
C H A P T E R  II 
L IT E R A T U R E  SU R V E Y

2.1 C o n d u c tiv e  P o lym ers

C onductive polym ers are a recently new  class o f  polym ers; they are organic 
m aterials that are generally  com prised o f  c, H and sim ple heteroatom s such as N and 
ร and consisting  o f  unique 7T-conjugation electrons. T hese m aterials differ from 
other typical organic polym ers due to their un ique TT-conjugation electrons properties, 
w hich im part h igher electrical conductivity  at room  tem perature on oxidation or 
reduction than ordinary polym ers that are usually  insulating m aterials relative to 
m etals such as copper (C handrasekhar, 1999; D eependra e t a l . ,  2004).

The discovery o f  conductive polym ers began nearly a quarter o f  a century 
ago, w hen Shirikaw a and cow orkers (K um ar and Sharm a, 1998) accidentally 
d iscovered and developed an electrically conductive po lym er nam ely polyacetylene 
w hich w as found to exhibit an increase in electrical conductivity  w hen exposed to 
iodine vapor. Polyacetylene rem ains the m ost crystalline conductive polym er but 
w as not the first conductive polym er to  be com m ercialized  due to its ease in 
oxidation  by the oxygen in air and its sensitiv ity  to hum idity. O ther conductive 
polym ers studied extensively since the early 1980s include polypyrrole, 
po ly th iophene (and various polyth iophene derivatives), polyphenylenevinylene and 
polyaniline, as show n in the schem atic in F igure 2.1. P olypyrrole and polythiophene 
differ from  po lyacety lene in that they m ay be synthesized directly  in the doped form 
and are very stable in air (K um ar and Sharm a, 1998; C handrasekhar, 1999; 
D eependra e t  a i ,  2004).

The com m on electronic feature o f  pristine (undroped) conducting  polymers 
is the TT-conjugated system , w hich is form ed by the overlap o f  carbon p z orbitals, with 
alternating  single and double bonds on polym er backbones as show n in the  schematic 
diagram  o f  F igure 2.2. The incorporation o f  the conjugation  along the backbone is 
im portant because it provides a pathw ay for electrons to m igrate along a polymer 
chain and to ju m p  from  one chain to another chain  (D eependra e t  a l ., 2004;
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P oly(acety lene) (PA ) Poly(pyrrole) (PPy) Poly(para-phenylene) (PPP)

M ark et  a i ,  1 9 9 6 ) .  This process provides con version  from  an insu lating polym er
(con d u ctive  range 10 '10 to 1e r 5 s . c n f 1) to a con d u ctive  polym er w ith  near m etallic
conductiv ity  (con d u ctive  range 1 to 1 o 4 s . c m ' 1)  (S a lan eck  e t  al-, 1 9 9 3 )

P oly(th iophene) Poly(3 ,4-ety lenedioxythiophene) P oly(para-phenylene vinylene) 

(PT) (PED O T) (PPY )

F ig u re  2.1 Schem atic diagram s o f  conjugated polym ers in their neutral form s.

F ig u re  2.2 Schem atic diagram s o f  7T-conjugation in the poly(acetylene). 

Left: B asic schem atic Right: 3-dim ensional, including  defect.

C onductive polym ers are w idely used in a g rea t num ber o f  applications 
because o f  their several advantages: low  density and cost, ease o f  processing, relative 
robustness, and lightw eight. A pplications o f  conductive polym ers w hich have been 
developed com m ercially  include gas sensing, ligh t-em itting  cells and diodes,
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rechargeable batteries, e lectronic cells, contro lled-release applications, actuators, and 
polym eric e lectron ics such as transistors (V an V ught e t  a i ,  2000).

2.2 C onduction  M echanism

M ateria ls in the w orld  can be classified into  three broad categories 
according to their room  tem perature conductiv ity  properties: Insulators,
Sem iconductors and C onductors (C handrasekhar, 1999). C onduction  is the transport 
o f  charge from  one po in t to the other and is governed by charge carriers that move 
through a specim en. In general, electrical conductivity , a , [S .cm '1] is a function of 
the num ber o f  charge carriers, ท, [cm '3], the charge carried by the carrier, q, [A.s], 
and the m obility  o f  the charge carriers, p, [cm 2. V '1.ร'1] as follow ed; (V an Vught e t  
a l ., 2000).

a  = |q| . n . p  [S .cm '1] (2.1)

C onduction  in solids can be described w ith  the band m odel w hich is shown 
in the schem atic  diagram  o f  F igure 2.3. In this m odel, tw o m olecular orbitals, both 
w ith  h a lf  filled orbitals, are brought close enough to  each o ther until overlapping 
occurs. The overlapping  o f  individual m olecular electron ic  states in all these 
m aterials p roduces electron ic bands; valence electrons overlap to produce a valence 
band w hich  is a low -energy band, w hile  the e lectron ic  levels im m ediately  above 
these levels also  coalesce to  produce a conduction  band w hich is a high-energy band. 
The energy d ifference betw een the new ly form ed bands is called the energy gap. 
The extent o f  occupation  o f  the energy bands and the energy gap betw een them 
determ ines the conductiv ity  o f a m aterial. I f  the valence band is only partially filled 
by available electrons, o r i f  the energy gap vanishes, an overlap betw een the valence 
and conduction  bands occurs. W hen electrical potential is applied, som e o f  electrons 
as charge carriers rise into  em pty levels w here they can possess freedom s of 
m ovem ent (p  = oo). T his leads to the m etallic  conduction . In sem iconductor and 
insulators, the valence  band is com pletely filled (p  = 0) and the conduction band is
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em pty (ท = 0); both bands are separated by an energy gap. Therefore, electrical 
conduction can only take place w hen charge carriers are excited from  the valence 
band to the conduction  band. For insulators, i f  the energy gap is too large it is 
difficult for charge carriers to be to be excited into the conduction  band. I f  the 
energy gap for sem iconductors becom es sm aller charge carriers can be easily excited 
into  the conduction band by m eans o f therm al excitation, v ibrational excitation, or 
excitation by photons (K um ar and Sharma, 1998; C handrasekhar, 1999; D eependra 
e t  a i ,  2004; V an V ught e t  a i ,  2000).

