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Development of soluble 7t - conjugated polymers and evaluation of 

their electroluminescence properties 

ABSTRACT 

The present thesis deals with synthesis, characterization and evaluation of thermal, 

electrochemical, photoluminescence and electro luminescence properties of a few new ester 

substituted polythiophenes. A considerable effort has been devoted to the synthesis of polymers 

with special emphasis on the solubility of 7t- conjugated polymers. The thesis also provides an 

account of fluorescence quenching and sensor application of ester substituted polythiophenes. 

The contents of the thesis have been compiled into five chapters. 

Chapter! deals with the general introduction of 7t- conjugated polymers and their 

application in light emitting diode. A brief review on substitute polythiophenes with special 

emphasis on solubility, band gap and color tuning, fluorescence efficiency, electrochemical 

behavior and electro luminescence properties has been described in this chapter. This chapter 

also describes the scopes and objectives along with the plan and methodology of the present 

investigation. 

Chapter 2 describes the synthesis and characterization of monomers and polymers and their 

thermal properties. We have synthesized the following 3-ester substituted thiophene. 

i) Hexyl 2-(thiophene-3-yl) acetate (HTA) 

ii) Octyl 2-(thiophene-3-yl) acetate (OT A) 

iii) Decyl 2-(thiophene-3-yl) acetate (DTA) 

iv) Dodecyl 2-(thiophene-3-yl) acetate (DDT A) 

v) 3-pentadecylphenyI2-(thiophene-3-yl) acetate (PDPTA) 

vi) 3-pentadecylcyclohexyI2-(thiophene-3-yl) acetate (PDCHTA) 

vii) Quinoline -8-yI2-(thiophene-3-yl) acetate (QTA) 

The monomers were synthesized by esterification reaction of 3-thiophene acetic acid and 

corresponding alcohols and characterized by 'H NMR, FTIR and UV-Vis analysis. The 

polymerization was accomplished by oxidative coupling in the presence of FeCb. The 
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synthesized polymers were characterized by IH NMR, FTIR, UV-Vis, XRD and GPC analysis. 

The polymers were found to be soluble in THF and CHCh. Thermal properties of the polymers 

were studied by TGA and DSC technique. Polymers have found good thermal stability. 

In Chapter 3, electrochemical, photo and electro luminescence properties of synthesized 

polymers have been discussed. The oxidation and reduction potential of po Iymers were 

assessed in cyclic voltammetry method. Redox stability of polymers was tested by cyclic 

voltammetry upto 10 cycles. Furthermore, band gap of polymers was measured by 

electrochemically and compared with optical method. Photoluminescence properties of 

polymers in solution and solid state were investigated. The relative quantum yield of polymers 

with respect to Rhodamine B dye was measured. The electro luminescence properties of 

polymers were studied by fabricating LED device. The device configuration was ITO I 

PEDOT: PSS IPolymerl LiF I AI. 

Chapter 4 includes the fluorescence quenching and application of polymers as chemical 

sensor. The behaviour of photoluminescence property was studied in presence of acids, metals 

ions, nucleotides and protein (I-proline). The polymers showed both fluorescence quenching in 

the presence of acids, copper, cadmium and lead metal ions and enhancement in presence of 

analytes such as aluminium and zinc metals ions, nucleotides and protein (I-proline). The 

detection limit of HCI acid, copper, lead and cadmium ions has been evaluated by optical 

quenching method. 

Chapter 5, the last chapter of the thesis includes the concluding remarks, highlights of the 

findings and future scopes of the present investigation. A series of ester substituted 

polythiophenes has been developed by FeCh oxidative coupling polymerization technique, 

resulting in soluble and high thermal stable polymers. A correlation of structure - property has 

been drawn with respect to their optical properties. Finally these polymers have been utilized in 

light emitting diode and in chemical sensors. 
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Cl7eface 

C01lJUfJated pofymers are vafua6fe matenaf for SCl£ntlSts to deSlfJn efectromc devtces lik5 fllJlit emlttl118 

diode (UF/D) to generate fllJlit, pliotovoftalC cefr to generate power, sensor to detect matenafs rr1ie 

advancement made m tlilS fieU lS so rapzcf tfiat afmost every day a new pofymer or a modtjtcatlDn of e~tmg 
pofymer lS appean11fJ m tlie Joumafs 

C01lJUfJated pofymers offer severaf advantages over morgamc and orgamc mofecufes sucli as ffeXJbzuty, 

refatlve ease of proceSSI11fJ 6y common teclimques (spm and 6fade coatl11fJ, mft - Jet pnntl11fJ)' or tlie abIlity to 

controf tlie wavefe11fJtli of emlSSlDn 6y cfia11fJl11fJ tlie mofecufar structure of tlie emlttl11fJ matena[ 

)l farge num6er of different cfasses of conJUfJated pofymers liave 6een devefoped sucli as pofy(:N­

vtnyfcar6azofe)s, pofy(jTuonne)s (PPs) pofy(p-plienyfene vtnyfenes) (q:pv's) and pOfy(tlilDplienes) (qx[s) 

WIi,fe q:pv' and Its denvatlves are stIff tlie feadi11fJ matenafs for green fllJlit -emlttl11fJ CfJUBDs, tlie farger 

6and gap PPs are tlie 6fue -uglit emlttl11fJ pofymers and pOfytlilDplienes and Its denvatzves are remembered 

for red 

rr1ie major pr06fem encountered m conjUgated pofymer lS Its sofu6lUty )l conszcferabfe effort lias 6een 

devoted to tlie syntlieslS of 1t- conJUfJated pofymers Wltli speczaf empliaslS on tlie Improved sofu6lUty 'lTie 

present tlieSIS deafs Wltli syntlieslS, cliaractenzatlDn and evafuatlDn of tliennaf, efectrocliemlcaf, 

plioto{umlnescence and efectro{umlnescence properties of few new ester substItuted pOfytlilDplienes rr1ie tlieSIS 

afso provzcfes an account of f{uorescence quenclil11fJ and sensor appucatlDn of ester substItuted 

pOfytlilDplienes rr1ie contents of tlie tlieSlS liave been compzfed mto five cfiapters Cliapterl deafs Wltli tlie 

generaf mtroductlDn of 1t- conJUfJated pofymers and tliezr appucatlDn m uglit emlttl11fJ diode Cliapter i, 

descnbes tlie syntlieSlS and cliaractenzatlDn of monomers and pofymers and tliezr tliermaf propertIes In 

Cliapter 3, efectrocliemlcaf, plio to and efectrofumlnescence propertl£s of syntlieSlZed pofymers liave 6een 

dlScussed Cliapter 4 ,nc{UdeS tlie ffuorescence quenclil11fJ and appucatlDn of pofymers m cliemlca{ sensor 

Cliapter 5, tlie fast cliapter of tlie tlieSlS lncfudes tlie conc{udi11fJ remar/(f, IillJli (lIJlits of tlie findi11fJs and 

future scopes of tlie present mvestllJatlDn. 

We liope tliat tlilS study contn6utes a uttfe ftnowfecfge to tlie rapzcffy acfvancl11fJ fieU of conjUgated 

pofymers and afso opens up tlie POSSZblUtl£S of furtlier researcli on tlie su6Ject 

'lTilS researcli was carned out m tlie C])epartment of Cliemlca{ SCl£nces, 'Tezpur Vmverslty Wltli financla{ 

asSlStance from tlie C])efence ~searcli and C])evefopment OrganlSatlDn (C])cJ(C])O) and Vmverslty qrant 

CommlSslDn (vqC), :New C])efli, 

Jatlndranatli :Maltl 
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Chapter 1: Introduction 1 

1.1 Conjugated polymers 

Today, conjugated polymers (CPs) represent one of the most highly progressive fields of 

polymer research and mesmerise much importance in light emitting diode, photovoltaic cell 

and sensors application [1-51]. Along with semiconducting properties, conjugated polymers 

extend light weight, good strength, flexibility and easy processability. CPs have an 

alternating sequence of single and double bonds along the polymer backbones. The overlap of 

7t bonding and 7t* antibonding molecular orbitals forms a continuous system of electron 

density along the polymer backbone. CPs are not ideal conjugated systems. There is a break 

in the conjugation length due to twists and kinks, as well as due to the chemical defects. The 

extent of this overlap (conjugation length) together with the bond alternation determines the 

HOMO-LUMO band gap. CPs have band gaps in the range of 1 to 4 eV, which makes them 

ideally suited for applications in optoelectronic devices operating in the visible light range. 

The field of conducting polymers was born in 1977 when electrically conductive polymers 

were discovered i.e. polyacetylene doped with iodine [52]. In recognition of this 

extraordinary discovery, the scientists Alan J Heeger, Alan MacDiarmid, and Hideki 

Shirakawa were jointly awarded the Nobel Prize in chemistry in 2000 for "the discovery and 

development of electrically conductive polymers" . By 1979, Su, Schrieffer, and Heeger had 

proposed a theoretical model describing conductivity in doped conjugated polymers [;53-54], 

and a collection of new polymers had been synthesized, including the luminescent polymer 

poly (p-phenylene) (PPP) [55). Additionally, in 1979 it was discovered that these materials 

could also be electrochemically doped to achieve a conductive state, and that this process was 

reversible [56]. In the 1980's and 1990's research focus tended to be on demonstrating the 

usefulness of semiconducting and conducting polymers in a broad range of applications. 

Organic field-effect transistors [57], electrochromic devices [58], actuators [59], and several 

other applications based on conjugated polymers all made their appearance in the late 1980's 

[60-62]. In 1990, electro luminescence from a light-emitting diode based on the luminescent 

polymer poly (phenylenevinylene) (PPV) was demonstrated [63]. One year later, a polymer 

light-emitting diode was fabricated by spin-casting a polymer film from the soluble PPV 

derivat ive, po Iy [2-methoxy-5-(2- ethy Ihexy 10 xy)-1 ,4-pheny leneviny lene)] (MEH -PPV) [64]. 

In the mid-1990's the polymer based photovoltaic cell [65-66] and the polymer based light­

emitting electrochemical cell [67-68] were reported. In 2004, the most significant gain comes 

from the liquid processing capabilities of polymers [69]. This opens up the possibility of 
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making large area, mechanically flexible devices on a wide range of substrates including 

plastic, paper, or even textiles. In addition, film deposition can be skilled by cheap, efficient 

processes such as ink-jet printing, screen-printing, and others that will allow roll-to-roll 

production of technologies such as all-polymer displays. Currently the field of polymer 

electronic devices has reached the performance and stability necessary to achieve commercial 

production for a few applications [43-51,70]. 

1.2 Synthesis of conjugated polymers 

The first challenge in studying conjugated polymers is their synthesis. Conductive 

polymers may be synthesized by anyone of the following techniques [71-83]: 

• Chain Polymerization 

• Step Polymerization 

• Photochemical polymerization 

• Metathesis polymerization 

• Emulsion polymerization 

• Template polymerization 

• So lid-state po Iymerization 

• Plasma polymerization 

• Inclusion polymerization 

• Pyrolysis 

• Soluble precursor polymer preparation 

• Electrochemical polymerization 

• Chemical polymerization 

1.2.1 Chain polymerization 

Polyacet)!\ene was prepared by the chain polymerization of acetylene by Ziegler - Natta 

catalysts [84]. Freestanding films of polyacetylene prepared by the Shirakawa process 

involves the passage of acetylene gas over the TiCI4/AI(C2H5)3 catalyst solution-in n-heptane 

at O°C, and the polymer is obtained as a film on the surface of the catalyst solution. 
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Ziegler- Natta 

Catalyst 

Scheme 1.1: Chain polymerization of acetylene 

1.2.2 Step polymerization 

Step polymerization, unlike chain polymerization, involves either a self - condensation or 

condensation between two reactants with the elimination of some small molecules [85J. 

Polythiophene is prepared by Ullmann coupling reaction of 2,5-diiodothiophene with copper 

[86]. 

Ullmann Coupling ,. 
s Cu s 

Scheme 1.2: Step polymerization synthesis of polythiophene 

1.2.3 Photochemical polymerization 

Photochemical polymerization takes place in presence of sunlight. This technique utilises 

photons to initiate a polymerization reaction in presence of photosensitizers. The mechanism 

of photopolymerization involves the onset of the one-electron transfer process from a 

photosenitizer by the oxidizing agent (electron acceptor) under photoirradiation, which 

initiates polymerization of the monomer. Photochemical synthesis has the advantage of ease 

in control of polymerization so that a film of any desired thickness can be deposited on any 

particular area of a suitable substrate. pyrrole has been photopolymerized using a ruthenium 

(II) complex as photosensitizer. Under photoirradiation, Ru (II) is oxidised to Ru (III) and the 

polymerization is initiated by a one -electron transfer oxidation process [87J. 
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1.2.4 Metathesis polymerization 

Metathesis polymerization is unique, different from all other polymerizations where all the 

double bonds in the monomer remain in the po lymer. It was the natural outgrowth of Zieglar­

Natta polymerization. Here catalysts are similaT, and often identical, i.e. a transition metal 

compound plus usually an organometallic alkylating agent. Metathesis polymerization is 

further divided into three classes: ring opening metathesis of cyclo-olefins (ROMP); 

metathesis of alkynes, acyclic or cyclic; and metathesis of diolefines. By far the greatest 

amount of work has been done on ROMP [72, 88]. 

1.2.5 Emulsion polymerization 

The emulsion polymerization method is employed to obtain the porous host polymer and 

an imbibitions technique is used to incorporate polyheterocylic polymers in the host polymer. 

The scope of this work is to study the effects of initial molar ratios of oxidants to monomer 

and the effect of environmental stability on the conductivity of composites [89]. 

The host polymer was first imbibed with monomer (pyrrole or 2,2'- bithiophene)ether 

solution and then partially dried to evaporate ether. Subsequently, the partially dried host 

polymer was soaked again in excess oxidant (FeCb) solution for 20 min. The conducting 

composites were rinsed with water and acetone [90]. 

1.2.6 Template polymerization 

Highly oriented fibrils of conjugated polymers may be synthesized by the template 

method in which the pores of the porous membrane act as templates for the nascent polymer. 

Nanoscopic polyacetylene fibrils has been synthesized by polymerizing acetylene within the 

pores of a filtration membrane impregnated with the solution of a Ziegler-Natta catalyst, 

Ti(OBu)4/AlEf). Template synthesized PA has been found to be preferentially oriented 

parallel to the fibril axis [91-92]. 

1.2.7 Solid State Polymerization 

Solid state polymerization is carried out in cases where the lattice structures of both the 

monomer and the polymer have considerable similarity. Except for the polymerization of 
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tetrasulfer tetranitride, S4N4, into poly(sulphur nitride), (SN)x, the polydiaceylenes are 

synthesized by the solid state polymerization of their monomer crystals under 

ultraviolate(UV) or y radiation, or even by thermal initiation. In all such cases, nearly defect­

free polymer crystals are obtained [93]. 

1.2.8 Plasma Polymerization 

Plasma polymerization is a useful method for obtaining polymers as an ultrathin uniform 

layer on an appropriate substrate. The process requires low temperature plasma, called 'cold' 

plasma, which is generated by electric glow discharge. Polymers formed by this 

polymerization method are amorphous, hard, tough, insoluble in organic solvents, and 

resistant to high temperatures as a result of their cross-linked and branched structures. The 

advantage of this method is that it eliminates various steps needed for the conventional 

coating process. It is used to synthesize ionic conducting thin siloxane polymer films having 

sulfonate groups [94]. 

1.2.9 Inclusion Polymerization 

Inclusion polymerization occurs within the channel structure made from the crystalline 

inclusion complexes between a monomer guest and its designated host molecules. Therefore, 

linear polymers, which have constrained conformations, configurations, and molecular 

weights, may be produced within the channels available inside the crystal structure, where the 

propagation step takes place without branching found in conventional homogeneous chain­

growth polymerization. The confmed reaction proceeds by the general chain-growth 

mechanism, commonly initiated by radiation. Thus, the high yield of polymer from limited 

initiation steps is guaranteed [95-96]. 

1.2.10 Pyrolysis polymerization 

Pyrolysis is probably one of the oldest approaches utilized to synthesize conductive 

polymers by eliminating heteroatoms from the polymers by heating it to form extended 

aromatic structures. The product of polymer hydrolysis can be a film, powder or a fibre 
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depending on the form and nature of the standing polymer including the pyrolysis condition 

[72]. 

1.2.11 Soluble precursor polymer preparation 

The innovative and useful technique of synthesis via precursor polymers, developed to 

overcome the problem of intractability in conducting polymers, involves the synthesis of a 

highly soluble precursor polymer that is processed and purified in solution and finally 

converted to the more tractable conducting polymer. 

Polymerization of the 1,4-xylylenebis-(dialkylsulfonium)- dichloride was achieved in the 

presence of NaOH to form the precursor polymer. With heating, elimination of the 

tetrahydrothiophene and Hel affords the corresponding PPV polymer [97]. 

Scheme 1.3: Precursor synthesis of PPV 

1.2.12 Electrochemical polymeri~ation 

Electrochemical synthesis of conjugated polymers is a novel method in which 

simultaneous polymerization and doping OCCUr and the polymer is deposited on the electrode 

surface [71-73]. It is generally accepted that anodic electrochemical polymerization of 

thiophene and its derivatives proceed via a radical cationic mechanism as shown in Scheme 

1.4. In the first step of polymerization, an electron is removed from the monomer to form the 

corresponding radical cation. Since the electron transfer reaction is much faster than the 

diffusion of monomer from the bulk solution, a high concentration of radical cation is 

generated and maintained near the surface of electrode. In the second step, two radical cations 

undergo a coupling reaction to form a dihydro dimeric dication as shown in reaction (a). 

Alternatively, the radical cation can react with a neutral monomer through reaction (b) to 

yield a dimeric radical cation, which then loses an electron to afford the same dication. The 
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dication tends to split off two protons and rearomatizes to yield a neutral dimer. The driving 

force for this step is the rearomatization. The dimers, possessing a lower oxidizing potential 

than the monomers, are more easily oxidized to the corresponding radical cations, which then 

further couple with either a monomeric radical cation or a neutral monomer. This procedure 

repeats until the polymer becomes insoluble and precipitates on the electrode surface [98-99]. 

