "C-NMR (CDCls) spectrum of intermediate 3
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Figure A.33 UV-visible spectrum of poly(3,4-dihydroxythiophene) (PDHT) (solid)
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Figure A.34 UV-visible spectrum of poly(2'-hydroxymethyl-3 4-ethylenedioxythiophene) (PHEDOT) (solid)
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