CB 

Eg

Metal Semiconductor Insulator
Figure 2.3 Schem atic diagram  o f  the band stRicture o f  m etals, sem iconductors, and 
insulators (Eg is the energy gap betw een the valence band (V B ) and the conduction 
band (CB)).

The band m odel concepts can be used to describe conductive polym ers 
behaviors. A  characteristic o f  all conductive polym ers is the  conjugated  structure. 
The conjugation  length is an im portant param eter in fluencing  the  conductiv ity  due to 
the carrier m obility  (w hich is related to conductivity); it increases w ith  increasing 
conjugation length. The conduction m echanism  o f  all conductive polym ers is 
d ivided into tw o paths: charge carriers m ove along the ex ten t o f  the ^-conjugated  
system  backbone (in trachain  conductivity); or they m ove betw een  the individual 
m olecules (in terchain  conductivity). The conjugational defects or charge carriers are 
form ed through solitons, polarons or b ipolarons in the p o lym er chain w hen these 
conductive polym ers are exposed to oxidation/reduction condition  as show n in the 
schem atic diagram  o f  F igure 2.4. T hese defects or the charge carriers generate 
localized  electronic states in the m iddle o f  the energy gap betw een  the valence band
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and the conduction  band. This e ffec tiv e ly  reduces the energy gap and the charge
carriers can jum p into conduction  band and electrical conductiv ity  is enhanced
(K um ar and Sharma, 1998; Chandrasekhar, 1999; V an V ught e t a!., 2000).

CB

VB

Soliton in trans-polyacetylene (left) and electronic state induced betw een the VB and 
CB by the soliton (right)

conduction band

E,

N eutral form  o f  poly(th iophene) (left) and the electronic state o f  neutral form  (right)

The oxidative doping o f  poly(th iophene) in form  polaron (left) and electronic state 

induced betw een the VB and CB by the polaron (right)

Figure 2.4 Schem atic diagram  o f  soliton o f  polyacetylene, and polaron, bipolaron o f 
poly(thiophene).
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The oxidative doping o f  poly(thiophene) in the bipolaron form  (left) and the 
electronic state induced betw een the VB and CB by the b ipolaron (right)

Figure 2.4(cont.) Schem atic diagram  o f  soliton o f  polyacetylene, and polaron, 
b ipolaron o f  poly(thiophene).

2.3 Concept of Doping

The naturally  7t-conjugated electrons system s on conductive polym er 
backbone are no t sufficient to render them  highly conductivity; trans-polyacetylene 
possesses only 10'6 s.cm'f The high electrical conductivity  is achieved by the 
process called the “doping process” . This process w as firstly  discovered by 
Shirakaw a and Ikeda by doping o f  polyacetylene (PA ) w ith  iodine, and conductivity 
increases by 9-13 orders o f  m agnitude (K um ar and Sharm a, 1998).

D oping o f  pristine (undoped) conductive po lym er can be accom plished by 
the chem ical m ethod o f  a direct exposure o f  the conjugated polym er to a charge 
transfer agent (called dopant) in a solution or in vapor phase, or by the 
electrochem ical oxidation or reduction. D opants are either strongly reducing agents 
or strongly oxidizing agents. They m ay be neutral m olecules, com pounds or 
inorganic salts, w hich  can easily form  ions. O rganic dopants are, for exam ple C K V  
or N a+. Polym eric dopants are poly(styrene sulfonic acid) or poly(vinyl sulfonic 
acid), for exam ple. D uring the doping process, charge carriers can be generated  by 
the oxidation or the reduction o f  the polym er. The conductiv ity  o f  either insu lator or 
sem iconductor (typically  in the range 10 '10 to 1 er5 S.cnT1) is raised  to  the m etallic 
conduction (typically  in the range 1 to 104 s .c m '1) by contro lling  addition  o f  doping
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level or the ex ten t o f oxidation/reduction. Increasing doping level leads to increasing 
conductivity , v ia  the creation o f  m ore m obile charges carriers. The maxim um  
doping levels achievable vary and depend on the conductive polym ers and the 
dopants, as show n in Table 2.1.