In general, conjugated polymers with high electroactivity are obtained in rigorously 

deoxygenated, anhydrous aprotic solvents with high dielectric constant and low 

nucleophilicity, such as acetonitrile, nitrobenzene, benzonitrile, and propylene carbonate. 

Other experimental variables such as monomer concentration, reaction temperature, applied 

electrical conditions, supporting electrolytes, electrode materials and configuration also exert 

significant effects on the structure and electrochemical properties of conducting polymer 

films. Electrochemical polymerization presents several advantages such as rapidity, absence 

of catalyst, control of film thickness by the deposition charge, and direct obtainment of the 

polymer in the oxidized conducting form. 

Despite the facile nature of electrochemical polymerization, this method possesses the 

major limitation of yielding insoluble materials, precluding the analysis of primary structure 

by traditional analytical techniques. Because of this limitation of electrochemical 

polymerization, chemical polymerization methods have gained popularity for synthesizing 

novel soluble conjugated polymers. 
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1.2.13 Chemical polymerization 

One of the shortcomings of electropolymerization is its limitation in large scale 

preparation and yielding insoluble materials. Therefore, intense efforts in developing methods 

for chemical preparation of conjugated polymers have been warranted since the early 1980's. 

1.2.13.1 Oxidative coupling 

Among the chemical polymerization techniques, oxidative coupling symbolizes a 

straightforward, simple, versatile, without dihalomonomers and least expensive method to 

synthesize conjugated polymers [71-77]. Sugimoto and co-workers have shown that 

thiophenes and its derivatives can be polymerized by transition metal halides, such as FeCI), 

MoCh and RuCh [100].This method is generally cited to as the ferric chloride method and is 

the most widely used method for preparation ofpolythiophenes and its derivatives. The ferric 

chloride polymerization is a heterogeneous reaction. The active sites have been found to be 

iron (III) ions on the crystal surface. Soluble ferric chloride is inert. A plausible mechanism 

for this polymerization is the radical cation pathway as illustrated in Scheme 1.4 for 

electropolymerization of thiophene derivatives. However, Niemi and co-workers have argued 

that the polymerization might proceed through a free radical mechanism as illustrated by 

Scheme 1.5 In the free radical mechanism, the first step involves a heterogeneous electron 

transfer reaction between monomer and crystal iron (III) ion. The monomeric radical cation 

produced loses a proton to afford the corresponding radical, which reacts with another 

monomer to form a dimeric radical. This process proceeds until a long chain polymer is 

formed and precipitates out of the solution. 
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In a typical experiment, a solution of 1 equivalent of monomer is added into a 

suspension of 4 equivalents of FeC!) in CHCI3 or other appropriate solvents. The reaction 

mixture is stirred at room temperature under nitrogen for 2 t024 hours and then poured into 

methanol to quench the polymerization. The resulting black precipitates are polymers doped 

with Fe which are subsequently reduced by aqueous ammonia. Highly homogeneous 

suspensions of the polymers were obtained together with complete monomer conversions and 

high yields, especially when highly dispersed FeCi) was precipitated in situ by the addition of 

a saturated solution ofFeCh in nitromethane to an excess ofa CCI4 solution of the monomer 

[101-107]. 

A tremendous advantage of chemical oxidative polymerizations is that, unlike 

unsubstituted heterocycles that form insoluble powders, properly substituted heterocyclic and 

other aromatic monomers form highly soluble polymers. These polymers can be analyzed by 

traditional analytical techniques to determine their primary structure. The nature of the 

polymerization conditions also allows for easy scale-up and production of large quantities of 

polymer. 

Unfortunately, chemical oxidative polymerizations suffer from several disadvantages that 

often result in poor quality polymers. As stated earlier, Lewis acid catalyzed polymerizations 

yield the oxidized polymer, which is thought to be more rigid, resulting in its precipitation 



Chapter 1: IntroductIon 11 

from the polymerization medium, limiting the degree of polymerization. Also, the use of 

strong oxidizing agents can result in the overoxidation and eventual decomposition of the 

polymers. Unsubstituted heterocycles, like thiophene and pyrrole, present a unique problem 

for both oxidative polymerization techniques in that several side reactions can take place 

leading to "coupling defects" along the polymer backbone. It is generally believed that 

oxidative coupling occurs at sites on the heterocyclic ring where a high spin density resides 

for the radical cation. For thiophene, pyrrole, and furan, the highest spin densities have been 

measured at the 2- and 5-positions, also referred to as the a positions. Still, the 3- and 4-

positions (referred to as the ~ positions) have a measurable spin density, meaning that some 

coupling reactions will occur at these positions. a-~ and ~-~ coupling result in polymers with 

irregular backbones and poor electronic properties. Main chain imperfections can be 

eliminated by "blocking" the 3- and 4-positions of the monomer by the attachment of various 

side groups. In addition, several other electronic properties are dramatically affected by the 

structural modifications including monomer oxidation potential, electronic and band gap of 

the resultant polymers. It has been also reported that these defects can be minimized by 

performing the reactions at lower temperatures or by using vanadium based oxidants. 

However, the inability to remove completely the oxidant from the final product can still 

dramatically influence its performance in devices such as FETs and LEDs. 

R R 

s s 

Scheme 1.6: Synthesis of P3AT via FeCI3 oxidative coupling. 

1.2.13.2 Curtis demercuration polymerization 

Curtis and co-workers have developed a new preparation method for P3A Ts based on the 

Pd-catalyzed, reductive coupling reaction of 2,5-bis(chloromercurio)-3-alkylthiophenes as 

shown in Scheme 1.7. The Curtis method ensures only a, a'-coupling between thienylene 

moieties. The most appealing feature of this method is its tolerance to electrophilic groups, 
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such as carbonyls, esters, and nitriles. This method has also been extended to prepare poly(3-

alkylthienyl ketones) [108]. 

R R 

Cu IPdC12 

C/Hg HgCI 
Pyridine s 

Scheme 1.7: Curtis synthesis of P3AT. 

1.2.13.3 Yamamoto coupling 

The Yamamoto coupling method is an effective route to synthesize conjugated polymers. 

This route has been successful in polymerizing several classes of conjugated polymers which 

includes thiophenefluorene, thiazole and phenylene. The use ofa large quantity ofNi(CODh 

(COD= 1, 3- cyclooctadiene) and the instability of nickel complex, however, makes this 

reaction undesirable[76, 1 091. 

R R 

Ni(CODh 
Sr Br .. 

bipyridine 

Scheme 1.8: Synthesis of poly(9,9-dialkymuorene) via Yamamoto coupling 

1.2.13.4 Metal-catalyzed cross coupling 

Metal-catalyzed cross coupling has been proven a versatile route to synthesize conjugated 

polymers. The catalyzed reaction mechanisms are essentially the same regardless of the 

reaction type, and follows three key steps: (i) oxidative addition of an aryl halide to the metal 

catalyst, (ii) transmetallation between the aforementioned catalyst complex and the 

organometallic reagent to form a diorganometallic, (iii) reductive elimination to give an aryl­

aryl bond and a regenerated catalyst. The use of this method- with several different catalysts 

- is discussed in the next subsection. 
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Scheme 1.9: Metal-catalyzed cross coupling mechanism. 

1. 2.13.4.1 Kumada coupling 

Kumada cross coupling was fIrst used to prepare soluble and processable poly(3-

alkylthiophene)s (when alkyl chains are greater than propyl) by Elsenbaumer and co-workers. 

In this method, 2,5 - diiodo-3-alkylthiophene was treated with one mole equivalent of 

magnesium to form the Grignard species. When Ni(dppp)Br2 (dppp= 

diphenylphophinopropane) catalyst was introduced, a polymer formed. Since poly(3-

alkylthiophene)s are non-centro symmetric, regioregularity is a factor. PATs may couple as: 

head-to-head, head-to-tail, and tail-to-tail. These linkages have a pronounced effect on their 

properties. The PATs synthesized by Elsenbaumar and co-workers were regia-random [110]. 

R R 

n I~S>---I 
1. MglTHF ...... 

2. Ni(dppp)Br2 

Scheme 1.10: Grignard synthesis ofP3AT. 

McCullough and co-workers discovered two methods to produce regio-regular (>98% head -

to-tail coupling) P3ATs. The McCullough and the Grignard Metathesis (GRIM) methods, 
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these two methods are based on the Kumada cross coupling of2-bromo-5-(magnesiobromo)-

3-alkylthiophene. 

1.2.13.4.2 McCullough method 

In the McCullough method, high purity 2-bromo-3-alkylthiophene ( free from the 2-

bromo-4-alkylthiophene isomer) is selectively lithiated at the 5-poition with lithium 

diisopropylamine (LDA) at low temperatures (-40°C) to afford 2-bromo-3-alkyl-5-

lithiothiophene. This organolithium intermediate is converted to a Grignard reagent by 

reacting with MgBr2.Et20 to yield 2-bromo-5-(magnesiobromo)-3-alkylthiophene. With the 

addition of Ni(dppp)CI2 catalyst, reaction of the Grignard with 2-bromo-3-alkylthiophene 

results in regio-regular poly(3-alkylthiophene) [74,111]. 

McCullough Method 

Scheme 1.11: Regio-regular P3ATsynthesis. 

1.2.13.4.3 Grim method 

R A GRIM Method 
Bf S Br 

1 CH:!MgBr. - (THF) 

R n N~dppp)Cb ... 
BrM~s.ABr 

R 

@ 
(R.pAT) 

The Grim method is a facile route to make regio-regular P3A Ts. In this method, 2,5-

dibromo-3-alkylthiophene monomer is used, rather than 2-bromo-3-alkylthiophene. The 

former is easier to purity due to the large differences in volatility of the reactants and the side 

products. The 2-bromo-5-(magnesio-bromo )-3-alkylthiophene is easily formed by reacting 

2,5-dibromo-3-alkylthiophene with methyl magnesium bromide, followed by introduction of 
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the nickel catalyst to yield a region-regular poly(3-alkylthiophene) in high yields (60-70%) 

[74, 112]. 

1.2.13.5 Reike method 

Reike and co-workers discovered a method to produce regio-regular PATs. This method is 

illustrated in Scheme 1.12. This polymerization method is a one pot reaction in which 

reactive Reike zinc undergoes a regio-selective oxidative addition on the 5-position of 2,5-

dibromo-3-alkylthiophene to form 2- bromo-5-bromozincio-3-alkylthiophene. With the 

addition of Ni(dppe)Cb (dppe =diphenylphosphinoethane), regio-regular PAT (R-PAT) is 

formed. Alternatively, with the addition of Pd(PPh3)4 (PPh3 = triphenylphosphine), a regio­

random polymer is obtained. It is rationalized that the size of the catalyst (both metal and 

ligands) controls the regio-specificity of the resulting polymer [74,113]. 

R 

R ~~~ n ~ ~G~ (PAT) 
R 

SrZri S Sr 

n ZnfTHF + 
~(Ol .. R 

-78°C n ~ R Sr S Br ~ @ Br S ZnBr 

(R-PAT) 

Scheme 1.12: Reike synthesis of P3ATs and catalyst specifICity 

1.2.13.6 Suzuki and Stille polycondensation 

Pd-Catalyzed cross coupling is a convenient method for aryl-aryl coupling and provides a 

route to synthesize a wide variety of conjugated polymers, and copolymers. Two common 

Pd-catalyzed cross coupling methods are Suzuki and Stille type reactions. The advantages of 

these methods are water insensitivity, commercial availability of many monomers (and 

precursors), and the yield of high molecular weight polymers. In Suzuki coupling, a diboronic 

acid (or ester) is coupled with a dibrominated aryl group in the presence of a base (e.g. 

K2C03), as illustrated in Scheme1.l3. This procedure was first reported in 1989 by Wegner 

and co-workers, for the synthesis of well-defined processable poly(p-phenylene)s. This 
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method is quite versatile, especially for the synthesis of alternating copolymers, and can 

tolerate a large number of functional groups. Fluorene type polymers are commonly 

synthesized by this method [114]. 

Br-Ar-Br 

R R 

fcAr1-
Scheme 1.13: Suzuki coupling 

Stille coupling is also a versatile, polycondensation reaction to form conjugated polymers. 

The primary drawback of this method is the use of toxic tin compounds [115]. 

n 1%eq. Pd(PPh3>4 
(BUhSn---'-S'?--Sn(BU}J + Br-Ar-Br .... 

Scheme 1.14: Stille coupling 

Among all the above categories, chemical polymerization is the most useful method for 

preparing large amounts of conductive po Iymers. All the classes of conjugated polymers may 

be synthesized by this technique. However, chemical polymerization method is time -

consuming. Most of the chemical polymerization techniques involve the use of costly 

chemicals except ferric chloride oxidative coupling. 

Conjugated polymer synthesis in general differs from other chemical reactions in many 

ways. The most stringent requirement for polymerization reaction is the high purity of the 

monomers and chemicals required for the reaction. A trace amount of impurity might even 

stop polymerization or lead to undesirable products. The reaction conditions (i.e., catalysts, 

temperature, time of reaction, etc) must be strictly controlled. Isolation and purification of 

conjugated polymers becomes a problem because a trace amount of an ionic or catalyst 

impurities present in the polymer will result in a large error in end use application. The 

presence of moisture and air is highly undesirable in polymerization reactions, particularly in 

oxidative polymerization. In most of the polymerization processes, the requirement of an 

inert and dry atmosphere is essential. This may ensured by the passage of dry and pure 

nitrogen or argon gas through the polymerization chamber. 
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1.3Properties of conjugated polymers 

A large number of different classes of conjugated polymers has been developed, e.g., 

po Iy( acetylene )s, po Iy(p-pheny lene )s, poly(pyrro Ie )s, po Iy( aniline )s, poly(pheny lene 

vinylenes) (PPVs), poly(carbazole)s, poly(flourene)s (PF)s, poly(thiophene)s (PT)s. The early 

interest of conjugated polymers was to study their electrical conductivity and their 

corresponding electronic structure. Highest values reported up to now for the electrical 

conductivity of doped polymers are 80000 S/cm. [116]. The different path breaking 

application oriented discovery of conjugated polymers gave the opportunities to analyse their 

properties. The development of soluble conjugated polymers has led to significant 

improvement in their properties. 

Charge carrier mobility of conjugated polymers was reported as high as 10 cm2N.s. [117]. 

As per our knowledge, excellent on / off ratios in polymer based FETs was found up to 107 

[118]. Polymers based photovoltaic cell with record power conversion efficiencies up to 5 % 

were accounted till to date [44]. 

Recently PLEDs can sustain 400 cd/m2 of luminance for over 1,98,000 hours for green 

LEDs and 62,000 hours for blue LEDs [119]. To date, PLED have been demonstrated with 

emission wavelengths from the ultraviolet to near infrared [51], external quantum efficiency 

10% photons/ electrons [120]. 

For light emitting polymers, PPV and its derivatives are still the leading materials for 

green light-emitting PLEDs, the larger band gap PFs are the blue -light emitting polymers 

and polythiophenes and its derivatives are remembered for red and almost all visible light 

emitting po Iymer materials [121]. 

1.4 Characterization of luminescent conjugated polymers 

Characterization techniques discussed in the following sections are those used to examine 

the optical properties of conjugated polymers. These characterization tools are important for 

understanding the role of the chemical structure on the properties of these materials. 
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1.4.1 Absorption, photoluminescence and electroluminescence spectroscopy 

Generally, the observed transitions in absorption spectroscopy of conjugated polymers are 

attributed to electronic excitation from n: to n:* states and n:* to n: states for emission 

spectroscopy. Upon electronic excitation of the polymer, a number of photo-physical 

processes, shown in Figure 1.1-1.2, may occur: fluorescence, phosphorescence, or 

radiationless decay [122]. Fluorescence is observed after singlet relaxation from the first 

excited state. If intersystem crossing occurs, a triplet excited state is generated whose 

relaxation will result in phosphorescence. If emission does not occur, then a non-radiative 

pathway is dominant and the electronic excitation is converted into rotational or vibrational 

motion within the polymer and its surroundings. The difference between the absorption and 

emission maxima of the spectra is called the Stokes shift, and it occurs when emission from 

the lowest vibrational excited state relaxes to various vibrational levels of the electronic 

ground state. 
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Figure 1.1: Jablonski diagram. Abs = absorption, VR = vibrational relaxation, ISC = 

intersystem crossing, IC = internal conversion, So = ground state singlet, Sl = first singlet 

excited state, T 1 = first triplet excited state 
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Quantitative analysis of the emission efficiency of the polymer is characterized by its 

quantum yield ofluminescence (cI>pL). The cbPL is the ratio of the number of photons emitted 

to the number of photons absorbed, as shown in Equation 1.1 

Photons EM 

(1.1) 

Photons ABS 

Equation 1.1: Q .. nt .... yield of photoIwninescen. Photons EM = photons emitted, Photons ASS = photons 

absorbed. 

According to the law of conservation of energy, the maximum cbPL must be 1. The value 

of cb PL is related to the rates of radiative (tr) and non-radiative (tor) decays, as described in 

Equation 1.2 [123]. 

,PL=---- (1.2) 

tr + tor 

r...- 1.2: Quantum yield of luminescence with respect to rates of radlatlve(Tr) ................... 

relaxation (t",). 
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As -nr approaches 0, the quantum yield of luminescence approaches unity. Generally, <l>n 

is highest in dilute solutions, where the emitting species are isolated from each other. In most 

cases, increasing the concentration of the polymer in solution decreases the quantum yield of 

luminescence due to concentration quenching, which follows the Stern-Volmer relationship 

[ 122]. 

The interchain interactions of the CPs lead to formation of tight aggregates, which results 

in fluorescence quenching because of7t- stacking between main chains of the CPs [124-125]. 

The quenching efficiency increases with increasing tendency of the polymer to be associated 

with the quencher in solution. This association can occur either through the formation of a 

nonluminescent complex between the polymer and the quencher (static quenching) or due to 

collisions between the photoluminescent macromolecule and the quencher (dynamic 

quenching). For both mechanisms, the quantitative measure of the luminescence quenching 

efficiency is given by the Stern-Volmer constant Ksv defined by equation (1.3) [126]. 