Table 2.1 The dopants and m axim um  doping levels attainable for specific 
conductive polym ers (C handrasekhar, 1999)

Dopant Doping level 
(Typical range)

For Ppy, P(aromatic amines), P(bi/thiophenes)
as dopant electrolyte, chem ical/electrochem ical
(tetrafluorob orate) b f 4' 5% to 33%
(hexafluorophosphate) PFfi* 5% to 33%
(perchlorate) C 104‘ 4%  to 30%
(hydrogen sulfate) h s o 4- 2%  to 30%
(fluorosulfonate) s o 3f 5% to 15%
(tri-F -m ethane sulfonate) C F 3 S 0 3 - 4%  to 31%
(benzene sulfonate) c 6h 5s o 3' 2%  to 33%
(B r-benzene sulfonate) BrC<jH4ร O3 2%  to 33%
(trifluoroacetate) C F3C O O ' 4%  to 25%
(sulfate) S 0 42' 5% to 22%
(chloride) Cl* 3%  to 42%
(chloroferrate) FeCl 4' 3%  to  42%
(polystyrene^ sulfonate)) PSSn' 3%  to 15%
N afion(D uP ont m em brane fluoro-polym er) N a f1' l% to  15%
Poly(acylic  acid) PA crA "' 2%  to 20%
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Table 2.1(cont.) The dopants and m axim um  doping levels attainable for specific 
conductive polym ers (C handrasekhar, 1999)

Dopant Doping level 
(Typical range)

For Poly(di/acetyIenes), P(Ac), anionic (p-type)
from  vapor phase :
13- (iodine), I2C1-, Br-, I2Br- 2%  to 25%
(Se, Te, mo, พ ,  บ, Re, Os, It, Ru)F6-, BiF5 2%  to 19%
from  to luene solution :
MoC15, WC16, (Ta, Nb, Zr)C15 2%  to 7%
In(I, C l)3, (รท, Ti, Zr)C14, TiI4 0.3%  to 7%
H S 0 4 - from  N 0 H S 0 4 1% to 12%
(Ce, Dy, La, Pr, Sm, Y b)nitrates 0.9%  to 2.2%
For P(Ac), P(phenylene), cationic(n-type)
from  TH F or pentane solution :
N a+, from  N aC 10H 8, N a2Ph2C O 4%  to 28%
Li+, from  L iPh(C H 2)6Ph 6%  to 44%

R em oval or addition o f  electrons m ay also be accom plished through the 
in troduction  o f  a dopant w hich im parts h igher conductivity , i f  the oxidation in the 
po lym er occurs, it extracts electrons from  the valence band (electrons from  the 
po lym er to the dopant), creasing “holes” in the valence band, w hich  is then know n as 
“p -dop ing” . It generates a positively  charged conductive po lym er and an associated 
anion. W hen the reduction  on the polym er occurs, k  adds electrons to the conduction 
band (electrons from  the dopants to the polym er), increasing conducting  electrons in 
this band, w hich  is know n as the “n-doping” . This generates a negatively  charged 
conductive po lym er w ith  an associated cation. T hese processes are sum m arized in 
the schem atic below , w here M  and A  are the cation  and the anion, respectively:
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P(Py) + MC1Û4 — --------- ►  P(Py) CIO 4 M  (oxidation) (2.2)

P(A c) + N aA --------- ►  N a+P (A c)‘ + A ' (reduction) (2.3)

In order to m aintain charge neutrality, counter-ions (associated ions) are 
also incorporated. The interaction betw een counter-ions and the charge carriers on 
the conjugated polym er can influence the m obility o f the charge carriers which is 
know n as p inning effect (V an V ught e t  a !., 2000). This effect becom es less when the 
size o f  counter-ions is larger and the degree o f  charge delocalization  is stronger. 
This m eans tha t the stability o f the conductivity  can be affected by the size o f the 
counter-ions.

D oping o f  a conductive polym er results in the form ation  o f  new , neutral 
solitons, polarons or bipolarons in conjugated polym ers. The doping w ith  n-type 
dopants, anion conductive polym er is form ed w hich is highly unstab le in air and 
w ater. So, the conductivity  w hich is generated by n-type dopants e.g. N a, Li is less 
stable than by p-type dopants e.g. L, AsFs, F eC h , H C IO 4 . T herefore p-type dopants 
are m ore frequently  used (K um ar and Sharm a, 1998; C handrasekhar, 1999; Van 
V ught e t  a i ,  2000).

2.4 Polythiophene

P olythiophene is a one o f  the electronic conductive polym ers, a 
heteroarom atic  conductive polym er com prising o f  ร atom s and the 7T-conjugated 
electron system  as show n in the schem atic structure o f  F igure  2.5. This polym er has 
m any advantages: high conductivity (som e cases approaching that o f  m eta lร); large 
am ounts o f  charge can be stored; high stabilities in aqueous m edia and air; the 
polym erization  and doping m ethods are sim ple and g iv ing high yield; exhibits 
electrically triggered m olecular conform ational transition; ease o f  chemical 
m odification; flexible; lightw eight, and ease o f  fabricating  thin  film s (K um ar and 
Sharm a, 1998; M u and Park, 1995; A nquetil e t  a i ,  2002).
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Figure 2.5 Schem atic structure o f polythiophene.

There are m any applications for polythiophene: e.g., iodine doped 
polyth iophene battery , electro-optical display devices, hum idity  sensors, radiation 
detectors, gas sensor and etc. (K um ar and Sharm a, 1998; C handrasekhar, 1999). 
A lthough poly th iophene is one o f  the early conductive polym ers synthesized and has 
a lot o f  advantageous properties, it has som e lim itations tow ards these applications: 
poor solubility  in m ost o f com m on solvents; low  therm oplasticity  and poor 
processib ility  (K um ar and Sharm a, 1998). So, the discovery that 3 -substitu tion o f 
the thiophene ring can yield  a w ide variety  o f  practically  very  versatile  conductive 
polym ers. Illustration  o f  the variation  o f  properties obtainable in 3-substituted 
polyth iophene w ith  different substituents (R  group), are show n in Table 2.2 
(C handrasekhar, 1999). For exam ple, poly(3-undecyl th iophene) show s a 
m echanical flex ib ility , h igh processibility , and the isoregic po lym er possesses better 
film  properties and h igher conductivity  by one to tw o orders o f  m agnitude relative to 
that o f  the aregic counterpart as show n in schem atic F igure 2.6 (Stenger-Sm ith, 
1998).