¢%p = 1+ KIV[quencherJ (1.3) 

Equation 1.3: Stem-Volmer relation. 

Where ~o is the intensity of fluorescence in the absence of the quencher and ~ is the 

intensity of fluorescence in the presence of the quencher and [quencher] is the concentration 

of quencher. The equation reveals that ¢o/¢ increases in direct proportion to the concentration 

of the quenching moiety, and the constant Ksy defmes the efficiency of quenching. When all 

the other variables are held constant, higher the Ksy, lower is the concentration of quencher. 

The quantum yield of luminescence can be determined either by secondary or primary 

methods. In the secondary method, the quantum yield is related to that ofa known standard as 

shown in equation 1.4 [127]. 

[

r II] 
~'=~r - x-

I Ir 

(1.4) 

Equation 1.4: Secondary method for quantum yield of luminescence calculation. 

In this equation, <1>1 represents quantum yield of a sample in solution and <l>r represents 

known quantum yield reference sample of in solution. A and Ar are the absorbance of the 
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sample and reference solution respectively at the excitation wavelength, Ir and Is are the 

corresponding relative integrated fluorescence intensities. In order to obtain reliable results, it 

is important to match as closely as possible the optical absorption properties of the sample 

with those of the references. Typical standards are 9,1 O-diphenylanthracene in cyclohexane 

(<I>PL = 0.90), quinine sulfate in 1 N H2S04 (<I>PL = 0.546), Rhodamine 101 in ethanol (<I>PL = 

1) and Rhodamine B in water (<I>PL = 0.31). This method assumes that the emission from the 

sample is isotropic (equal in all directions), as is the case in dilute solutions. Measuring the 

<I>PL of an anisotropic sample, such as a film, is quite difficult since its emission intensity has 

an angular dependence. 

In the primary method, measurement of the <I>PL does not rely on standards, but rather on 

quantifYing the number of photons absorbed and emitted in the sample with an integrating 

sphere [128-129]. An integrating sphere is a hollow sphere which has its inner surface coated 

with a reflective material. The sphere allows one to accurately measure the luminescent 

efficiency of films by collecting light in all directions. That is, the large index of refraction of 

polymeric semiconductor films could result in substantial wave guiding of the polymer's 

luminescence, which leads to anisotropic distribution of the emission. 

The quantum yield of luminescent polymer largely depends on effective conjugation 

length of conjugated polymers. The solution quantum yield of luminescence increases with 

increasing conjugation length, indicating that the rate of non-radiative decay decreases with 

conjugation length. This increase in <I>PL with higher conjugation lengths can be explained by: 

(a) an increased structural stability of an unspecified origin [130] or (b) the lack of singlet 

fission (process where two triplet excitons are produced from the fission of one singlet 

exc ited state) [13 1 ]. 

In the solid state, the absorption and emission wavelength maxima increase (red shift), 

with respect to their corresponding solution values, while the <I>PL decreases pronouncedly. 

This red shift in the solid state is attributed to strong 1t-1t intermolecular interactions due to 

aggregate formation, and/or excimer formation [132-133]. Aggregate states are identified as 

interchain species that occur in the ground state. Upon aggregation, both the ground and 

excited state wave functions are de localized, resulting in a shift in both the absorption and 

emission maxima with respect to the isolated species in solution. An excimer is a 

photo excited emissive intermolecular singlet excited state complex which is de localized over 

two molecular units [133]. This excimer cannot be directly excited since the ground state of 

the dimer is dissociative. These aggregate and excimer states are induced by strong 

intermolecular interactions between two or more molecules. The interaction between the 
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wave functions of the molecules results in the formation of two or more new states, as 

depicted in Figure l.3. As a consequence, the absorption spectrum of an aggregate may blue­

shift and/or red-shift, depending on the orientation of the molecular packing: parallel, head­

to-tailor oblique [132]. An optical transition is allowed only for a non-zero transition 

moment. Therefore, a blue-shift in the absorption spectrum is observed for a parallel 

orientation, while a red-shift is observed for a head-to-tail orientation. For an oblique 

orientation, both orientations have non-zero transition moments, which results in band 

splitting. The emission spectra of these aggregate or excimer states are red shifted compared 

to their isolated molecules, due to fast internal conversion. For parallel aggregates, the 

emission is optically forbidden and therefore leads to a strong decrease in the quantum yield 

of luminescence. In conjugated poly thiophene, the absorption maximum in the film state red 

shifts (indicating a head-to-tail orientation) and a decrease in the quantum yield of 

luminescence are observed with respect to their solution state properties. The red-shift in the 

absorption is explained by the planarization of the polymer backbone, which preponderates 

the aggregation, while the decrease in the quantum yield of luminescence is observed due to 

the aggregation phenomenon. 
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Figure 1.3: A simplified excitonic band structure of isolated (monomer) and aggregated (dimer) phases with 

their corresponding spectral shifts 
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Light-emitting diodes (LEOs) produce light under electric field called 

electroluminescence. Electroluminescence (EL) is a creation of light by electrical excitation 

in fluorescent materials [9-12]. Fluorescent materials may be inorganic, organic or polymeric 

in nature. Inorganic and organic materials have to be deposited as thin film by relatively 

expensive techniques of sublimation or vapour deposition, which are not well suited to 

fabrication of large area devices. Also organic materials are intrinsic p-type conductor and 

therefore are better suited to transport positive charges, electrons and holes usually recombine 

in the immediate vicinity of the cathode. As a consequence, the lifetime and efficiencies of 

the corresponding diodes are limited. For application in light emitting diodes (LEOs), 

fluorescent polymers offer several advantages compared with their inorganic and organic 

counterparts such a large synthetic flexibility, relative ease of processing by cheap 

technologies (spin and blade coating, ink - jet printing), or the ability to control the 

wavelength ofetnission by changing the molecular structure of the emitting material [6,51]. 

A schematic diagram of a simple LED and its corresponding energy level is depicted in 

Figure 1.4 -1.5. 

Polymer 
ITO anode...... 1 

f" .... 1.4: LED structure 
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Ctrro 
IP 

Polymer AI 

Figure 1.5: Energy level diagram of LED device. 

The process requires injection of electrons from one electrode (cathode) and holes from the 

other, the capture of oppositely charged carriers (so called recombination), and the radiative 

decay of the excited electron - holes state (exciton) produced by this recombination process. 

So in the presence of an electric field the charge carriers move through the active layer and 

are non-radiatively discharched when they reach the oppositely charged electrode. However, 

if a hole and an electron encounter one another while drifting through the polymer layer, 

excited singlet and triplet states, so called excitons, are formed. The Singlet state may relax 

by emission of radiation (fluorescence). Since one of the electrodes needs to be 

semitransparent in order to observe light emission from the organic layer, usually an indium 

tin oxide (ITO) coated glass substrate is used as the anode. Electropositive metals with low 

work function such as AI, Ca, Mg, or In are used as cathodes in order to guarantee efficient 

electron injection. The internal EL quantum efficiency [15, 35] 11mt of an LED (the ratio of 

the number of photons emitted per electrons injected) can be calculated from the measured 

external EL quantum efficiency 11ext using Equation (1.5) [15]. Due to refraction, all photons 

emitted cannot be perceived by an external observer. External efficiencies 11 ext are 
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accordingly diminished by the factor of2n2 (n = refractive index of the polymer layer) with 

respect to 11mt. 

- 2 2 11mt - n 11 ext (1.5) 

Power efficiency 11 pow, the ratio of output light power to input electric power, can be 

determined from 11ext using the known values of the applied voltage U and the average energy 

of the emitted photons Ep (Equation 1.6) [15]. 

(1.6) 

Luminous efficiencies 11lum are determined by multiplication of 11pow by the eye sensitivity 

curve S as defined by the Commission International de L'Eclairage (CIE). This function pays 

regard to the fact that the human eye possesses distinct sensitivities with respect to different 

co lours (Equation l. 7) [15]. 

11lum = 11pow x S (1.7) 

Finally, the brightness (cd m-2
) ofa PLED is also used to estimate the device efficiency. 

1.5 Poly thiophene and its derivatives 

Polythiophenes [15, 35,73-74, 121,134-136] are very unique among other polyconjugated 

systems for four principal reasons: 

i) Versatile synthetic approaches, both chemical and electrochemical path are accessible as 

compared to other conjugated polymer. 

ii) Due to the electron - rich character of the thiophene ring, polythiophenes can be easily and 

reversibly oxidized by chemical or electrochemical means to form p- doped, usually highly 

conducting materials. 

iii). Their functionalization is relatively easy as compared to polypyrrole, polyacetylene, 

poly(p-phenylene), and other conjugated polymers. 

iv). The attachment of substituents as side groups has relatively little impact on electronic and 

electrochemical properties of the conjugated polythiophene backbone. Thus, by synthesizing 

3- and/or 4-substituted polythiophenes, one can produce new materials which combine 

physical properties of the polyconjugated backbone with specific properties of a given 
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substituent. Such an approach to polythiophene chemistry has been very popular due to their 

solubility, environmental stability, fusibility, and the tuneability of color from UV to IR by 

changing the substitutents. 

While 3-substitution efficiently improves the solubility and processability of the PTs, 

polymerization of 3- substituted thiophenes can result in three different types of coupling of 

the thiophene rings along the polymer main chain, i.e., head-to-tail(HT), head-to-head(HH), 

and tail-to-tail(TT). Generally, both oxidative polymerization and metal- catalyzed 

polycondensation afford all three possible types of isomers (Figure 1.6), i.e., HH, HT, and 

TT, although this process is not completely random and electronic and steric factors have an 

influence, so that HT coupling is somewhat preferred. 

R., 
~.~~ Is ~~ I ~ II 

head 

Head-to-Tal (HT) Head-to-Head (HH) 

Figure 1.6: Possible diad linkages for 3-alkyl thiophene. 

1.5.1 Solubility 

From the beginning of their history in 1883, polythiophenes have been found as 

intractable and insoluble due to their rigid backbone. It was an important goal in basic 

research as in application-oriented material science to develop techniques by which they 

could be processed. 

A number of general techniques have been developed for improving the solubility of the 

polythiophenes. These include the following 

i) Copolymerization 

ii) Chain flexibility incorporation 

iii) Polymer blending 

iv) Chain substitution 

All of these approaches increase the solubility at the cost of desired luminescence of the 

polymers. 
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1.5.1.1 Copolymerization 

The rigidity of the conjugated chain may be reduced and thereby its solubility improved 

by copolymerization technique. Block copolymerization of 3- methyl thiophene and methyl 

methacrylate produces polymers soluble in THF [137]. Poly (3-octylthiophene-co-N-(3-

thenyl)-4-amino-2-nitrophenol) develops polymer highly soluble in solvents such as THF, 

chlorinated solvents, dioxane, to luene, etc [138]. Block copo Iymers containing thiophene 

units of several lengths alternating with aliphatic spacers and polyesters have been found to 

be highly soluble polymers [121,136]. 

1.5.1.2 Chain flexibility incorporation 

Chain flexibility can be improved by incorporation of flexible centres or flexible linkages 

like sulphur, nitrogen, phosphorous etc in the side chain. Polymers of3-(ethylmercapto)- and 

3,4-bis(ethylmercapto)thiophenes are soluble in common organic solvents such as methylene 

chloride, chloroform, and THF [139]. 

1.5.1.3 Polymer blending 

Blending of rigid conducting polymers with processable polymers is reported to have 

improved solubility. The success of blends depends on the mutual adhesion or compatibility 

of the polymers. For example, a blend of polyurethane and urethane substituted 

polythiophene in the p-position has improved the solubility of the resulting polymer [140]. 

1.5.1.4 Chain substitution 

Appropriate chain substitution leads to enhanced solubility due to reduction of close 

packing of the chains in the crystal lattice [74,141]. Substitution ofa long alkyl chain in the 

3-position in thiophene molecules gives rise to a soluble polythiophene. The introduction of 

alkyl groups longer than butyl to the 3-position of the thiophene unit yields the materials 

soluble in common organic solvents. Replacement of a long alkyl sulfonate group in the 3-

position of the thiophene molecule leads to a water soluble polythiophene. Alkoxy side 

groups on polythiophenes backbone increase the solubility of the polymer. Short alkoxy 

chains on polythiophenes led to insoluble materials but long chain alkoxy substituents led to 

large increase in solubility. Polythiophene derivatives with fluoroalkyl, ether, hydroxyl, 

carboxylic acid, amide, urethane groups in side chain have improved the solubility. The 
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presence of bulky phenyl, cyclohexyl substituents in polythiophene makes it soluble in 

typical organic solvents [142-157]. 

1.5.2 Optical properties 

The mean conjugation length of the conjugated polymer is related to the maximum 

wavelength of both absorption and emission spectra. The first electronic transition of 

undoped PT lies between 300 and 500 nm. As the number of thiophenes increase, both the 

absorption and emission wavelengths increase due to larger conjugation lengths. 

1.5.2.1 Band gap and colour tuning 

As the colour of the emitted light depends on the band gap of the 7t-7t* transition which is 

a function of polymeric structure, modifications of the above will affect the band gap and 

consequently the emitted colour. Usually, PTs emit orange-red light, consistent with their 

band gap of ca. 2 eV [121]. The PT emission colour directly depends on the effective 

conjugation length determined by the twist angle between the thiophene units. Theory 

predicts a large change in the band gap of PT depending on the torsion angle between 

thiophene units. The difference in the band gap of fully planar and 90° twisted PTs is 

calculated to be 1.7 eV. Although the emission ofthe substituted PTs is not predictable due to 

the interaction of several other factors (steric effects, regioregularity, electronic effects, 

substituents effects, intermo lecular interaction-aggregation, side-chain crystalinity) [134-

135]. The full visible region, i.e., from blue to red color can be achieved by controlling the 

conjugation length in polythiophenes [146]. The conjugation length is modified by adding 

different substituents on the repeating unit, imposing continuous steric torsions of the main 

chain [142-157]. The larger substituents give a large dihedral angle between the rings, and 

short conjugation along the polymer backbone is achieved, resulting in blue shifted emission. 

In the case of Poly (3-(4-octyl phenyl)thiophene)(I), Poly(2-(3-(4-octylphenyl)thiophene -2-

y I)thiophene) (II), Poly(3-cyclohexylthiophene )(III), Poly(3-cyclohexy 1-4-

methylthiophene)(IV), steric hindrance offers a blue(IV), green (III), orange (II) and red (I) 

emission ( Figure 1.7) [146]. Other approaches to tune the emission colour ofpolythiophene 

are the preparation of completely coplanar systems with controlled inclusion of head - to- tail 

dyads or the preparation of alternating block copolymers. 
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Band gap of P3ATs with different long alkyl chains length is typically ca 2.0 e V and an 

emission colour is red. The band gap and emission colour from alkoxy substituted 

polythiophene are similar to that of the corresponding P3ATs. The perfluoroalkyl substituents 

in polythiophene emit green colour. Polythiophene with urethane side chains show orange 

colour emission. Poly(alkyl thiophene-3- carboxylates) exhibits green and red-orange colour 

emission in solution and film respectively. Poly (3- alkyl ester thiophene)s display also red­

orange colour emission. 

Figure 1.7: Colour tuning in 3- substituted polythiophenes 

1.5.2.2 Fluorescence efficiency 

Polythiophenes with suitable substituents in the 3-positions have shown different 

photoluminescence properties. The fluorescence efficiency can be controlled by changing the 

substitution patterns and the steric interactions of the side-chain substituents on the 

po]ythiophene backbone. PTs /dye, PTs blend, and PTs copolymer combination system have 

proved useful in enhancing the fluorescence intensity by isolating the emitting species. In the 

case of P3ATs, long alkyl group might enhance the fluorescence efficiency by reducing the 

ratio of non-radiative processes. Furthermore, modifYing the alkyl side chain with sterically 

encumbered cyc10hexyl or aryl groups enhance the solid state emission efficiency by 

decreasing intermolecular interaction [142-152]. Also the ester-containing polythiophene 

derivatives show higher fluorescence quantum efficiency than that of alkyl-containing 

derivatives [153-155]. 
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1.5.3 Electrochemical properties 

Electrochemical properties can be studied through cyclic voltammetric method. In cyclic 

voltammetry (CV), the potential is increased linearly from an initial potential to a peak 

potential and back to the initial potential again, while the current response is measured. For 

freely diffusing species, as the potential is increased, easily oxidized species near the 

electrode surface react, and a current response is measured. When the direction of the scan is 

reversed, the oxidized species near the electrode surface are reduced, and again a current 

response is measured. 

The current-voltage data taken in a cyclic voltammetry experiment is referred to as a 

voltammogram. An example of a voltammogram for an ideal system is given in Figure 1.8. In 

the forward scan, we start the system at point A and start increasing the voltage. The 

oxidation reaction begins shortly and peaks at point B. Eventually the material becomes 

completely doped, and the current through the circuit stabilizes. At point C, the voltage peaks 

and reverses. The doping in the material begins to reverse, resulting in a negative current 

which peaks at point D. Again this current subsides and stabilizes at point E. The critical 

parameters of such a voltammogram are Epc, Epa, fpc and fpa . In this notation, p refers to 

the fact that we are in the forward, or oxidizing, scan (p doping). The cathodic values are then 

pc and the anodic values are pa. These values give information about doping potentials and 

the reversibility of doping in a given material. 

B 

+ i 
c 

i 
E 

POTENTI A 1.< 
Figure 1.8: A voltagram of an ideal system in forward scan 
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The electrochemical properties of conjugated polymers offer the information of oxidation 

and reduction potential, and stability of synthesized polymer. Moreover, it gives the range of 

electrochemical potential window which is essential for end use application. The oxidation 

potential is a measure of how much energy is needed to withdraw electrons from the polymer 

HOMO level and the reduction potential is at the same time a characteristic of the LUMO. 

Therefore, the onset oxidation and reduction potentials are closely related to the energies of 

the HOMO and LUMO levels of polymer and thus can provide important information 

regarding the magnitude of the energy gap. 

The polythiophene possesses good electron-donating ability, and consequently, it is more 

favourable to oxidation rather than to reduction. The oxidation and reduction potential of 

P3ATs film increases with increasing alkyl side chain length. Introduction of an electron 

donating group, such as an alkoxy or alkyl thio-group in PT possesses reduced band gaps, 

low oxidation potentials and a highly stable conducting state. Fluoroalkyl substituents on the 

polythiophene backbone lead to a higher oxidation potential. Electron withdrawing ester 

substituents in PTs lower the HOMO and LUMO energies and increase the electron affinity 

of the polymer [142-157]. 

1.5.4 Electroluminescence properties 

A vapour deposited film of insoluble unsubstituted polythiophene has been reported to be 

electroluminescent, but no spectral data. P3ATs impart red electro luminescence (EL). The 

emission intensity becomes larger with increasing chain length, possibly owing to the 

improved confinement of excitons. Homopolymers based on 3-alkyl-thiophene exhibit good 

red colour purity, but they tend to have rather low fluorescence quantum yields. The use of 

charge carrier confinement layers or doping with fluorescent dye materials markedly 

increases device efficiency. Alkyl side chain substitution by incorporation of ether, ester or 

urethane functions in PT has been found to cause a colour change to yellow and orange 

emission. With the increasing steric demand of the substituents in 3-position of 

polythiophene, emission is shifted stepwise to green and blue [51, 121,134-136, 142-156]. 
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1.6 Objectives and plan of the work 

Today, conjugated polymers (CPs) stand for the frontiers of polymer research and 

magnetize much importance in light emitting diode, photovoltaic cell and sensor applications. 

Along with semiconducting properties, conjugated polymers tender the classical 

macromolecules properties, such as light weight, good mechanical behaviour (strength and 

flexibility) and easy processability which is perfectly suitable for opto-elecronic applications. 

For application in light emitting diodes (LEOs) and photovoltaic cell, fluorescent polymers 

offer several advantages compared with their inorganic and organic counterparts such as 

flexibility, relative ease of processing by common techniques (spin and blade coating, ink -

jet printing), or the ability to control the wavelength of emission by changing the molecular 

structure ofthe emitting material. 

A considerable effort has been devoted to the synthesis of n-conjugated polymers with 

special emphasis on the improved solubility. The introduction of side chains has proven to be 

effective for the formation of soluble polymers. Although introduction of side chains on the 

conjugated backbone not only provide solubility, but also they have a major influence on the 

characteristics of the polymers, for example, the reduction of the effective conjugation length 

as a result of the steric interactions of the side chains. Therefore, a balance has to be found 

between solubility on the one hand and effective n-conjugation on the other. 

A large number of different classes of conjugated polymers has been developed such as 

poly(N- vinylcarbazole)s, poly(fluorine)s (PFs), poly(p-phenylene vinylenes) (PPYs), and 

poly(thiophenes) (PTs). While PPY and its derivatives are still the leading materials for green 

light-emitting PLEDs, the larger band gap PFs are the blue-light emitting polymers and 

polythiophenes and its derivatives are remembered for red and almost all visible light 

emitting polymer materials. 

Polythiophenes and its derivatives are very unique among other polyconjugated systems 

due to their solubility, band gap, fluorescence efficiency and the tuneability of colour from 

UY to IR by changing the suitable side group. The length of the alkyl side group affects 

solubility. The introduction of bulky groups on polythiothiophene causes a steric twisting of 

the backbone and reduces the conjugation gives blue shifted emission. Phenyl-substituted 

polythiophenes have been found to be thermally stable and are soluble in typical organic 

solvents. Alkoxy side groups on polythiophenes backbone reduce the band gap of the 
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polymer. Polythiophene derivatives with fluoroalkyl, ether, hydroxyl, carboxylic acid, amide, 

urethane groups in side chain have improved the solubility and processability of the 

conjugated polymers. 

The incorporation of strong electron-withdrawing groups such as carboxylates is difficult 

because these substituents increase the potential for oxidation of the monomer and destabilize 

the resulting radical cation. The devastating electron withdrawing effect of the oxygen atom 

in the vicinity of the thiophene can be neutralized by the intercalation of one methylene 

groups without any loss of polymer electroactivity, balancing the effect of the electron­

withdrawing group with an electron-donating group, which are less affected by the 

withdrawing nature of the substituent. 

Now-a-day's electron-withdrawing ester groups on the thiophene ring are of considerable 

interest, as they might facilitate electron injection, influence electronic properties, promote 

triplet formation, as well as possibly stabilize the conjugated backbone against oxidation or 

other unwanted degradative events. The ester containing polythiophene derivatives show 

higher fluorescence quantum efficiency than that of alkyl containing derivatives. In the 

present thesis, efforts have been made to synthesize new and soluble ester substituted 

polythiophene and possible in light emitting diode and chemical sensor application. 

Objectives of the present investigation: 

• Preparation of 3- ester substituted thiophene monomers. 

• Polymerization of monomers by oxidative FeCb coupling method. 

• To characterize the monomers and polymers by UV-Vis, FTIR, NMR, TGAIDSC, 

GPC, XRD techniques. 

• To investigate the electrochemical, thermal, and photoluminescence properties of 

synthesized polymers. 

• To study the electro luminescence properties of polymers. 

• To analyze the chemical sensing properties of polymers. 
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Plan of the work: 

To fulfil the above objectives the following plans of work have been adopted. 

• Preparation of3- ester substituted thiophene monomers. 

• Characterization of monomers by UV-Vis, FTIR, IH NMR. 

• Polymerization of monomers by oxidative FeC!) coupling method. 

• Characterization of polymers by UV-Vis, FTIR, IH NMR, OPC, XRD. 

• Study the thermal properties ofpolymers by TON DSC. 

• Investigation the electrochemical behaviour of polymers by cyclic voltametry. 

• Study the photoluminescence properties of polymers by fluorescence 

spectrophotometer. 

• Fabrication of LED device using synthesised polymers. 

• Testing of device 

• Evaluation of electro luminescence properties. 
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2.1 Introduction 

Conjugated polymers exhibit umque electronic and optical properties due to their 7t­

conjugation and special chemical structure [1-11]. The creative design and development 

strategies for conjugated polymers have led to new materials and enhanced performance. In 

determining the physical properties of conjugated polymers, more research has been focused 

on the structure and function of these materials. The synthesis can help to achieve the 

magnitude of 7t overlap along the backbone and enhanced solubility. In light emitting diode 

(LED) application, 3- substituted polythiophene have stimulated much interest due to their 

solubility, environmental stability, fusibility, better processibility and tuneability of colour 

from UV to IR by changing the substituents [12-18]. 

Substituted polythiophenes have been prepared by electrochemical and chemical 

polymerization techniques [19-20]. Electrochemical polymerization fails to produce large 

scale and soluble polymers. Therefore, chemical polymerization methods have attained 

popularity for synthesizing the large scale and soluble polymers. The chemical 

polymerization methods include oxidative coupling, Yamamoto coupling, McCullough 

method, Grignard Metathesis (GRIM) method, Reike method, Suzuki and Stille method [15, 

20-24]. FeCh oxidative coupling is a straightforward, simple, versatile and the least 

expensive method among other chemical polymerization techniques. 3-substituted 

polythiophenes with alkyl, fluoroalkyl, phenyl, alkoxy, ester groups in side chain have been 

synthesized by FeCh oxidative coupling [25-40]. Ester substituted polythiophenes have been 

prepared using either a FeCb suspension in CHCb or FeCb precipitated in-situ by a solvent / 

oonsolvent mixture (CH3N02 / CClt) [41-54]. The later method gives higher monomer 

conversions and polymer yields. 

A considerable effort has been made to the synthesis of polymers with special emphasis 

on the improved solubility. Introduction of side chains on conjugated backbone not only 

provide solubility, but also they have a major influence 00 the characteristics of polymers. 

We have combined the alkyl group with the chain length from C6 to C 12, 3-pentadecyl 

phenyl, 3-pentadecyl cyc\ohexyl and quinoline moiety as a side chain in polythiophene ester 

backbone. 

The part of this chapter was published in J. Po/yin. Mater. 25 (2008) 445 
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This chapter describes the synthesis and characterization of monomers and polymers and 

their thermal properties. We have synthesized the following 3-ester substituted thiophene. 

i) HexyI2-(thiophene-3-yl) acetate (HT A) 

ii) Octyl 2-(thiophene-3-yl) acetate (OT A) 

iii) Decyl 2-(thiophene-3-yl) acetate (DT A) 

iv) DodecyI2-(thiophene-3-yl) acetate (DDT A) 

v) 3-pentadecylphenyI2-(thiophene-3-yl) acetate (PDPTA) 

vi) 3-pentadecylcyclohexyI2-(thiophene-3-yl) acetate (PDCHTA) 

vii) Quinoline -8-yI2-(thiophene-3-yl) acetate (QT A) 

The monomers were synthesized by esterification reaction of 3-thiophene acetic acid and 

corresponding alcohols and characterized by IH NMR, FTIR and UV-Vis analysis. The 

polymerization was accomplished by oxidative coupling in the presence of FeCb. The 

synthesized polymers were characterized by IH NMR, FTIR, UV-Vis, XRD and GPC 

analysis. Thermal properties ofpolymers were studied by TGA and DSC technique. 

2.2 Materials 

3- thiophene acetic acid (Aldrich), 1- hexanol (Aldrich), 1- octanol (Aldrich), I-decanol 

(Aldrich), 1- dodecanol(Aldrich), 8- hydroxyl quinoline (Fluka), FeC!) (Aldrich) were used 

as received. 3- pentadecyl phenol, 3-pentadecylcyclo hexanol and dimethylamino pyridine 

(DMAP) were recrystallized from ethanol. All the solvent were distilled before use and the 

reactions were performed under nitrogen atmosphere. 

2.3 Instrumentation 

2.3.1 UV- Visible spectrophotometer 

UV-Visible (UV-Vis) spectrophotometer provides information about structure and 

stability of the materials in solution. Various kinds of electronic excitation may occur in 

organic molecules by absorbing the energies available in the UV-Vis region. The 

spectrophotometer records the wavelengths at which absorption occurs, together with the 

degree of absorption at each wavelength. The resulting spectrum is presented as a graph of 
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absorbance versus wavelength. The intensity of the absorption is proportional to the number, 

type and location of colour absorbing structures (chromophores) in the molecule. UV-Visible 

spectra were recorded on a Shimadzu UV -2550 UV -VIS Spectrophotometer using 

tetrahydrofuran (THF) solvent. 

2.3.2 Fourier transform infrared spectrophotometer (FTIR ) 

FTIR is a useful method for the characterization of monomer and polymers. It is primarily 

used for the detection of functional groups, but analysis of spectra in the lower frequency 

finger print region can give evidence of degree of polymerization and the effect of 

substituents on the electronic properties of the polymer backbone. FTIR spectra were 

recorded on a Nicolet, Impact 410 by using KBr pallet. 

2.3.3 Nuclear magnetic resonance spectrometereH NMR) 

NMR spectroscopy is one of the principal techniques used to obtain physical, chemical, 

electronic and structural information about molecules. Structure of compound can be 

determined by studying the peaks of NMR spectra. It is a very selective technique, 

distinguishing among many atoms with in a molecules or collection of molecules of the same 

type but which differ only in terms of their local chemical environment. In proton NMR 

spectroscopy, structure of molecules is ascertained with respect to hydrogen nuclei within the 

molecule of a substance. IH NMR spectra were obtained on a Bruker AMX 400MHz with 

de ute rated CHCh having TMS as internal standard. 

2.3.4 Gel permeation chromatography (GPC) 

Gel permeation chromatography (GPC) is used to determine the relative molecular weight 

of polymer samples as well as the distribution of molecular weights. Generally, GPC 

measures the molecular volume and shape function as defined by the intrinsic viscosity of 

polymer sample. Molecular weights of polymers were measured by gel permeation 

chromatography (410 Waters differential refractometer) (Water, USA). Flow rate is 1 ml Imin. 

Polymers were dissolved in THF solvent. Molecular weights were determined on the basis of 

polystyrene standards. 
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2.3.5 X- ray diffraction 

X-ray diffraction technique gives the information about the crystallographic structure, 

chemical composition, and physical properties of materials and thin films. X-ray diffraction 

technique is based on the elastic scattering of X-rays from structures that have long range 

order. X-ray diffraction data for the polymer were collected at room temperature on a Rigaku 

Minislex X-ray diffractometer Cu Ka radiation (A,=0.IS41Snm) at 30kV and ISmAmp. 

2.3.6 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) reveals the thermal characteristics of polymers 

including degradation temperature, absorbed moisture content the level of oligomer in 

polymer etc. It determines the weight loss with respect to temperature. Thermogravimetric 

analysis (TGA) was conducted on a Shimadzu TG SO thermogravimetric analyzer with a 

heating rate of 10°C/min under a nitrogen atmosphere. Analysis was performed at 0- 6S0 °C 

temperature ranges. 

2.3.7 Differential scanning calorimetry (DSC) 

Differential scanning calorimetry (DSC) is used widely for polymers. It evaluates glass 

transition temperature (T g), melting temperature (T m), purity of polymers. The result of a 

DSC experiment is a curve of heat flux versus temperature or versus time. Differential 

scanning calorimetry (DSC) of the polymers was accomplished on DSC-60 (Shimadzu) with 

a heating rate of 10DC/ min under a nitrogen atmosphere. Analysis was performed at 0- 300 

°C temperature ranges. 

2.4 Experiment 

2.4.1 Monomers synthesis 

2.4.1.1 Hexyl2 - (thiophene-3-yl) acetate (HTA) 

3-thiophene acetic acid (0.0137 moles) in 20m I dichloroethane (DCE) and thionyl chloride 

(0.0137 moles) were taken in a round bottom flask and refluxed for 6h. The excess thionyl 

chloride was removed under vacuum. Then hexanol (0.0137mole) in ISml DCE and 3ml of 
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pyridine were added to the flask drop wise through an additional funnel and the mixture was 

refluxed for 6h. After refluxing, the reaction mixture was washed with 1 N HCl (3 x 50ml), 

then saturated NaHC03 (3x50ml), and dried over K2C03. The solvent was removed with a 

rotary evaporator and crude product was obtained. The crude product was purified by silica 

gel co lurnn chromatography using petroleum ether / ethyl acetate (20: 1) mixture as the eluent. 

The product was yellow - orange liquid. 

Yield: 79% 

UV- Vis (THF): Amax 255 nm 

FTIR (KBr): u 3105, 2934, 2861, 1735, 1460, 1257, 1147, 765 cm- I 

IH NMR (400MHz) (CDCh): b 7.27, 7.14, 7.04, 4.09, 3.64,1.63-0.88 ppm 

2.4.1.2 Octyl2 - (thiophene-3-yl) acetate (OTA) 

Synthetic procedure of monomer (OTA) is same as monomer (HTA). 

The product was yellow- orange liquid. 

Yield: 71% 

UV- Vis (THF): Amax 254 nm 

FTIR (KBr): u 2925, 2860, 1730, 1460, 1250, 1140, 765 cm- I
. 

IH NMR (400MHz) (CDCh): b 7.27, 7.14, 7.04, 4.09, 3.64, 1.63-0.88ppm 

2.4.1.3 Decyl2 - (thiophene-3-yl) acetate (DTA) 

Synthetic procedure of monomer (DTA) is same as monomer (HT A). 

The product was yellow orange liquid. 

Yield: 73% 

UV- Vis (THF): Amax 254 nm 

FTIR (KBr): u 2923, 2857, 1732, 1459, 1245, 1140, 760 cm-I. 

IH NMR (400MHz) (CDCh): b 7.27, 7.14, 7.04, 4.09, 3.64, 1.63-0.88 ppm 

2.4.1.4 Dodecyl2 - (thiophene-3-yl) acetate (DDT A) 

Synthetic procedure of monomer (DDTA) is same as monomer (HTA). 
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The product was orange liquid. 

Yield: 69% 

UV- Vis (THF): "'max 254 nm 

FTIR (KBr): u 2923, 2856, 1734, 1459, 1261, 1145, 763 cm- I. 

IH NMR (400MHz) (CDC b): 87.27, 7.14, 7.04,4.09,3.64, 1.63-0.88ppm 

2.4.1.5 3- pentadecylpbenyl2 - (tbiopbene-3-yl) acetate (PDPT A) 

44 

3-thiophene acetic acid (0.005 moles) in 20ml dichloroethane (DCE) and thionyl chloride 

(0.005 moles) were taken in a round bottom flask and refluxed for 6h. The excess thiony\ 

chloride was removed under vacuum. Then 3-pentadecyl phenol (0.005mole) and 

dimethylamino pyridine (DMAP) (0.005moles) in 15ml DCE were added to the flask drop 

wise through an additional funnel and the mixture was refluxed for 6h. After refluxing, the 

reaction mixture was washed with IN HCI (3x 50m!), then saturated NaHC03 (3x50mi), and 

dried over K2C03 • The solvent was removed with a rotary evaporator and crude product was 

obtained. The crude product was purified by silica gel column chromatography using 

petroleum ether I ethyl acetate (20: 1) mixture as the eluent. 

The product was viscous orange- red liquid. 

Yield: 62% 

UV- Vis (THF): "'max 272 nm 

FTIR(KBr):u2919,2848, 1738, 1469, 1252, 1147, 764cm- l
. 

IH NMR (400MHz) (CDCb): 8 7.27-7.00, 3.65, 2.54, 1.6 -0.88ppm 

2.4.1.6 3-pentadecylcyclobexyl2 - (tbiopbene-3-yl) acetate (PDCHTA) 

Synthetic procedure of monomer (f) was same as (e). 

The product was viscous orange- red liquid. 

Yield: 64.49% 

UV- Vis (THF): "'max 253 nm 

FTIR (KBr): u 2921, 2848, 1731, 1462, 1251, 1142,756 cm- I
. 

IH NMR (400MHz) (CDCb): 8 7.27, 7.15, 7.03, 4.00, 3.67, 1.98-0.88. ppm 



Chapter 2: Synthesis and characterization of ester substituted polythiophenes 

2.4.1.7 Quinolin-8-yI2 - (thiophene-3-yl) acetate (QTA) 

Synthetic procedure of monomer (QTA) was same as monomer (HTA). 