D oping o f  po lyth iophene usually  em ploys p-type dopants such as h ,  triflate 
doping, H C IO 4 , F eC b  as show n in the schem atic diagram  o f  F igure 2.7. 
C onsequently , the form ation  o f  a radical cation called polaron results.
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Table 2.2 Illustration o f  the variation o f  properties obtainable in 3-substitu ted 

Polyth iophene with different substituents (R  group) (C handrasekhar, 1999)

Substituent, R P ro p e r ty  Imparted
A lkyl, CnH n+i, ท>6 soluble in organic solvents
A lkyl, ท>10 distinct m .p., m elt processible
(C H 2)nY, 4< ท'<10, Y = halide useful for further syntheses/processing

0 (C H 2)n, ท>5
som e solubility in protonic organic 
solvents, low  band gaps

(C H 2)nS 0 3, 2<ท<5 w ater solubility
N -alkyl bipyridyl redox active group

Figure 2.6 R egiospecific  polym erization  o f  3-undecylbithiophene.
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a)

น +1 A

c)
Figure 2.7 p-T ype doping o f polythiophene: a) N eutral form ; b) Polaron form ; c) 
B ipolaron form.

2.5 Polyisoprene (PI)

Poly isoprene or natural rubber or 2-m ethyl-1 ,3-butad iene is one o f  the m ost 
w ell know  natural polym ers, colorless liquid organic com pound. It is a hydrocarbon, 
and is inso lub le  in w ater but soluble in m any organic solvents and boils at 34 ๐c .  
T he isoprene m olecule contains tw o double bonds. Isoprene polym ers also occur 
naturally . T he natural rubber is c is  -1 ,4-polyisoprene, and t r a m  -1 ,4-polyisoprene is 
p resent in the natural rubbers balata and gutta-percha (T he C I S  and t r a m  

polyisoprenes are structural isom ers). T he chem ical structure is show n in the 
schem atic  structure o f  Figure 2.8. It has m any advantageous characters; inexpensive 
due to it is natural source, renew able polym er m aterial, flex ib le polym er, low  w ater 
swell, high gum  tensile  strength, good resilience, high hot tensile, and good 
hysteretic. So polyisoprene are being produced in m any products, for exam ple; tires, 
rubber bands, cut thread, baby bottle nipples, footw ear, sponge, and sporting goods.
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In addition, it is an elastom eric polym er because it can recover its shape after being 
stretched or deform ed and it is an insulating polym er. T hese characteristics are 
desirable properties since w e w ant the polym er to attain large actuation strains when 
subjected to an electrostatic field.

\
/

C H y

ท

H , c  C H y

\ _ /

/  \
h 2c  h

a) b)

Figure 2.8 Schem atic structure o f  polyisoprene:a) c i s  -1 ,4- polyisoprne; b) t r a m  -  
1,4- polyiosprene.

2.6 Polythinphene Synthesis and Derivatives

Lee e t  a l. (1995) studied the effect o f  ester substitu tion and alkyl chain 
length on the properties o f polythiophene. They prepared and characterized the 
soluble poly(alkyl ester substituted thiophene)s (PA E T s) and studied the effect o f 
po lar ester group substitu tion and com pared w ith  po ly(alkylth iophene)s (PATs). 
They found that the ester substitution in the side chain o f  PA T s introduced steric 
h indrance betw een the neighboring thiophene rings w hich  led tq  the conform ational 
ro tation  o f  m ain chain and disturbed the ordering in the polym ers. The 
conform ational distortions o f  m ain chain also led to shortening o f  conjugating length 
and the decrease in electrical conductivity o f P A E T ’s. The conductiv ity  o f  PAETs 
w as im proved w hen the alkyl chain length w as increased.

M u and Park (1995) prepared and characterized  poly th iophene (Pth) in 
aqueous solution. In this w ork, they reported the electrochem ical polym erization o f 
th iophene in aqueous solution containing m onom er, ethyl alcohol and acid. Pth was 
prepared by repeatedly  cycling potentials betw een -0 2 5 -1 .7 5  V  vs. the Ag/AgCl
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saturated KC1 reference electrode. The Pth film  form ed on the platinum  electrode 
h indered oxygen evolution, and the film  th ickness increased w ith  cycles. The 
polym er film s w ere denser and stable than those prepared in a nonaqueous solution. 
Polym erization  m echanism  o f thiophene in aqueous solu tions and the chain length o f 
the po lym er obtained w ere different from  those in an organic m edia; this led to 
different electrochem ical properties. The film  obtained in aqueous solutions could 
be doped both anodically  and cathodically depending on the solution pH and it had a 
high anodic decom position  potential and a high overpotential to oxygen. The 
diffusion coeffic ien ts w ere very small due perhaps to the com pactness o f  this film 
and the im pedance values w ere very sensitive to pH  and applied potential.