The product was solid. 

Yield: 61%, M.P: 128D C 

UV - Vis (THF): Amax 256 nm 

FTIR(KBr): 03092,3041,1755,1591,1496,1467,1339,1237,1138, 805, 755cm-'. 

'HNMR (400MHz)(CDCh): 87.43-8.92,7.25,7.15,7.02,3.65 ppm. 

2.4.2 Polymer Synthesis 

General procedure of polymerization 

45 

The general procedure of synthesizing the polymers is shown in Scheme 2.1. Monomers in 

30ml carbon tetrachloride were taken in a three-necked flask equipped with a condenser, a 

pressure equalizing funnel, and a nitrogen gas inlet tube and stirring was done by a magnetic 

stirrer. Ferric chloride (four times of monomer) in 10ml nitro methane was added dropwise to 

a stirred solution of monomer at ODC with the continuous flow of nitrogen and the reaction 

was continued for 24 h. The reaction mixture was poured into stirred methanol (500ml) and 

precipitate was obtained. The precipitate was dried in vacuum. The product was dissolved in 

THF and reprecipitated in methanol. Thus polymer was purified by reprecipitation method. 

2.4.2.1 Poly (bexyl-2-(tbiopbene-3-yl) acetate) (PHTA) 

0.005 mole of hexyl -2(thiophene-3-yl) acetate monomer and 0.02mole of ferric chloride 

were used for polymerization reaction. 

Yield: 66% 

UV- Vis (THF): Amax 370nm 

FTIR (KBr): 02928,2860, 1735, 1460, 1257, 1173 em-I. 

IH NMR (400MHz) (CDCh): 87.04,4.09,3.64, 1.63-0.88ppm 
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2.4.2.2 Poly (octyl-2-(thiophene-3-yl) acetate) (POTA) 

0.0025 mole of octyl -2(thiophene-3-yl) acetate monomer and 0.01 mole of ferric chloride 

were used for polymerization reaction. 

Yield: 63% 

UV - Vis (THF): Amax363 nm 

FTIR (KBr): \) 2934, 2860, 1730, 1440, 1250, 1180 em-I. 

IH NMR (400MHz) (CDCh): 8 7.04,4.09,3.64, 1.63-0.88 ppm. 

2.4.2.3 Poly (decyl-2-(thiophene-3-yl) acetate) (PDTA) 

0.0037 mole of decyl -2(thiophene-3-yl) acetate monomer and 0.015mole of ferric 

chloride were used for polymerization reaction. 

Yield: 62.8% 

UV - Vise THF): Amax363nm 

FTIR (KBr): \) 2922, 2852, 1732, 1459, 1245,1141 em-I. 

IH NMR (400MHz) (CDCh): 8 7.04,4.09,3.64, 1.63-0.88 ppm. 

2.4.2.4 Poly (dodecyl-2-(thiophene-3-yl) acetate) (PDDTA) 

0.004 mole of dodecyl -2(thiophene-3-yl) acetate monomer and 0.016mole of ferric 

chloride were used for polymerization reaction. 

Yield: 61% 

UV - Vis (THF): Amax 359 

FTIR (KBr): \) 2924, 2853, 1737, 1459, 1261, 1145 em-I. 

IH NMR (400MHz) (CDCb): 07.04,4.09,3.64, 1.63-0.88 ppm. 

2.4.2.5 Poly (3-pendecylphenyl-2-(thiophene-3-yl) acetate) (PPDPT A) 

0.0034 mole of 3-pentadecylphenyl -2(thiophene-3-yl) acetate monomer and 0.014 mole 

of ferric chloride were used for polymerization reaction. 

Yield: 56% 

UV - Vis (THF): Amax 315nm 

FTIR (KBr): \) 2922, 2852, 1740, 1469, 1252, 1152 em-I. 
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IH NMR (400MHz) (CDCh): 8 7.15-7.00, 3.65, 2.54, l.6 -0.88 ppm. 

2.4.2.6 Poly (3-pentadecylcyclohexyl-2-(thiophene-3-yl) acetate) (PPDCHTA) 

0.0036 mole 3-pentadecylcyclohexyl -2(thiophene-3-yl) acetate monomer and 0.0143 mole 

of ferric chloride were used for polymerization reaction. 

Yield: 54.7% 

UV- Vis (THF): "'max 307 nm 

FTIR (KBr): l) 2923, 2854, 1732, 1462, 1251, 1142 cm-I. 

IH NMR (400MHz) (CDCh): 8 7.03, 4.00, 3.67, l.98-0.88 ppm. 

2.4.2.7 Poly (quinoline 8-yl-2-(thiophene-3-yl) acetate) (PQT A) 

0.011 mole of quinoline 8-yl-2(thiophene-3-yl) acetate monomer and 0.044 mole of ferric 

chloride were used for polymerization reaction. 

Yield: 42.3 % 

UV - Vis (THF): "'max 392nm 

FTIR (KBr): 3085, 3045, 1731, 1531, 1586, 1464, 1432, 1322, 1222, 1149 cm-I. 

IH NMR (400MHz) (CDCh): 8 7.5-8.7, 6.98, 3.65 ppm. 

2.5 Results and discussions 

2.5.1 Characterization of monomers 

The monomers were prepared by esterification [54-58] of 3-thiophene acetic acid and 

corresponding alcohols (hexanol, octanol, decanol, dodecanol, 3-pentadecyl pheneol, 3-penta 

decyl cyclohexanol, and 8- hydroxyl quinoline) (Scheme 2.1). 3-thiophene acetic acid was 

first converted to 3-thiophenacetyl chloride using thionyl chloride as a chlorinating agent and 

subsequently reacted with alcohols in the presence of pyridine (for monomers HT A, OT A, 

DTA, DOTA, QTA) and dimethyl amino pyridine (OMAP) (for monomers POPTA, 

PDCHT A) as acid acceptor. The yield of the monomers is 60-80%. The formation of 

monomers was confirmed by FTIR, IH NMR spectroscopy. The C~-H stretching frequency 

(Fig2.1 -2.7.) in thiophene ring and alkyl chain on 3000 -2840 cm-I was observed. The 



Chapter 2: SynthesIs and characterization of ester subsututed polythlophenes 48 

formation of ester linkage was confirmed by the presence of >C==O stretching vibration at 

1720-1735 cm- I and C-O-C stretching vibrations at 1250-1235 and 1145-1135 cm- I
. The C-H 

bending vibrations of alkyl group appeared at 1460 cm -I. The C-H out of plane bending 

vibration of thiophene ring on 805-815, 760-750 cm- I was observed. 

CH2COOH 

d~ SOCl2 / DCE 

S Reflux/6h 

3-thiophene acetic acid 

d
CH2COC' 

• f ~ 
S 

2-(thiophen-3-yl) 
acetyl chloride 

Pyridine or DMAP 

DCE/ Reflux / 6h 

Oxidative Coupling 
Polymerization 

Scheme 2.1: Synthesis of monomers and polymers 

ROH 

Polymer R 

PHTA -C6H13 

POTA -CSH17 

PDTA -ClOH21 

PDDTA -C12H25 

PPDPTA-Q 

C1sH31 

PPDCHTAQ 
C1sH31 

PQTA -0 
NJ 
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Figure 2.7: FTIR spectra of monomer QTA 

In IH NMR spectra of the monomers, the signals at 8 7.05-7.03, 7.15 - 7.13,7.27-7.25 

ppm are assigned to the protons at 4, 5 and 2 position of the thiophene ring (Figure 2.8 -

2.14.). The signal at 8 3.67 - 3.64 ppm is related to the methylene group protons linked to 

thiophene ring. The signal at 8 4.00-4.09 ppm is related to methylene group proton linked to 

oxygen atom. The broad signal at 8l.63-0.88 ppm is associated with alkyl protons. The 

signals in the range of 8 7.43-8.92 ppm are assigned to the aromatic quinolinyl protons. The 

broad signal at D 7.27-7.00 is related to aromatic phenyl protons. The numbers of protons 

estimated from the integration of peaks are in good agreement with the proposed structure of 

monomers. 
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2.5.2 Characterization of polymers 

I , 

d 

• 1 

56 

The polymers were prepared by oxidative polymerization using ferric chloride [41-54]. 

The polymerization process is slow and yields 42-66% polymer. The polymers showed good 

solubility in chloroform and THF. 

The formation ofpolymers was further confirmed by FTIR and lH NMR spectroscopy. In 

polymers, the Cp-H stretching frequency in thiophene ring and alkyl chain at 3000 - 2800 cm" 

1 were observed (Figure 2.15 - 2.21). The bands at 1720 - 1735, 1250-1235 and 1145-1135 

cm"l which is due to the >c=o and C-O-C stretching vibration of ester group. The C-H 

bending vibrations of alkyl group appeared at 1460 cm"l. The absence of sharp band at 805 -

755cm-
1 

confirms the polymerization, since these absorptions are characteristic of the C-Hcr 

out of plane deformation in mono substituted thiophene ring. 
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Figure 2.21: AIR spectra of polymer PQTA 

In the IH NMR spectra of the polymers, the signals in the range of 8 7.5-8.7 ppm are 

assigned to the aromatic quinolinyl protons. The signal at 8 7.04-7.00 ppm is assigned to the 

proton at four position of the thiophene ring (Figure 2.22 - 2.28). The broad signal at 8 7.27-

7.00 is related to aromatic phenyl protons. The signal at 8 3.67-3.64 ppm is related to the 

methylene group protons linked to thiophene ring. The broad signal at 8 1.63-0.88 ppm is 

associated with alkyl protons. The absence of the signals at 8 7.27 & 7.15 ppm related to the 

hydrogen at 2 and 5 position of the thiophene ring conftrmed the polymerization. 
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Figure 2.28: Proton NMR spectra of polymer PQTA 

2.5.2.1 Molecular weight of polymers 

Molecular weight of polymers has been measured by gel permeation chromatography 

(GPC) in THF solution using polystyrene standard. Molecular weights of the polymers in 

THF are shown in Table 2.1. GPC curve of the polymers is depicted in Figure 2.29 - 2.35. 

The number-average molecular weights of the resulting polymers are in the range of 3154-

22260 g/mol with polydispersity indexes in the range of 1.67-3.34. The weight average 

molecular weights of polymers have been found in the range 6097 - 74566 g/mol. The results 

show that the soluble part of polymers in THF solvent is of low molecular weight. 

Table 2.1 Molecular weight of polymers 

- -
Polymer Mn (g/mo!) Mw (g/mo!) Mwl Mn(PDI) 

PHTA 5372 14698 2.73 

POTA 3338 6097 1.82 

PDTA 3589 13213 2.78 

PDDTA 8418 21411 2.54 

PPDPTA 6852 11492 1.67 

PPDCHTA 3154 6892 2.18 

PQTA 22260 74566 3.34 
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Figure 2.31: GPC curve of polymer PDT A 
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Figure 2.35: GPC curve of pOlymer PQTA 

2.5.2.1.1 Solubility and degree of polymerization of polymers 

The solubility is not only an important criterion to assess conjugated polymers for their 

possible commercial use but equally important also from characterization point of view. The 

polymers are soluble in CHCb, THF, OMF, OMAc and OMSO. The solubility and degree of 

polymerization (OP) of the polymers in THF are shown in Table 2.2. The fraction of 

polymers soluble in THF is 15-90 %. It is observed that solubility decreases with increasing 

degree of polymerization. The effective conjugation length as well as delocalization of 

electron depends on degree of polymerization. The delocalization of electrons requires a 

conjugated chain structure which in turn brings insolubility to the polymers. 

Table 2.2 Degree of polymerization and solubility ofpolymers 

Polymer Molar mass of Degree of Fraction of polymer 

Mn (g/mol) Monomer unit polymerization (DP) soluble in THF (%) 

(glmol) 

PHTA 5372 226 24 24 

POTA 3338 254 13 27 

POTA 3589 282 13 36 

POOTA 8418 310 27 37 

PPDPTA 6852 428 16 87 

PPOCHTA 3154 434 7 90 

PQTA 22260 269 83 15 
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2.5.2.2 UV- Vis spectra 

2.5.2.2.1 UV -Vis spectra of monomers and polymers 

The UV- Vis spectra of monomers and polymers are shown in Figure 2.36 - 2.42. The 

maximum absorption (Amax) of monomers and polymer and their shifting are demonstrated in 

Table 2.3. Polymers possess intensive and broad absorption bands in the UV - Visible region, 

indicating an extensive TC- conjugation in the thienylene backbone. The Amax depends on the 

effective TC- conjugation of the polymer chain and the aggregation state of the polymer. 

Higher the TC- conjugation length, a red shifted Amax is observed. Amax of polymers in THF 

solution are found to be in the range of 307 to 392 nm. A red shifted Amax in solution is 

observed for polymer in comparison to their respective monomer. This is due to the TC­

conjugation of polymer chain. Polymers possessing alkyl side chain with different carbon 

length ranging from six to twelve have found similar red shifting absorption (105 -115nm) 

with respect to their monomer. This indicates that alkyl containing polymers have akin TC -

conjugation length irrespective of their carbon chain length. Polymers containing 3-

pentadecyl phenyl and 3- pentadecyl cyclohexyl side chains have experienced 43 and 54 nm 

red shifting absorption compared with their monomer. This low value of red shifting 

absorption for polymer PPOTA and PPOCHT A compared to other polymers may be due to 

the aggregation of polymer side chain [59]. A red shifted Amax is observed for polymer PQTA 

having qunioline side chain with reference to monomer unit. The red shifting is higher for 

polymer PQT A than other ester substituted polymers. The results show that TC conjugation 

length is highest for polymer PQTA This observation is attributed to an increase in 

co planarity of the thienylene backbone [60-61]. 
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Table 2.3 Absorption of monomers and polymers 

Polymer Maximum Maximum Red shifting 

absorption of absorption of absorption from 

PHTA 

POTA 

POTA 

PDDTA 

PPDPTA 

PPDCHTA 

PQTA 

0 .7 

"3' 0 .6 

~ 255nm 
6 0 .5 

J 0.4 

j 0 .3 

i 0 .2 

0.1 

monomer in THF polymer in THF monomer to 

(nm) 

(1t - 1t*) 

255 

254 

254 

254 

272 

253 

256 

300 

(nm) 

(1t - 1t*) 

370 

363 

363 

359 

315 

307 

392 

". 

370 nm 

400 

Wavelength (nm) 

polymer 

(nm) 

lIS 

109 

109 

105 

43 

54 

136 

-Monomer 
-Polymer 

500 

Figure 2.36: UV- Vis Spectra of monomer HTA and polymer PItTA 
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Figure 2.39: UV- Vis Spectra of monomer DDTA and polymer PODTA 
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Figure 2.40: UV- Vis Spectra of monomer PDPTA and polymer PPOPTA 
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2.5.2.2.2 Optical band gap 

Optical absorption in conjugated polymers which are mostly amorphous or semicrystalline 

may due to the transition of charge carriers, through a forbidden energy gap, called optical 

band gap. Attempts have been made to determine the optical band gap using the equation 2.2 

[62]. 

E g
Opt (eV) = 1240/ "'edge (nm) (2.2) 

Where EgOpt is the optical band gap of polymers and "'edge is the absorption edge. The . 
absorption edge ("'edge) and optical band gap (EgOPt) of polymers are listed in Table2.4. The 

band gap of polymers is found to be 2.1-2.47 eV. The results show that aromatic containing 

moieties polymer have higher band gap. We have compared the optical band gap data with 

electrochemical band gap. Comparison and trend of electrochemical and optical band gap 

were discussed in next chapter. 

Table 2.4 Absorption edge and optical bandgap of polymers 

Polymer Side chain moiety (R) Absorption edge Optical band 

to;OOR of polymer (nm) gap (eV) 

5 n 

PHTA -C6H13 524 2.36 

POTA -CgH17 525 2.36 

PDTA -CIOH21 540 2.29 

PDDTA -C12H25 520 2.38 

PPDPTA ( ( 506 2.45 

C'SH31 

PPDCHTA --Q 535 2.31 

C'SH31 

PQTA -g 502 2.47 

\ ;} 
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2.5.2.3 XRD analysis 

XRD analysis has been performed by preparing the polymer film on the glass substrate. x­
ray diffractograms of the polymers are shown in Figure 2.43. XRD analysis reveals a broad 

peak at 29 = 20 - 25° with weak intensities for polymers. No diffraction peak is observed for 

polymers at low angles. Polymers are amorphous in nature. Amorphous morphology prevents 

light scattering and crystallization-induced degradation [63]. This is generally useful in light 

emitting diode application. 
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Figure 2.43: X-ray diffractograms of polymers 
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2.5.3 Thermal properties of polymers 

2.5.3.1 Thermogravimetric analysis 

75 

The thermal properties of the polymers have been investigated by thermogravimetric 

analysis (TGA) under nitrogen atmosphere. The TGA curve of polymers is shown in Figure 

2.44 - 2.50 and weight losses at different temperature are shown in Table 2.5. PDT A and 

PPDPTA polymers show 5-10% weight loss at 260° and 125°C respectively. PHTA, POTA, 

PPDPTA and PPDCHTA exhibit 10-30 % weight loss at 170°, 150°, 358° and 307°C, 

respectively. The initial weight loss is due to the presence of oligomer compound in 

polymers. It is found that these polymers possess good thermal stability with the onset 

degradation temperature around 300-350 °C under nitrogen atmosphere and 40-60 % weight 

loss occurred at the temperature of 400-450 0c. The thermal stability of polymers follows the 

order PQTA > PDT A > PDDTA > PHT A = POTA > PPDCHT A = PPDPT A. PQT A and 

PDTA have found good thermal stability compared to other polymers. In case of PQT A, this 

is possibly due to the presence of bulky N-containing quinoline moiety attached to the 

thiophene backbone for high thermal stability. However, the proper explanation is not found 

for high thermal stability of PDT A polymer. The thermal stability increases with increasing 

the molecular weight ofpolymers. 