D avidson and Ponsonby (1996) im proved the in trinsic  conductivity o f 
electrically  conductive polym ers that w ere poly[3-(4-brom ophenyl)-2 ,5-th iophene] 
(PPT h) and poly[oc-thiophenediyl(p-brom obenzylidene)] (PTB ) by crosslinking them 
w ith  conjugated  linkages (the diboronic acid). The am ount o f  crosslinking was 
varied betw een  5-30%  and electrical properties o f  both polym ers w ere examined. 
They found that an initial increase in the conductiv ity  w as fo llow ed by a sharp 
decrease, w hich  in tu rn  led to a further increase at high levels o f  crosslinking. In the 
case o f  PPTh the decrease  in conductivity  w as related to a loss o f  in terchain  planarity 
and in the case o f  the PTB there may also be a second reaction  taking place, which 
produced conjugated  sequences along the m ain polym er backbone.

W ater so luble salts o f  2, 5-poly(th iophene-3-propionic  acid) were 
synthesized by M cC ullough and E w bank (1997). They studied  th e  ionochrom ism  o f 
this polym er. T hey found that th is synthesized polym er had head-to-tail couplings, 
h ighly ordered, w ate r soluble, tunable bandgap.

W ater-so lub le  poly(3-th iophene acetic acid) (P3T A A ) w as studied by 
K im  e t  a l. (1999). The solution properties o f  these  w ater-so lub le  polythiophene 
carboxylic  acids w ere  studied by poten tiom etric  titration, viscosity  m easurem ents, 
and U V -vis spectroscopy. They found that titration  curve show ed an inflection o f 
the slope around pH  5-6. The reduced viscosity  and electronic spectra (Xmax) o f  the 
P3TA A  aqueous solution abruptly changed at this pH  region. It show ed that these
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pH -induced abrupt conform ational changes occurred from  the aggregated state to the 
extended state o f  the polym er m ain chain.

K im  e t  a l. (2000) studied the environm ental response o f polythiophene 
hydrogels. They synthesized a chem ically cross-linked and a water-swollen 
poly(3-th iopheneacetic  acid) (P3TA A ) gel. Its sw elling and spectral changes 
associated  w ith  its ionization at certain pH w ere studied. They found that G" was 
m uch low er than G' in the m easured frequency region, indicating  that a P3TAA gel 
occurred. For the sw elling behavior, it w as found that the low er crosslinking density, 
the h igher the degree o f  sw elling and the sharper transition. The pH-induced 
increase in the degree o f  sw elling associated w ith the e lectrostatic  repulsion among 
the d issociated carboxylic  groups o f P3T A A  and the increase in >.1nax w hich is the 
w avelength  o f  U V -visib le  absorption spectra related to interchain  length o f  molecule 
w ere attributed to an enhanced effective electronic conjugation  length  o f  the polymer 
chain. B oth  cases w ere due to a backbone conform ational transition from the 
aggregated state to an extended state in the netw ork. B ut the dissociation  o f P3TAA 
gel w as strongly suppressed due to the cross-linkage in the low -pH  region. The gels 
prepared in the m ixed solvents exhibited a h igher T^ax than those prepared in DMSO 
at any pH, confirm ing  that the increased in the electronic conjugation  structure o f 
P3TA A  chain. The electrical conductivities o f doped w ater-sw ollen  P3TA A  gels 
w ith  60 % H C 1 0 4  w ere  h igher than undoped w ater-sw ollen  gel.

K im  e t  a l. (2001) รณdied in titration  behaviors and spectral properties o f 
hydrophobically  m odified w ater-soluble polythiophenes. T he poly(3-thiopheneacetic 
acid) copolym er w ith  3-n-m ethylth iophene or 3-n-octadecy lth iophene at 3-position 
o f  a th iophene ring  and partially  hydrolyzed polyth iophene (78%  hydrolysis) were 
synthesized. The solu tion  and spectral properties o f  these  m odified  polythiophene 
w ere studied by poten tiom etric  titration and U V -vis spectroscopy. They found that 
78%  hydrolysis P3T A A  show ed an enhanced d issociation  at low  pH  bu t a reduced 
dissociation  at h igh pH  in com parison w ith  com pletely  hydrolyzed P3TA A . The 
degree o f  d issociation  o f  copolym ers w as w eaker than P3TA A  until the pH  reached 
about 6 w hen the copolym ers becam e stronger than P3TA A . Xmax o f  78%  hydrolyzed 
P3T A A  w as low er than P 3T A A ’s, due to the low  charge density and the enhanced
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hydrophobicity  that originated from  the m ethyl groups. Àmax o f  copolym er has a long 
alkyl side group w as m uch sm aller than those o f  o ther polym ers. They show ed that 
the conform ational transition  from  the aggregate state to the extended state o f the 
m odified poly th iophene occurred by the change in pH, but this conform ational 
transition w as restricted  by the in troduction o f  the hydrophobic alkyl or long alkyl 
side chains.

K han e t  a l. (2003) studied oligosiloxane m odified polyth iophenes. They 
synthesized, characterized  and observed biocom patibility  o f  these polymers. 
The hom opolym ers o f  3-oligo(d im ethylsiloxane)th iophene m acrom onom ers, V-VIII 
w ere prepared by hydrosily lation  reaction betw een co-(Si-H )oligo(dim ethylsiloxane), 
I-IV  and 3-propenylth iophene using a platinum -divinyltetram ethyldisiloxane 
com plex as the catalyst. The products w ere characterized  by ' h , 13c ,  29Si NM R, IR, 
D SC and G PC. They found that only high m olecular w eights m acrom onom ers 
(poly[V III]) could elu te  through the GPC colum n. Tw o d istinct glass transition 
tem peratures w ere  observed fo r poly[V III]), Tg at - 7 9 ° c  corresponded to the soft 
o ligo(d im ethylsiloxane) phase and Tg at 190°c  corresponded to the hard thiophene 
backbone. The iodine doped hom opolym er o f  m acrom onom ers (V -V III) show ed low 
conductivity  values but electronic conductiv ity  values increased to  5x1 O'5 s/cm  when 
copolym erization  w ith  3-m ethylth iophene 50%. The polym ers w ere tractable, 
soluble in organic solvents and biocom patible.

2.7 D op ing  o f  P o ly th io p h e n e

R eedijk  e t  a l. (1999) studied the charge transport in doped polythiophene 
(Pth). In this w ork, the conductive properties o f  the conjugated  polym er, P th  doped 
w ith  F eC h  and, dissolved in m ethanol and further d iluted in dichlorom ethane, were 
studied as a function  o f  frequency, electric field, tem perature  and dopant 
concentration. This report contained a study o f  the in ter-chain  hopp ing  process as a 
function  o f  dopant concentration  in Pth. D opant concentration  w as varied between 
0.02 < c < 0.45, w here  c is the num ber o f  F eC b  dopant m olecules per th iophene ring. 
For low  doping levels o f  c < 0.22, DC conductivity  ( c t d c )  fo llow ed a pow er law  (e.g.
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at room  tem perature CToc ~ c 18± 02) as dictated by the small in ter-chain hopping 
probability , leading to a low  m obility p. -  10' 10 m 2/Vs. In this regim e, the inter-chain 
hopping w as betw een nearest neighbor chains. The rate o f  transitions between 
chains increased due to the presence o f  interstitial dopants, the inter-chain transport 
changed to the variable range hopping, w ith  a transition from  quasi-one-dim ensional 
(low  doping levels) to three dim ensional (high doping). The onset frequency 
increased w ith doping level (co0 ~  c0ii) and the conductivity  w as related to 
tem perature by the relation a  D C  = aoexp[-(T o /T )1/2].

D ilute solutions o f  po ly (3-undecyl-2 ,2’-b ith iophenes) (p3U B T ) that were 
doped w ith  solutions o f a num ber o f  quinone oxidants w ere studied by 
T olbert e t  a l. (1999). They found that the doped p3U B T film s with 
d ich lorodicyanoquinone (D D Q ) produced a highly conducting m aterial, stable 
conductive m aterials and exhibited strong bipolaronic absorptions.

2.8 Applications of Polythiophene

Kim  e t  a l. (1995) prepared polyth iophene derivatives film  by the 
L angm uir-B lodgett technique and tested the gas sensitive o f  these film s to NO 2 gas 
by the quartz crystal m icrobalance (Q CM ). They synthesized the ester substituted 
polyth iophene such as poly(octyl th iophene) (PO T), poly(propanoate thiophene) 
(PCPT), and poly(decanoate thiophene) (PE D T ) that w ere m ixed w ith  surface active 
m aterial like O D À  at high subphase pH  condition  for stable film s. They tested 
sensitiv ity  o f  polyth iophene film  by exposing to  N O 2 gas o f  550 ppm . They found 
that the PO T /O D A  (1:1) film  had a great N O 2 sensitiv ity  because the frequency 
change w as the largest. The difference in sensitivity m ight be the cause because o f 
the ester linkage in side chain. The sensitiv ity  increased linearly w ith  film  thickness 
so they could control the sensitivity by the film  thickness.

Poly(3-octyloxythiophene) (P A O T -8 ) w as studied in term s o f  the electrical 
and optical properties and its applications as a gas sensor (K aw ai e t  a l . , 1999). They 
synthesized P A O T - 8  by the chem ical polym erization  u tiliz ing  F eC l3, as a catalytic 
oxidizing reagent and prepared a thin  film  P A O T -8 . They found that the film
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show ed about 1.9 eV  o f  the threshold energy o f  the absorption  peak, which 
corresponded to  the band gap energy. The absorbance at photon energy range larger 
than 1.9 eV  decreased and that low er than 1.9 eV increased rem arkably. Due to 
relatively  h igher energy o f  valence band top originated from  the electro-donating 
characteristics o f  the alkoxy group, P A O T - 8  exhibited stable state than 
poly th iophene or poly(3-alkylth iophene) and a stronger interaction w ith electron 
accepting  m olecules such as fullerene, w hich allow ed itse lf to be used as a gas sensor 
m aterial. The electrical conductiv ity  o f  P A O T - 8  w as also increased w ith Côo doping. 
The gas sensing characteristics o f  P A O T - 8  w as investigated  by m easuring the 
resistance betw een the gold electrodes covered w ith P A O T - 8  thin film. They found 
that the change in resistance varied linearly  w ith  gas concentration  indicating  the gas 
m olecules m ight penetrate  in to  the bulk polym er phase and the w eak electron 
transfer from  P A O T - 8  to the gas m olecule m ight take p lace as in the case o f  C60 
doping resu lting  in the increase in conductivity.