Table2.5 Weight loss ofpolymers at different temperature 

Polymer Tempr at Cc) 

5-10 % 10-30% 40-60% 60-70% 70-80 % 

Wt. loss Wt. loss wt. loss wt. loss Wt. loss 

PHTA - 170 434 - -

POTA - 150 405 - -

PDTA 260 - 410 - -

PDDTA - - 430 - -

PPDPTA 125 358 - 492 -

PPDCHTA - 307 - 368 491 

PQTA - - 443 - -. 
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Figure 2.44: TGA curve of polymer PHTA 
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Figure 2.45: TGA curve of polymer POTA 
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Figure 2.46: TGA curve of polymer PDTA 
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Figure 2.47: TGA curve of polymer PDDTA 
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Figure 2.48: TGA curve of polymer PPDPTA 
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Figure 2.49: TGA curve of polymer PPDCHTA 
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Figure 2.50: TGA curve of pOlymer PQTA 

2.5.3.2 Differential scanning calorimetry analysis 
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Differential scanning calorimetry (DSC) of polymers under nitrogen atmosphere is shown 

in Figure 2.51- 2.57. The polymers exhibit a glass transition temperature (Tg) in the range of 

66-154°C (Table 2.6). It is observed that Tg of alkyl containing ester substituted 

polythiophenes decrease with increasing side chain length. Further, Tg decreases with flexible 

pentadecyl phenyl and pentadecyl cyclo hexyl side chain attached to ester polythiophenes. 

PPDPTA shows the lower Tg (66°C) and PQTA shows the higher Tg(l66°C). Long flexible 

pentadecyl chain on meta position of phenyl ring serves the internal plasticizer of polymer 

which lowers the Tg ofPPDPTA polymer. The higher Tg ofPQTA polymer is due to the 

presence of bulky and rigid quinoline moiety. A broad peak atlOS-122°C for POTA, PDTA, 

PDDTA, PPDPTA and PPDCHTA polymers is assigned to the melting of side chain having 

alkyl side chain longer than hexyl group. Similar observation has been made for 

polyalkylthiophenes possessing Cg or longer alkyl side chains by other researchers [64-66). It 

seems that the rigid backbone exerts strong influence on the side chain crystallization. Tg of 

the polymers decreases with increasing side chain length. High glass transition temperatures 
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(T g) and thermal stability are required to with stand inevitable Joule heating encountered 

during LED operation, especially at higher electric fields and current densities [63]. 

DSC mW,,-______________________________________________ ~ 

2.00:-

0.0a-

-2.00:-r---------------------
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Figure 2.51: DSC curve of polymer PHTA 
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Figure 2.52: DSC curve of polymer POT A 
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Figure 2.53: DSC curve of polymer PDTA 
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Figure 2.54: DSC curve of polymer POOTA 
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Figure 2.55: DSC curve of polymer PPDPTA 
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Figure 2.57: DSC curve of polymer PQTA 

Table 2.6: Tg and Tm of polymers 

Polymer Side chain moiety Glass transition 

AAO~ (R) temperature (Tg) COC) 

PHTA -C6H I3 94 

POTA -CgH 17 -

PDTA -CIOH21 70 

PDDTA -C 12H25 69 

PPDPTA ( ( 
C'SH31 

63 

PPDCHTA 

-Q 
C1sH31 

67 

PQTA 

-s 
154 

\ j 

13 

250 

Melting temperature 

(Tm) (0C) 

-
120 

119 

122 

105 

107 

-
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2.6 Conclusion 

A series of ester substituted thiophene monomers has been synthesized by esterification 

reaction. The yield of the monomers is 60-80%. The formation of monomers was confirmed 

by FTIR, IH NMR spectroscopy. The polymers have been prepared by the oxidative 

polymerization using ferric chloride. The polymerization process is slow and yield of the 

polymer is 42-66%. The polymers show good solubility in THF, CHCb, DMF, DMAc, and 

DMSO. The number average mo lecular weights of polymers are in the range of 3154 to 

22260 g / mole. The soluble part of the polymers is found to be oligomer. The absorption 

maximum in UV- Vis spectra of the polymers is in the range of 307-392 nm. All the 

polymers show red shift of absorption maximum with respect to their monomers. Optical 

band gap of the polymers is found to be in the range of2.1-2.47 eV. XRD analysis reveals 

that polymers are amorphous in nature. Polymers possess good thermal stability with the 

onset decomposition temperature around 300-350 DC under nitrogen atmosphere. Thermal 

stability increases with the increase in molecular weight of polymers. The polymers exhibit a 

glass transition temperature (Tg) in the range of 63-154DC. It is observed that Tg of the 

polymers decreases with the increase in length of the side chain. 
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Chapter 3: Electrochemical, photoluminescence and electroluminescence properties of ester substituted polythiophenes Ir1 

3.1 Introduction 

Recent advances in the field of electroluminescence of conjugated polymers provide a 

bright future for LEOs [1-13]. Conjugated polymers offer a number of advantages over 

conventional inorganic / organic materials. The processibility promises a significant 

advantage in large-area fabrication and the flexibility promises the fabrication of displays 

with unusual non-standard shapes [14-19]. In recent years, thiophene based polymers have 

been particularly exploited due to their structural versatility, solubility upon functionalization 

and environmental stability [20-28]. The photoluminescence properties of conjugated 

polythiophenes are of considerable interest due to their potential applications in light emitting 

diodes (LED), solar cells, chemical sensors and field effect transistor (FET) [29-32]. Solid 

state luminescence efficiency of polythiophenes is too low. This low efficiency is attributed 

to internal conversion of exciton through molecular aggregates and the existence of sulphur 

in the thienyl moiety which promotes intersystem crossing via spin-orbit coupling, i.e. the 

heavy atom effect [33-36]. The fluorescence efficiency can be enhanced by changing the 

substitution patterns by replacing a fraction of the thienylene moieties with groups possessing 

lighter atoms, e.g., phenylene or introducing steric constraints to reduce molecular 

aggregation of the side chain substituents on the polythiophene backbone [37-39]. 

Polythiophenes with suitable substituents in the 3-positions have shown tuneable 

photoluminescence properties [40-42]. The introduction of bulky groups like cyclohexyl, 

phenyl on polythiophene causes a steric twisting of the backbone and reduces the conjugation 

gives blue shifted emission [43-44]. Alkoxy side groups on polythiophenes backbone reduce 

the band gap of the polymer [45]. The incorporation of strong electron-withdrawing groups 

such as carboxylates is difficult because these substituents increase the potential for oxidation 

of the monomer and destabilize the resulting radical cation [46-47]. The devastating electron 

withdrawing effect of the oxygen atom in the vicinity of the thiophene can be neutralized by 

the intercalation of one methylene groups without any loss of polymer electroactivity. 

Electron-withdrawing ester groups on the thiophene ring are of considerable interest, as it 

may facilitate electron injection, influence electronic properties and promote triplet 

formation. It may also stabilize the conjugated backbone against oxidation or other unwanted 

degradative events [48-49]. The ester containing polythiophene derivatives show higher 

fluorescence quantum efficiency than that of alkyl containing derivatives [50-53). 

The part ofthis chapter was published in J. Luminescence, 129 (2009) 611 
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The study of the electrochemical behaviour of polymers as a function of substitution can 

shed some light on the understanding of the reduction and oxidation process. The reduction 

" and oxidation processes consist of several simultaneous and / or consecutive chemical and 

physical processes like swelling of the polymer, charge transfer between the electrode and the 

polymer, insertion of compensating ions into the bulk of the polymer, conformational 

changes of the polymer chain and change of conductivity [54]. The introduction of side 

groups will change several properties of the polymer and it may be difficult to confirm that 

oxidation and reduction potentials are entirely the result of one certain functionality. 

Nevertheless, some trends can be extracted that may be helpful for design and application of 

new materials. In addition, the energy position of HOMO and LUMO of conjugated polymers 

can be determined by cyclic voltammetric method. The relevance and generality of 

electrochemical characterization of conjugated polymers can be estimated by comparison to 

other methods. This is frequently done by calculating the electrochemical band gap and 

comparing it with optical band gap [55-56]. 

The operation of a light-emitting diode comprises several steps: charge injection, charge 

transport, charge recombination and decay of the exciton via radiative and non-radiative 

channels [57-63]. The electroluminescence process is strongly related to photoluminescence. 

In the majority of cases the same excited states are responsible for both electroluminescence 

(EL) and photoluminescence (PL). Electroluminescence is a combination of both optical and 

electrical phenomenon. Electroluminescent properties offer to choose colour for LED 

application. It also gives the information about quantum efficiency, stability and operating 

voltage required for LED. 

Fabricating the state-of-the-art polymer light emitting diodes (PLEDs) involves achieving 

balanced and efficient injection of both electrons and holes, and therefore low work function 

cathodes and high work function anodes are required to minimise injection barriers. The 

mismatch of work function between the anode/cathode also introduces a fundamental 

asymmetry in the barrier heights in forward and reverse bias, which in turn leads to diode-like 

rectifYing behaviour. The most widely used anode is indium-tin-oxide (ITO) because of its 

transparency and low resistivity. However, ITO is not ideal because it is not a well defined 

system and its physical properties are highly sensitive to the fabrication and preparation 

process [64]. Furthermore, the work function of ITO is often lower than desired. Improved 

hole injection and device performance (higher efficiency /lifetime and lower operating 

voltage) have been obtained by introducing a layer of poly(ethyJene-dioxythiophene)/ 

poly(styrene sulphonic acid) (PEDOT:PSS) between the ITO and the emitting polymer [65-
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68]. A similar stratagem, based on the incorporation of an interlayer between the electrode 

and the active layer, has also been successfully employed at the cathode/polymer interface to 

enhance electron injection. For example, a thin film of LiF can be inserted between an 

aluminium cathode and the organic emitter [69-70]. This enables fabrication of efficient 

diodes without resorting to low work-function metal cathodes, such as calcium and 

magnesium, which are reactive to the environment and detrimental to the lifetime of LEOs. 

The consensus over the mechanism behind electron enhancement by insulators such as LiF 

has not yet been achieved. The different mechanisms are enhanced electron tunnelling from 

the Al following hole accumulation at the polymer/ insulator junction or large voltage drops 

in the insulator, longer electron attenuation length, reduction of interfacial reactions with the 

metal electrode, reduction of the barrier height to electron injection, and dissociation of the 

LiF to form a low work function contact [71-74]. 

In this chapter, electrochemical, photoluminescence and electroluminescence properties of 

synthesized polymers have been discussed. The oxidation and reduction potential of different 

ester substituted polythiophenes were determined by cyclic voltammetry method. We have 

discussed the influence of substituents on the red / ox potentials. Redox stability of polymers 

was tested by cyclic voltammetry up to 10 cycles. Furthermore, band gap of polymers was 

measured by electrochemically and compared with optical method. Photoluminescence 

properties in solution and solid state of polymers were investigated. The relative quantum 

yield of polymers with respect to Rhodamine B dye was measured. The electroluminescence 

properties of polymers were studied by fabricating LED device with configuration ITO / 

PEOOT: PSS /Polymer/ LiF / AI. 

3.2 Experiment 

3.2.1 Materials 

LiCI04 (Aldrich), Poly(ethylene dioxythiophene): Poly(styrene sulfonate) (PEOOT:PSS) ( 

Aldrich), LiF (Merck, Germany), ITO coated glass (Vin Karola, USA) were used as received. 

3.2.2 Instrumentations 

3.2.2.1 Cyclic voItammetry 

Polymer films for electrochemical studies were spin cast from THF solution on to ITO 

coated glass. Cyclic voltammetric (CV) experiments were performed with a standard one 
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compartment three-electrode configuration cell (Figure 3.1) with the polymer films deposited 

on ITO coated glass electrode as the working electrode, platinum as the counter electrode, 

and an Ag/ AgN03 (0.1 M) electrode as the reference electrode. The potential is measured 

between the reference electrode and the working electrode and the current is measured 

between the working electrode and the counter electrode. All potentials are reported with 

respect to reference electrode. Acetonitrile containing LiCl04 (0.1 M) was used as the 

electrolytic medium. The measurements were calibrated using ferrocene as the standard and 

the scan rate was 50 mY/so The experiments were conducted on a Sycopel AEW2-10 cyclic 

vo Itammeter. 

nla~s 

Cell 

Au~iliary 

Bectrode 

\ 

000 
o 0 
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/ 

Porous t'rit 

Figure 3.1: Typical 3-electrode electrochemical cell 

3.2.2.2 Photoluminescence spectroscopy 

Photoluminescence spectra were recorded using a Hitachi F-2500 FL Spectrophotometer, 

by excitation of the polymer at maximum absorption wavelength. The fluorescence spectrum 

of polymer at different concentration in THF solvent was recorded. Solid state PL of 

polymers was measured by preparing the polymer film on the glass substrate. 
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3.2.2.3 Device fabrication and testing 

The electro luminescence (EL) devices (Figure 3.2) were fabricated on indium-tin oxide 

(ITO) coated g lass substrate with sheet resistance of 20 nlcm2
. The substrate was 

ultrasonically cleaned with detergent, deionized water, acetone, trichloroethylene, and 

isopropyl alcohol, sequentially each for 20 minutes and then baked for 2h at 11O°e. The ITO 

substrates were treated with UV-ozone for 5 min prior to film coating. Subsequently, onto 

the ITO glass a layer of poly(ethylene dioxythiophene): poly(styrene sulfonate) 

(PEDOT:PSS) was spin-coated at ISOO rpm from its aqueous solution and then vacuum-dried 

for 2h 120°e. The polymer layer was spin -coated at ISOO rpm from the corresponding THF 

solution (I wt %) on top of the vacuum- dried PEDOT: PSS layer and then vacuum --dried for 

2h for 130°e. Under a high vacuum (I x I 0.5 Torr), a layer of LiF (1 nm) at a deposition rate 

O.S AO/s was vacuum deposited and a thick layer of Al (ISOnm) at a deposition rate 1-4 AO/s 

was deposited subsequently as cathode. Thickness of the deposited layers was controlled by 

quartz crystal monitor. The cathode was deposited on the top of the structure. The 

electroluminescence (EL) spectra were measured using a high resolution spectrometer (Ocean 

Optics, HR-2000CG UV-NIR). I - V characteristic of LED devices were measured by 

Keithley 2400 programmable current voltage digital source meter . 

...... ~~ .. --. 

Figure 3.2: Fabrication of electroluminescl!llCe device 



Chapter 3: Electrochemical, photoluminescence and electrolumlnescence ptopenles of ester substituted polythlophenes 92 

3.3 Results and discussions 

3.3.1 Electrochemical properties of polymers 

3.3.1.1 Redox properties of polymers 

Electrochemical properties of synthesized polymers can be assessed in cyclic voltmmetry 

method. Cyclic voItammetry (CV) is a suitable way to study the redox states of polymers. 

The electrode potential at which a polymer undergoes reduction or oxidation can be rapidly 

located by CV. Cyclic voltammograms of spin cast ofpolymers film from THF solvent in 0.1 

M LiCI04 acetonitrile solution are shown in Figure 3.3 - 3.9. The oxidation and reduction 

potentials of polymers are listed in Table 3.1. The oxidation potentials of polymers are found 

to be high 2.45 V and there is no significant change with different side chains. These 

observations may be attributed to low molecular weight polymers [54] (molecular weight of 

soluble portion of polymer in THF solvent is low). On the other hand, reduction potential of 

polymers has been found to be altered with different side chains. The reduction potential of 

polymers is in the range of -0.84V to -2.25V. The reduction potential decreases with 

increasing alkyl side chain length and POOT A has the lowest reduction potential (-1.2V) 

among alkyl ester polythiophenes. The reduction potential of PPDPT A, PPOCHT A and 

PQTA is -1.85 V, -1.8 V and -0.84 V respectively. It is observed that quinolinyl containing 

polymer PQTA have the least reduction potential amongst ester substituted polymers due to 

large molecular weight compared to others. 

Table3.1: Oxidation and reduction potential of polymers 

polymers Oxidation potential Reduction potential 

(V) (V) 

PHTA 2.45 -2.1 

POTA 2.45 -2.25 

POTA 2.45 -2.0 

POOTA 2.45 -1.2 

PPOPTA 2.45 -1.85 

PPOCHTA 2.45 -1.8 

PQTA 2.47 -0.84 
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Figure 3.3: CV of polymer PHTA in thin film, Scan rate 50mV IS 
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Figure 3.6: CV of polymer PDDTA in thin film, Scan rate 50mV/S 
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3.3.1.2 Redox stability of polymers 

CV provides information regarding the stability of the product during multiple redox 

cycles. ITO coated polymers were exposed to cyclic oxidation and reduction up to 10 cycles. 

Cyclic voltagrams after 10 cycles are given in figure 3.10-3.16. It is observed that there is no 

significant change in redox potentials. Therefore polymers are quite stable under redox 

potentiaL This is possibly due to the presence of ester group in the polymer side chains [4]. 
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Figure 3.12: CV (10 cycles) of polymer PDTA in thin film, Scan rate 50mVlS 
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Figure 3.13: CV (10 cycles) of polymer PDDTA in thin film, Scan rate 50mV/S 
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Figure 3.16 CV (10 cycles) of polymer PQTA in thin film, Scan rate 50mVlS 

3.3.1.3 Estimation of energy level of polymers 

The energy levels of HOMO and LUMO provide guidelines in selecting the electrode 

materials when constructing a LED based on these polymers. The highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels are 

estimated. Levels are calculated using the following empirical equation (3.1) [75]. 