H olm es e t  a l. (2001) synthesized o f  a new  type o f  supram olecular assem bly 
based on hydrogen  bonded com plexes betw een m onocarboxylic  acids o f 
d ith ieno [3 ,2 -b ;2 ’,3 ’-d]th iophene or o ther conjugated  th iophenes and a 
tris(im idazoline) base. They found the com plexation  w ith  a tris(im idazoline) base 
ind icating  that this com plex m aterial could be soluble in CHCI3  and other non-polar 
solvents. The resulting  non-covalen t com plexes w ere alm ost p lannar and disk 
shaped and potential applications o f  these com plexes as charge-transporting  or light- 
em itting  m aterials in electro lum inescent devices are possible.

A nquetil e t  a l. (2002) studied th iophene-based  conducting  polym er 
m olecular actvators. They synthesized o f  novel th iophene based conducting polym er 
m olecular actuators that are calixarene and quaterth iophene (Q T). T hese m aterials 
exhibited  e lectrically  triggered m olecular conform ational transitions. M olecular 
actuation  m echanism s are the result o f  conform ational rearrangem ent o f  the polym er 
backbone at the m olecular level and 7I-7T stacking o f  th iophene oligom ers upon 
oxidation. T hey also studied synthesized poly(Q T )/Sulfated  Poly(P-H ydroxyEther) 
(S-PH E ) com posite  film s. They reported  that this com posite  show ed large strains.
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S-PH E provided an elastic m echanical support to po lym er m olecules and has the 
effect the charge com pensation  during oxidation or reduction.

Soluble alkyl- and alkoxyl-substitu ted  regiochem ically  defined 
poly terth iophenes w ere prepared and used as active layers in sensing organic thin 
film s transisto rs (O T FT s) (Torsi e t  a l ., 2003). They prepared O TFT sensors based 
on tw o d ifferen t types o f  active layers com prising o f both the sam e polythiophene 
backbone but substitu ted  in one case w ith alkyl side chains that was 
poly-(3, 3”-d idodecyl-2 , 2 ’:5’, 2”-terthiophene) (Poly D D T), and in the other with 
alkoxyl side chains that w as poly-(3, 3” -dipentoxy-2, 2 ’:5’, 2”-terthiophene) 
(Poly D PO T) in order to investigate selectivity to a polym er via  side chain. They 
found that the m orphological appearance o f  both polym er surfaces w as that o f a 
po lycrystalline m aterial w hich allow ed for good interaction  betw een the organic thin 
film s and the analyses (1-hexanol and ethanol vapors). So, both o f  the OTFTs 
exhibited  a good degree o f reversibility and repeatability  and they w ere also quite 
fast in their responses. B oth the O TFTs w ere sensitive to 1-hexanol because they 
had a long linear alkyl chain that could interact w ith  long chain alcohols ( 1 -hexanol). 
The dipole m om ent associated  w ith the tw o O TFTs w as quite different. The stronger 
dipole m om ent associated  to the alkoxyl chain o f  Poly D PO T  could allow the 
detection  o f  shorter, m ore polar m olecules such as ethanol.

2,9 Electrically Conductive Polymer Composite

C onducting  polyaniline-polyisoprene (P A N I-PIP) com posite  film was 
synthesized e lectrochem ically  (Shen e t  a l ,  2001). The film  w as used to immobilize 
g lucose oxidase (G O D ) form ing glucose biosensor. W hen  being  used for the 
determ ination  o f  g lucose, the enzym e electrode reaction as follow ed: 

p-g lucose + 0 2  D-»  P-gluconic acid + H 2O 2

The am ount o f  H 2 0 2  w as detected by the am perom etric  current method 
during e lectrode oxidation:

H 2O 2 >  0 2 + 2H + + 2๙
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This PA N I-PIP /G O D  biosensor had good operational stability. The 
electrochem ical activity  o f  this b iosensor rem ained unchanged after 5 m onths. This 
b iosensor had high perm selectivity , w hich can determ ine H 20 2 w ith  high selectivity 
against the in the electroactive interfèrent ascorbic acid. W hen the PIP content in the 
com posite w as increased, the selectivity o f  the b iosensor w as im proved. The PIP 
content in the com posite  reached 28.6% , the in terference from  ascorbic acid was 
elim inated effectively , w hich may be due to slow  diffusion o f  the substrate  (glucose) 
and product (H 20 2).

P olydim ethylsiloxane (PD M S)/polyth iophene (P th)/carbon fiber (CF) 
com posites w as synthesized by the electrochem ical polym erization  using 
te trabuty lam m onium tetrafluoroborate (T B A FB ) as supporting  electro ly te and 
acetonitrile  as so lvent w as studied by K üçükyavuz e t  a l. (2002). E lectrical, thermal 
and m echanical p roperties o f  the com posites w ere investigated. They found that 
conductiv ities o f  the com posites w ere in the range o f  2-5 s/cm  depending on 
contents o f  m aterial (PD M S, Pth, carbon fiber). C onductiv ities o f  these com posites 
w ere environm entally  stable. From  the therm al analysis, these  com posites still 
rem ained m ore than 50%  w eight at 900°c. They concluded that the com posites were 
m ore stable than both PD M S and carbon fiber. In m echanical tests, it w as observed 
that h igher percent elongation w as obtained by increasing PD M S conten t whereas 
tensile strength and m odulus o f  com posites increased w ith  increasing  carbon fiber 
content. K nite e t  a l. (2004) fabricated electrically  conductive po lym er com posite 
(ECPC). The com posite  are acts as large-size flexib le pressure and stretch  sensors 
for detecting  o f  dangerous deform ations and v ibrations o f  vehicle  parts. Reversible 
change o f  resistance o f  electro-conductive po lym er nanocom posite  depended on 
stretch and pressure. All the com posites w ere exam ined; the best results were 
obtained on sam ples w ith  1 0  m ass fractions o f  carbon nano-particles, which 
belonged to the region o f  percolation phase transition. E lectrical resistance o f the 
sam ples is changed by m ore than four orders upon a 40%  stretch  and m ore than three 
orders upon a 0 .30 M Pa pressure. The resistance returned to its previous value after 
the sam ples w ere relaxed bu t in the case o f  m icro-size carbon filler w as irreversible. 
This nanocom posite  exhibited a w eak sem iconductor-like therm al dependence o f 
resistivity. The tenzoresistive and piezo-resistive effects w ere therm ally  stable
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w ithin  the region o f  20-70°C. The increase o f  electrical resistance w ith uniaxial 
stretch and pressure can be explained as a result o f  destruction  o f  the structure o f  the 
carbon electro-conductive nano-size channel netw ork. A t large deform ations, the 
destruction o f  the conductive netw ork and decreased o f  the num ber o f  conducting 
pathw ays occurred.

Faez e t  a l. (2001) prepared the electrically  conductive heterogeneous binary 
polym er b lends based on ethy lene-propylene-diene-m onom er (EPD M ) and 
polyaniline (PA ni), doped w ith  dodecybenzene sulfonic acid (PA ni-D B SA ). They 
studied the effect o f  the doping m ethod on m echanical and electrical properties o f 
these blends. D ifferen t doping m ethods w ere used: solution (EPD M /PA ni-D BSA -S), 
g rinding in a m ortar (E PD M /PA ni-D B SA -M ) and reactive processing (EPDM /PAni- 
D B SA -R). They observed from  the optical m icrographies that the EPDM /PAni- 
D B SA -S b lends PA ni w as hom ogeneously d ispersed into EPD M  but the 
E P D M T 'A ni-D B S A -M  and E P D M /PA ni-D B SA -R  blends form ed non-m iscible 
b lends w ith  EPD M . H ow ever, the sw elling m easurem ents for all b lends showed that 
in the E P D M /P A ni-D B S A -R  blends the E PD M  w as partially soluble. This 
phenom enon observed ind icates that entanglem ents or chem ical reaction occurred 
betw een the com ponents. Y oung m odulus increased w ith  PA ni-D B SA  concentration 
independently  o f  the doping m ethod w as related w ith  the reinforcem ent effect o f 
PA ni-D B SA  but the less pronounced for E PD M /PA ni-D B SA -S  due to the low 
viscosity  o f  these blends. The conductivity  values o f  PA ni-D B S A  changed with the 
doping m ethod, being h igher for PA ni-D B SA  doped by the  reactive processing and 
increased linearly  w ith  PA ni-D B SA  concentration , independently  o f  the PAni doping 
m ethod, until 30% (w /w ).

E lectrically  conductive heterogeneous b inary polym er b lends based on 
ethylene-propylene-d iene-m onom er (E PD M ) and polyaniline (PA ni) doping with 
dodecybenzene sulfonic acid (PA ni-D B SA ) w ere prepared (Faez e t  a l ., 2002). They 
studied the effect o f  the  crosslinking m ethod for E PD M  rubber on m echanical and 
electrical p roperties o f  this blends. Tw o difference crosslinking m ethods, which 
w ere phenolic resin  and electron beam  irradiation, w ere studied. They found that the 
electron beam  irrad iation  vulcanization  w as not precluded by the presence o f an acid 
from  doping substance but the phenolic  resin vu lcanization  occurred. The
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m echanical properties such as the tension and elongation at break as a function o f 
am ount o f  conducting  polym er loading and type o f  crosslinking m ethod. The tension 
at break for all blends increased with PA ni-D B SA  loading increased until 30% (w/w). 
This indicats that the reinforcem ent effect o f  the conducting polym er. A bove 30 % 
(พ /พ ) loading, the tension o f  blends dropped due to the large PA ni-D BSA  
agglom erated  so the absence o f phase adhesion betw een conducting  polym er 
particles and polym er chain m atrix occurred. The conductivity  increased w ith PAni- 
D B SA  loading and polym er blends, w hich w ere crossinked by electron beam 
irradiation, produced high conductivity  due to som e ionic species that were 
generated.

2.10 Actuators

Zrinyi e t  a l. (2000) studied a novel gel actuator contain ing T i0 2 particles 
operated  under static electric field. They prepared poly(dim ethylsiloxane) gels 
(PD M S gels) and T i0 2 particles w ere em bedded in this gels. The crosslinking 
reaction  occurred in a p lastic tube. A fter the gelation w as com pleted, the gel 
cylinders w ere rem oved from  the tubes and w ere suspended in silicon oil to  study the 
elastic response o f  the gels to  an electric field. The filler-loaded gel cylinders 
show ed significant and rapid bending tow ard the cathode, w hen an external electric 
field w as applied. W hen positive and negative electrodes w ere changed, this 
behav io r w as reversible. The d isplacem ent o f  the free bottom  end o f  the gel 
cylinders depended on the strength o f  the e lectric  field. T hese results show ed that in 
an external electric field the gel accum ulated positive charges. The large deflection 
has been observed due to the in teraction  o f  the applied external electric  field w ith the 
charged g e l.
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