HOMO = 4.4 + (EOX 
onset) and LUMO = 4.4 + (Ered 

onset) (3.1) 

The charging of the polymer during the doping process is associated with conformational 

reorganisation and modification of the energy levels of the polymer. From this point of view 

only onset potential probes injection of charges to neutral polymers in the ground state. Onset 

is also advantageous when two or more red / ox peaks are not fully resolved. The onset has 

been evaluated by drawing two tangents for each peak and is assumed to be where the two 

tangents cross as indicated by dashed line for Epa ox in Figure 3.17. 
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Figure 3.17 Measurement of onset in CV 

The onset of oxidation and reduction potential, HOMO and LUMO of po lymers are given 

in table 3.2. The HOMO energy level of alkyl and cyclohexyl containing polymers are same 

and is found to be 5.4 eV. The phenyl and quinolinyl polymers PPDPTA and PQTA, HOMO 

energy level are ascertained to be 5.9 eV and 6.125 eV, respectively. In case of phenyl and 

quinolinyl containing polymers, HOMO energy level is higher than alkyl and cyclohexyl 

derivative polymers. This may be due to the presence of aromatic phenyl and quinolinyl 

group attached to the ester polythiophenes. On the other hand, LUMO energy level of the 

polymers is almost identical. 
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Table 3.2: Onset ox/red potentials and HOMO and LUMO energy levels ofpolymers 

Polymers Side chain Onset of HOMO Onset of LUMO 

rQ+.COOR moiety (R) oxidation (eV) reduction (eV) 

potential potential 

(V) (V) 

PHTA -C6HI3 1.1 5.5 -0.6 3.8 

POTA -C8H17 1.0 5.4 -0.6 3.8 

PDTA -C 1oH21 1.0 5.4 -0.6 3.8 

POOTA -C 12H25 1.0 5.4 -0.57 3.83 

PPOPTA ( ( 1.5 5.9 -0.6 3.8 

C1s H31 

PPOCHTA 

-Q 1.0 5.4 -0.6 3.8 

C1sH31 

PQTA 

13 
1.725 6.125 -0.64 3.76 

N~ j 

3.3.1.4 Comparison of band gap estimated from optical and electrochemical method 

The band gap is an important parameter whose magnitude governs the intrinsic electronic 

and optical properties of conjugated polymers. The existence of a finite band gap In 

conjugated polymers is considered to originate principally from bond length alternation. 

The electrochemical determination of band gap actually leads to the formation of charge 

carriers. On contrary, optical transitions do not reveal the formation of free charge carriers, as 

the excited state in conjugated polymers may be viewed as a bound exciton. At the same 

time, optical transitions cannot be directly compared to the electrochemical doping process 

[54]. 

The electrochemical and optical band gap of polymers are given in table 3.3. The band gap 

of alkyl and cyclohexyl containing polymers determined by optical and electrochemical 
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method are more or less same and is found to be 1.6-1.7eV for electrochemical method and 

2.29-2.38 eV for optical method. The band gap of phenyl containing polymers is found to be 

2.1eV (electrochemically) and 2.45eV (optically). The band gap of quinolinyl containing 

polymer is found to be 2.365 eV (electrochemically) and 2.47 eV (optically). The band gap of 

phenyl and quinolinyl containing polymers has higher than alkyl and cyclohexyl polymers. It 

is seen that optical band gap gives higher values of the band gap. However, both the method 

establishes the same trend of band gap. Substitutes in 3-ester polythiophene have a 

pronounced effect on the band gap. 

Table 3.3: Electrochemical and optical band gap of polymers 

Polymer Side chain moiety (R) Electrochemical Optical band 

to+.
0OR band gap (e V) gap (eV) 

S n 

PHTA -C6H13 1.7 2.36 

POTA -C8H17 1.6 2.36 

PDTA -CIOH21 1.6 2.29 

PDDTA -C12H25 1.57 2.38 

PPDPTA 

< ( 
2.1 2.45 

C1sH31 

PPDCHTA 

-Q 1.6 2.31 

C15H31 

PQTA 

-s 
2.365 2.47 

N~ j 
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3.3.2 Photoluminescence behaviour of polymers 

3.3.2.1 Photoluminescence in solution 

The photoluminescence (PL) of the polymers in THF solution, excited at the maximum 

absorption wave length is measured. The emission maximum (APL 
max) of the polymers has 

been found in the range of530nm for PPDCHTA to 547 nm for PHTA (Table 3.4), indicating 

difference of effective conjugation length in the relaxed excited state. The emission of light is 

in the yellow-green region. The Absorption, emission and stokes shifts of the polymers are 

shown in Figure 3.18-3.24. Stokes shifts of the polymers range from 148 nm for PQTA to 

230nm for PPDCHT A. These large stokes shifts may be attributed to the configuration 

rearrangement upon excitation [76-77]. Here, it is observed that side chain of ester 

substituted polythiophenes plays no significant role for changing the colour of fluorescence 

emission. However, the fluorescence efficiency has been modified with the change in side 

chain substituents. It is well known that thiophene itself is a non-fluorescent, while 

oligothiophenes (T,) and oligo(alkylthiophenes) with two or more thienyl moieties are all 

fluorescent. Bithiophene shows a very weak fluorescence emission band at 360 nm. The 

fluorescence quantum yield of bithiophene is only about 1 %. The emission maxima, 

fluorescence quantum yields, and fluorescence of oligothiophenes have been found to 

increase with increasing number ofthienylene moieties [78-79]. 

The PL intensity of the polymers in THF solution excited at 350nm has been investigated 

at 0.05wt % polymer concentration (Figure 3.25). The PL intensity increases with increasing 

conjugation length. PL intensity is found to be high for PQT A and low for polymer 

PPDCHT A. It is consistent with their degree of polymerization. Here, ester spacer weakens 

the direct effect of side chain on polythiophene backbone. 

Table 3.4: Absorption, emission and stokes shift ofpolymers 

Polymer Absorption (nm) Emission (nm) Stokes shift (nm) 

PHTA 370 547 177 

POTA 363 533 170 

PDTA 363 545 182 

PDDTA 359 543 184 

PPDPTA 315 542 227 

PPDCHTA 307 530 230 

PQTA 392 540 148 
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Figure 3.18: Absorption, emission and stokes shift of polymer PHTA in THF solution, elICited at 370nm 
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Figure 3.19: Absorption, emission and stokes shift of polymer POT A in THF solution, elicited at 363 nm 
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Figure 3.20: Absorption, emission and stokes shift of polymer POTA in THF solution, eBited at 363 nm 
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Figure 3.21: Absorption, emission and stokes shift of polymer PODTA in THF solution, elICited at 359 nm 
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Figure 3.22: Absorption, emission and stokes shift of polymer PPDPTA in THF solution, eBited at 315 nm 
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Figure 3.23: absorption, emission and stokes shift of polymer PPDCHTA in THF solution, eKCited at 307 nm 
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Figure 3.24: absorption, emission and stokes shift of polymer PHTA in THF solution, eBited at 392 nm 
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3.3.2.2 Photoluminescence in dilute solution 

The PL characteristics of the polymers in THF have been measured in different solution 

concentrations (Figure 3.26- 3.32). The limiting concentration of polymers is given in Table 

3.5. The PL intensity increases up to 0.0125 wt% of polymers then decreases except polymer 

PQTA. The PL intensity of polymer PQTA increases upto 0.006 wt% of polymer and shows 

steady after 0.006 wt%. The limiting value of the concentration is 0.0125 wt % for all 

polymers except PQTA polymer which is 0.006 wt%. The result indicates that the PL 

intensity increases with decrease in so lution concentration. This is due to fluorescence 

quenching at higher polymer solution concentration. This can be explained by classical 

concentration quenching effects due to nonemissive excimer complexes most easily formed 

in the more planar conjugated structure at higher concentrations [22]. 

Table3.5: Limiting concentration of polymers 

Polymer Limiting concentration (wt %) 

PHTA 0.0125 

POTA 0.0125 

POTA 0.0125 

POOTA 0.0125 

PPDPTA 0.0125 

PPOCHTA 0.0125 

PQTA 0.006 
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Figure 3.26: Normalized PL intensity of polymer PHTA in different concentration. The inset shows the PL 
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Figure 3.29: Normalized PL intensity of polymer PDDTA in different concentration. The inset shows the PL 
intensity increasing with dilute solution up to a certain level. 
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intensity increasing with dilute solution up to a certain level. 
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Figure 3.32: Normalized PL intensity of polymer PQTA in different concentration. The inset shows the PL 
intensity increasing with dilute solution up to a certain level. 

3.3.2.3 Photoluminescence in solid state 

The PL in solid state of polymers is measured by preparing the polymer film on the glass 

substrate. The PL emission of polymers films in solid state are broad and intensity is low 

(Figure 3.33). The fluorescence emission maximum of polymers in solution and solid state is 

summarized in Table 3.6. The polymers in solid state show emission band at 553- 564 nm. 

The fluorescence of polymer in solid state shows red shift in comparison to their solution. 

The low fluorescence efficiency of polymers in solid state is attributed to 1t- stacking [33]. 

Table 3.6: PL emission maxima ofpolymers in solution and solid 

Polymer Excited at (nm) Emission maximum Emission maximum 

of polymer (0.05 of polymer in thin 

wt%) in THF solution film (nm) 

(nm) 

PHTA 370 547 564 

POTA 363 533 549 



1M 

PDTA 363 545 553 

PDDTA 359 543 548 

PPDPTA 315 542 557 

PPDCHTA 307 530 562 

PQTA 392 540 563 

1.0 
-(PHTA) - -(POTA) :j 

~ -(~ :rfAj 

~ -(PDDTA) 
.~ 

-(PPDCHTA) C1l 

.~ -(PQTA) ...J 
Q. 

~ 0.5 
.t::! 

~ 
0 z 

0.0 -L.....--y----,,---T----r----r----,;---....--_.,.-_--.-_ 
500 550 600 650 

Wavelength (nm) 

r-..... 3.33: Normalized PI.. spectra of potJlMl'S euiled .350 nm in tin tim 

3.3.3 Quantum yield of polymers 

The maximum fluorescence of polymers intensity value at 0.0125 wt % in THF was taken 

for quantum yield calculation. The standard fluorescent sample, Rhodamine B dye was 

chosen because it emits in a similar region to these polymers. The fluorescence spectrum of 

Rhodamine B dye at 0.0125 wt% in THF solvent was recorded. The quantum yield value of 

polymers was calculated using the standard sample Rhodamine B dye. The quantum yield of 
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a polymer sample in solution ~s relative to a reference sample of known quantum yield ~r may 

be related by eqn. (3.2) [80]: 

Where As and Ar are the absorbance of the sample and reference solutions respectively at the 

excitation wavelength; Ir and Is are the corresponding relative integrated fluorescence 

intensities. 

The fluorescence quantum yield of polymers is measured and compared with Rhodamine 

B dye (Table 3.7). The relative quantum yield of polymers is found to be 0.237-2.481 with 

respect to Rhodamine B dye at 0.0125 wt %. The quantum yield ofPQTA is two times higher 

than the Rhodamine B dye. The presence of quinoline moiety in the polythiophene backbone 

is responsible for high fluorescence efficiency of PQTA. In PPDPTA and PPDCHT A 

polymers, possibly inter- chain dispersive interaction exhibits enhanced aggregation which 

reduces the fluorescence efficiency [81-82]. 

Table 3.7: Relative fluorescence quantum yield of polymers 

Polymer Fluorescence Quantum yield of polymer at 

0.0125 wt% (relative)* 

PHTA 0.665 

POTA 0.914 

PDTA 0.839 

PDDTA 0.586 

PPDPTA 0.26 

PPDCHTA 0.237 

PQTA 2.481 

* Relative quantum yield with respect to Rhodamine B dye (fluorescence quantum yield 

taken as 1) 



3.3.4 Electroluminescence properties of polymers 

3.3.4.1 Electroluminescence of polymers 

The LED device was fabricated with the configuration ITOIPEDOT:PSS/polymer/LiF/AI. 

PEDOT: PSS was used as a hole transporting layer. The electron injection was helped by 

using a thin 1 nm LiF layer followed by a thick layer of AI. By applying vohage across the 

thin film of polymer, h+ and e- charges from electrodes start to move in opposite directions to 

each other and when they meet each other in polymer chain, they produce an excited state, 

which subsequently emit radiation i.e. light (Scheme 3.1-3.2). Fig. 3.34 shows the EL spectra 

of polymers. The polymers exhibit yellowish colour in EL at 15V. The EL maxima of POT A 

and PQTA are 536 and 540nm respectively, which are similar to their corresponding 

photoluminescence maxima Light emission of the EL device was too weak to be measured 

for PHT A, PDT A, and PDDT A and no emission was observed for PPDPT A and PPOCHT A. 

This may be due to the weak film forming capability and low intensity ofPL in solid state of 

oligomer compound. This results in poor interaction of interfaces for charge transport of 

carrier in LED device [83]. 

Scheme 3.1: n rnechMism 
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HOMO 

A ... 
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Scheme 3.2: Energy level diagram of polymers 
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Figure 3.34: EL spectra of polymers at 15 V 
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3.3.4.2 Current - Voltage characteristic of device 

Figure 3.35-3.41 shows the current voltage characteristic of the devices. The turn on 

voltage of the devices is in the range of5.4V to 7V for current injection (Table 3.8). The turn 

on voltage is low (5.4 V) for POTA and is high (7 V) for PPDPTA. The current density i.e. 

charge carrier capacity of POT A and PQTA is higher than the other polymers. This is 

effective for light emission in LED device. 

Table 3.8: Turn on voltage of polymers 

NI 

f 
! 

Polymer 

PHTA 
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PDTA 

PDDTA 

PPDPTA 

PPDCHTA 
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Figure 3.35: I-V characteristic of polymer PHTA 
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Figure 3.38: I-V characteristic of polymer PDDTA 
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Figure 3.40: I-V characteristic of polymer PPDCHTA 
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3.4 Summery of properties in table 

All the properties of polymers are summarized in Table 3.9. 

Table 3.9: All the properties of polymers 

Polymer 

tOi"" Sidechaio Mo (DP) Solubility Tg A.", ab. A. ... , ab. PL PL E., E .. d 
HOMO LUMO Ed,. E opt +s EL Turn I I 

moiety (R) (g/mol) (%) (0C) (om) (om) (om) (om) (V) (V) (eV) (eV) (eV) (eV) (om) 00 

voltage 

(V) 

PHTA -C,H Il 5372 24 24 94 255 370 547 564 2.45 -2.1 5.5 3.8 1.7 2.36 0.665 - 5.5 

POTA -C.HI7 3338 13 27 - 254 363 533 549 2.45 -2.25 5.4 3.8 1.6 2.36 0.914 536 5.4 

PDTA -C IDH2l 1589 6 36 70 254 363 545 553 2.45 -2.0 5.4 3.8 1.6 2.29 0.839 - 6.0 

PDDTA -CuH" 8418 27 37 69 254 359 543 548 2.45 -1.2 5.4 3.83 1.57 2.38 0.586 - 6.1 

PPDPTA --q 6852 16 87 63 272 315 542 557 2.45 -1.85 5.9 3.8 2.1 2.45 0.26 - 7.0 

C 15H J1 

PPDCHTA 

-Q 
3154 7 90 67 253 307 537 562 2.45 -1.8 5.4 3.8 1.6 2.31 0.237 - 6.0 

C,~H31 

PQTA 

13 
22260 83 15 154 256 392 540 563 2.47 -0.84 6.125 3.76 2.36 2.47 2.481 540 5.5 

\ j 
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3.5 Conclusions 

Cyclic voltammetry study indicates that the oxidation potentials of polymers are high 

(2.45V) and there is no significant change with substituents. At the same time, change in side 

chain plays a significance role for altering the reduction potential of polymers. The reduction 

potential of the polymers is in the range of -0.84V to -2.25 V. It is observed that quinolinyl 

containing polymer PQTA have the least reduction potential amongst ester substituted 

polymers due to large molecular weight compared to others. All the polymers seem to be 

stable under cyclic oxidation and reduction potential (up to 10 cycles). The phenyl and 

quinolinyl containing polymers have higher band gap and HOMO energy level than alkyl and 

cyclohexyl derivative polymers. LUMO energy level is same for all polymers. The 

electrochemical band gap of the polymers is in the range of 1.57 -2.365 eV and the value is 

lower than the optical band gap. 

The fluorescence emission maximum of the polymers is found to be in the range of 

530nm for PPDCHTA to 547 nm for PHT A. The light emission is in the yellow-green region. 

Stokes shifts of the polymers are in the range of 148 nm for PQTA to 230nm for PPDCHTA. 

The PL intensity increases with increasing the degree of polymerization. It is found to be high 

for PQTA and low for polymer PPDCHTA. It is consistent with their degree of 

polymerization. The enhanced fluorescence efficiency of polymers is achieved at the cost of 

their solubility. Here, ester spacer weakens the direct effect of side chain on polythiophene 

backbone. Also, PL intensity increases with dilution and the limiting value of the 

concentration is 0.0125 wt % for all polymers except PQTA which is 0.006 wt%. The PL 

intensities increase with dilution which indicates fluorescence quenching at higher polymer 

solution concentration. Polymers in solid state show emission band at 553- 564 nm. The 

fluorescence of polymers in solid state shows red shift in comparison to their solution. The 

relative fluorescence quantum yield of polymers in THF solution is in the range of 0.237 to 

2.481 with respect to Rhodamine B dye. The high fluorescence quantum yield of PQT A 

polymer is due to the presence of quinoline moiety in the polythiophene backbone. 

The polymers show yellowish colour in EL spectra. The turn on voltage of devices is in 

the range of5.4V to 7V for current injection. Turn on voltage of POT A is low (5.4 V) and is 

high (7V) for PPDPT A. The emission maxima ofEL devices based on POT A and PQT A are 

536 and 540nm respectively, which are similar to their corresponding photoluminescence 

maximum. Light emission of the EL device was too weak to be measured for PHTA, PDT A, 

and PDDT A and no emission was observed for PPDPT A and PPDCHT A. This may be due to 
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the weak film forming capability and low intensity of PL in solid state of oligomer 

compound. This results in poor interaction of interfaces for charge transport of carrier in LED 

device. 
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4.1 Introduction 

There is a growing interest in the design and development of chemical sensors for acids 

and metal ions because of their toxic effect on human health and the environment [1-2]. 

Inorganic acids and metals contamination arises from industrial affluent released into the 

water and environments [3]. Acids and metals can accumulate in the human body causing a 

wide variety of diseases [4]. The use of conjugated polymers (CP) as biosensor devices is a 

rising research field, and the detection of small quantities of biomolecules is of great 

importance. Areas in which detection of nucleotides is of importance are for example forensic 

science, medical diagnostics, and the study of mutation [5-7]. In recent years, there has been 

an interest in exploiting thiophene based polymers as chemical and biological sensors due to 

their strong fluorescence quenching [8-12]. One of the advantages with this type of sensor is 

the collective system response given by the series of chromophores building block in the 

polymer chain [13-14]. Therefore, CPs can be used as the optical platforms in highly 

sensitive chemical and biological sensors [15-18]. The interchain interactions of the CPs lead 

to formation of tight aggregates, which results in fluorescence quenching because of 1t­

stacking between main chains of the CPs [19-20]. The fluorescence efficiency can be 

controlled by changing the substitution patterns on the polythiophene backbone [21-23]. 

Generally, fluorescence efficiency is the highest in dilute solution, where the emitting species 

are isolated from each other. In most cases, increasing the concentration of polymer in 

solution decreases efficiency of fluorescence due to concentration quenching [24]. The 

quenching efficiency increases with increasing tendency of the polymer to associate with the 

quencher in solution. This association can occur either through the formation of a 

nonluminescent complex between the polymer and the quencher (static quenching) or due to 

collisions between the photoluminescent macromolecule and the quencher (dynamic 

quenching). For both mechanisms, the quantitative measure of the luminescence quenching 

efficiency is given by the Stern-Volmer constant Ksv defined by [25] 

(4.1) 

Where ~o is the intensity of fluorescence in the absence of the quencher and ~ is the intensity 

The part of this chapter was published in Sens. Actuators B: Chern., (2009) 

doi:l0.1016/j.snb.2009.07.008 (artic1e in press) 
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of fluorescence in the presence of the quencher and [quencher] is the concentration of 

quencher. The equation reveals that ¢o/¢ increases in direct proportion to the concentration of 

the quenching moiety, and the constant Ksy defines the efficiency of quenching. When all the 

other variables are held constant, higher the Ksy, lower is the concentration of quencher. 

This chapter includes the fluorescence quenching and application of polymers as chemical 

sensor. The behaviour of photoluminescence property was studied in presence of acids, 

metals ions, nucleotides and protein (i-proline). The polymers showed both fluorescence 

quenching in the presence of acids, copper, cadmium and lead metal ions and enhancement in 

presence of analytes such as aluminium and zinc metals ions, nucleotides and protein (1-

proline). The detection limit ofHCI acid, copper, lead and cadmium ions has been evaluated 

by optical quenching method 

4.2 Experiment 

Photoluminescence spectra of polymers were recorded usmg Hitachi F- 2500 

Fluorescence spectrophotometer, by excitation of the polymer at their absorption maximum. 

The polymers in THF solution were treated in various acidic solutions (acetic acid, sulphuric 

acid, nitric acid and hydrochloric acid) at room temperature and photoluminescence response 

was analysed. Also, PQTA polymer in THF solution was treated in various metal ions (Ae+, 

Cu2
+, Zn2

+, Cd2
+, Pb2

+ ) , nucleotides and I-proline. The treatment was carried out in 

ultrasonically at room temperature for 1 hour and their photoluminescence response was 

recorded. 

4.3 Results and Discussion 

4.3.1 Fluorescence quenching at acid medium of polymers 

In order to detect the fluorescence quenching behaviour of polymers, the polymers 

(0.0025 wt %) were treated with 0.5M lOml HCI acids. Only quinolinyl containing polymer 

PQT A shows fluorescence quenching behaviour in presence of HCI and other polymers does 

not show any significant fluorescence quenching in presence ofHCI (Figure 4.2-4.6). All the 

polymers have three different groups: one group is thiophene, second group is ester, and third 

group is alkyl for PHTA, POTA, POTA, POOTA polymers, pentadecyl phenyl for PPOPTA 

polymer, pentadecyl cyclohexyl for PPOCHTA polymer and quinolinyl for PQTA polymer. 



Chapler 4: Fluorescence quenching of ester subslituted polylhiophene and their application as cherrical sensors 

The ester group does not serve as quenching site of the excited state in poly (3-alkyl ester 

thiophene)s (PAET)[26]. Therefore, it is evident that quinolinyl moiety serves as the 

quenching site for PQT A polymer (Figure 4.1). 

r-.... 4.1: Fluor ..... quenching of PQTA polymer 
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Figwe 4.2: Flu«escence of PHTA polymer (0.0025 WI %) in presence of HCt acid (0.5M 10m!), THF solvent, excited at 370 
nm 
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Figwe 4.4: Fluorescence of PDTA polymer (0.0025 wt'lfo) in presence of HCI acid (0.5M 1OmI),THF solvent, elicited at 
363nm. 
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Figwe 4.5: Fluorescence 01 PODTA polymer (0.0025 wt"to) in presence of HCI acid (0.5M 10ml ),THF solvent, elicited at 
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We have studied detail fluorescence quenching properties of PQTA polymer due to its 

good quenching capability in presence of HCI acid. The fluorescence quenching of PQTA 

polymer is observed in different acid medium (Figure 4.9). Treatment of PQTA polymer 

(0.0025 grams) in various 0.5M 10ml acids (CH3COOH, H2S04, HN03 and HC!) does not 

show any wavelength shift but it reduces 50 % fluorescence intensity of the PQTA polymer 

(Figure 4.9). These acids will form quaternium salts with quinoline. Acid treatment disrupts 

the coplanarity of the polymer chain due to the protonation of imine nitrogen in quinolinyl 

group which produces trapping sites for the excitation [27]. It implies that the fluorescence 

quenching of PQTA polymer originates from the changes in the electron density along the 

polymer backbone [27]. Among the acids, HCI is the most pronouncing quenching medium 

for PQTA polymer. The acids can be used as a quenching medium for PQTA polymer. 
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Figure 4.9: Normaliled PL spectra of various acids (10m\) treated with PQTA polymer (0.0025 wt %) in THF, excited at 392 
nm 
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4.3.2 Acid sensing properties of PQTA polymer 

Fluorescence emission of the polymer (0.006 wt%) with different concentrations of 

hydrochloric acid shows fluorescence quenching increases with increasing acid concentration 

(Figure 4.10 ). Subsequently, fluorescence of polymer is recovered to 70% of original value 

by the addition of equivalent amount of sodium bi-carbonate (Figure 4.11). Addition of alkali 

recovers its lost coplanarity and the polymer regains its original fluorescence. The Stem­

Volmer coefficient (Ksy) of polymer for HCl acid is calculated by using equation 1 and found 

to be 141 M-1 (Figure 4.12). The small Ksy value indicates the dynamic quenching [25] of 

polymer. From the correlation graph, concentration of HCI acid can be measured 

quantitatively. The detection limit of HCl acid is found to be 0.08 -10 mole L-1 (Table 4.1). 

Also, polymer regains its fluorescence intensity after treated with equal amount ofNaHC03• 

This shows polymer can be reused. By using different techniques and materials, HCl 

concentrations can be measured in the range of 0.03 - 1000 mol L-1 [28-34]. However, HCl 

acid concentration detection limit is found in the range of 0.1 -10 mol L-1 using polymer 

based fluorescent sensors [35-36]. From this point of view, hydrochloric acid sensing 

properties of this polymer is quite impressive not only the low level of detection but also 

reusability ofpolymer. 

Table 4.1: Ksy and detection limit ofPQTA polymer for HCl acid 

Quencher Ksy (M- I
) Detection limit (mole L-1

) 

HCl acid 141 0.08 - 10 
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Figure 4.11: Fluorescence intensity versus different concentration of NaHC03 in PQTA polymer HCI solution 

in THF excited at 392nm. PHCI = 10ml 2.7 x 10.5 
M polymer solution in THF + 5ml 11.6 (N) Hel 
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Figure 4.12: Stem - Volmer plot of PQTA pOlymer (2.7 x 10.5 M) in HCI acid. The inset shows curve of 

nuorescence intensity of polymer in THF solution versus various concentration of HCI excited at 392nm. 

4.3.3 Metal ions sensing properties of PQT A polymer 

136 

The fluorescence of polymer was studied in the presence of Ae+, Cu2
+, Zn2+, Cd2

+, Pb2+ 

ions (Figure 4.13). The fluorescence of polymer is quenched by the addition of Cu2
+ , Cd2

+ 

and Pb2
+ ions, the values of the fluorescence quenching efficiency of polymer for Cu2

+ ( 

Figure 4.14), Cd2
+ (Figure 4.15) and Pb2

+ (Figure 4.16) ions are 2.285xl03 
, 2.287x103 and 

3.7x 1 04 M-! respectively (Table 4.2). The high quenching efficiency value indicates the static 

quenching [25] of polymer that leads to the formation of a nonluminescent complex between 

the polymer and the metal ions. From the correlation graph, concentration of metal ions can 

be calculated quantitatively. In the case ofCu2
+ ions, the overall detection range lies between 

2.5 x 10-6 and 100 x 10-6 mole L-!, while for Cd2
+ ions the overall sensing range is 5 x 10-6 

-

100 x 10-6 mole L-!, and for Pb2
+ ions overall detection range is 4x 10-6 - 100x 10-6 mole L-! 

(Table 4.2). These results indicate that the polymer possesses recognition ability for specific 

metal ions at low level of concentrations. However the fluorescence of polymer is 

exorbitantly enhanced by the addition of Ae+ and Zn2
+ and does not depend on the 

concentration (Figure 4.17). The excessive fluorescence increased of polymer in the presence 

of A13
+ and Zn2

+ metal ions may be due to the formation of stable luminescence complex [37] 
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between the polymer and Ae+ and Zn2+ metal ions. The peak emission in the presence of 

copper ions at concentration (1 x 10-4 M) has blue shifted to 20nm. The blue shifts caused by 

the coordination of specific copper ions are attributed to a deconjugation effect on the 

polymer back bone [38]. But further study is needed to know the actual mechanism of blue 

shifting emission of polymer in the presence of specific copper ions and exorbitantly 

increased fluorescence ofthis polymer in the presence of Ae+ and Zn2+ metal ions. 

Table 4.2: Ksv and detection limit ofPQTA polymer for metal ions (Cu+2
, Cd+2

, Pb+2
) 

Quencher 

Cu +2 metal ions 

Cd+L metal ions 

Pb +Lmetal ions 
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Figure 4.13: Fluorescence of PQTA polymer (2.7 x 10.5 M) in the presence of various metal ions (each 1x10-4 
M) in THF at excitation wavelength 392 nm. 
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Figure 4.14: Stem - Volmer plot of PQTA polymer (2.7 x 10-5 M) in different concentration of copper metal 

ions (1 x 10.4,7.5 x 10.5, 5x 10.5, 2 X 10.5, 2.5 X 101 M) in THF solution. The inset shows the curve of 

nuorescence intensity of polymer in THF versus different concentration of copper metal ions excited at 

392nm. 
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Figure 4.15: Stern - Volmer plot of PQTA polymer (2.7 x 10.5 M) in different concentration of cadmium metal 

ions (1 x 10"', 7.5 X 10.5, 5x 10.5, 2x 10-5
, 5.3 X 101 M) in THF solution. The inset shows curve of nuorescence 

intensity of polymer in THF versus various concentration of cadmium metal ions excited at 392nm. 
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Figure 4.17: Fluorescence of polymer (2.7 x 10.5 M) in the presence of aluminium and zinc ions in THF at 
excitation wavelength 392 nm. 
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4.3.4 Bio molecules sensing properties of PQT A polymer 

Biochemical sensors have emerged as a dynamic technique for qualitative and quantitative 

analysis of different analytes in clinical, environmental monitoring and food and process 

control. One approach to nucleotides detection is to use the special properties of conjugated 

polymers, which can respond to external stimuli, such as biomolecules, with a change in 

fluorescence spectra. Here, fluorescence properties of polymer have been studied in the 

presence of nucleotides and protein (I-proline). The polymer shows fluorescence 

enhancement rather than quenching, upon addition of nucIeotides and protein (I-proline) in 

THF solution (Figure 4.18). The fluorescence is exorbitantly increased and does not depend 

on concentration (Figure 4.18). The excessive enhancement is explained by H-bonding 

stabilization [39] of polymer and nucleotides or protein adduct, through which a possible 

quenching process, the n-1t * transition from the quinoline moiety, is eliminated. 
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Figure 4.18: Fluorescence of PQTA polymer (2.7 x 10.5 M) in the presence of nucleotides (1 x10·3, 1x 10-4 M) 
and protein (I-proline)( 1x10-4, 4 x 10-4 M) in THF at excitation wavelength 392 nm. 
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4.4 Conclusion 

Only quinolinyl containing polymer PQTA shows fluorescence quenching behaviour in 

the presence of HCl and other polymers do not show any significant fluorescence quenching 

the in presence of HC!. The fluorescence quenching of PQT A polymer in acids is due to the 

protonation of imine nitrogen in quinolinyl group. The PQTA polymer can trace the small 

concentration of acid and metal ions in solution. The Stern-Volmer quenching coefficient for 

HCl is calculated and found to be 141 M· l
. Moreover quenching depends on concentration of 

HC!. The detection limit ofHCl acid by PQTA polymer is found to be 0.08 -10 mole L- l
. The 

PQT A polymer can be reusable after treatment with alkali for acid detection purpose. The 

fluorescence of PQTA polymer is quenched by copper, cadmium and lead metal ions and 

quenching is sensitive to concentrations of metal ions. The Stern-Vo lmer quenching 

coefficients are 2.285x 103 M-l for Cu2
+ ions, 2.287x 103 M-l for Cd2

+ ions and 3. 7x 104 M-l 

for Pb2
+ ions. In the case of Cu2

+ ions, the overall detection range is 2.5 x 10-6 
- 100 x 10-6 

mole L-l
, while for Cd2

+ ions the overall sensing range is 5 x 10-6 - 100 x 10-6 mole L- l
, and 

for Pb2
+ ions overall detection range is 4x 10-6 - 100x 10-6 mole L- I

• The fluorescence of 

PQTA polymer is exorbitantly increased in the presence of AI3
+, Zn2

+, nucleotides and 

protein (I-proline). The PQTA polymer possesses multifacet fluorescence properties which 

can sense the wide range of compounds from acids to metal ions and from nucleotides to 

protein. 
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5.1 Conclusion 

Conjugated polymers are attractive materials for optoelectronic applications such as light­

emitting diodes, sensors and solar cells. They offer advantages with respect to traditional 

inorganic semiconductors regarding processability (they require simple techniques such as 

spin coating, printing) and functionality (modification of the molecules offers enormous 

variety in functionalization). Rapid progress is being made in the development of polymers 

for electronic devices. The use of polymer in electronic devices for large scale applications 

requires high performance, reliability and stability, longer lifetime, good control and 

reproducibility. A large number of different classes of conjugated polymers have been 

developed such as poly(N-vinylcarbazole)s, poly(fluorine)s (PFs), poly(p-phenylene 

vinylenes) (PPVs), and poly(thiophenes) (PTs). Polythiophenes and its derivatives are very 

unique among other polyconjugated systems due to their solubility, environmental stability, 

fusibility, processibility. Now-a-days, soluble polythiophene derivatives are of great 

importance due to their easy processing purpose. The tuneable emissive properties are 

particularly attractive for lighting and display applications. The wavelength of emission 

depends on the extent of conjugation, and can be controlled by modification of the chemical 

structure. This can be achieved by the attachment of functional groups, which alter the 

electronic structure of the polymer. So, light emission is possible over the entire visible range 

of the visible spectrum, by "chemical" tuning of the HOMO-LUMO energy gap of the 

polymer. 

The purpose of this thesis is to provide an insight into the synthesis, characterization and 

electrochemical, photoluminescence and electroluminescent properties of n-conjugated 3-

ester substituted polythiophene derivatives for the polymer-based light emitting diode 

devices. 

The findings ofthe thesis are described below 

1. Synthesis and characterization of ester substituted polythiophenes 

A series of ester substituted thiophene monomers has been synthesized by esterification 

reaction. The yield of the monomers is 60-80%. The formation of monomers was confirmed 

by FTIR, IH NMR spectroscopy. The polymers have been prepared by the oxidative 

polymerization using ferric chloride. The polymerization process is slow and yield of the 
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polymer is 42-66%. The polymers show good solubility in THF, CHCb, DMF, DMAc, and 

DMSO. The number average molecular weights of polymers are in the range of 3154 to 

22260 g / mole. The soluble part of the polymers is found to be oligomer. The Absorption 

maximum in UV-Vis spectra ofthe polymers is in the range of307-392 nm. All the polymers 

show red shift of absorption maximum with respect to their monomers. Optical band gap of 

the polymers is found to be 2.1-2.47 eV. XRD analysis reveals that polymers are amorphous 

in nature. Polymers possess good thermal stability with the onset decomposition temperature 

around 300-350 °C under nitrogen atmosphere. Thermal stability increases with the increase 

in molecular weight of polymers. The polymers exhibit a glass transition temperature (Tg) in 

the range of 63-154 °C. It is observed that T g of the po lymers decreases with the increase in 

length of side chain. 

2. Electrochemical, photoluminescence and electroluminescence properties of ester 

substituted polythiophenes 

Cyclic voltammetry study indicates that the oxidation potentials of polymers are high 

(2.45V) and there is no significant change with substituents. At the same time, change in side 

chain plays a significant role for altering the reduction potential of polymers. The reduction 

potential of the polymers is in the range of -0.84V to -2.25 V. It is observed that quinolinyl 

containing polymer PQTA have the least reduction potential amongst ester substituted 

polymers due to large molecular weight compared to others. All the polymers seem to be 

stable under cyclic oxidation and reduction potential (up to 10 cycles). The phenyl and 

quinolinyl containing polymers have higher band gap and HOMO energy level than alkyl and 

cyclohexyl derivative polymers. LUMO energy level is same for all the polymers. The 

electrochemical band gap of the polymers is in the range of 1.57 -2.365 eV and the value is 

lower than the optical band gap. 

The fluorescence emission maximum of the polymers is found to be in the range of 

530nm for PPDCHTA to 547 nm for PHTA. The light emission is in the yellow-green region. 

Stokes shifts of the polymers are in the range of148 nm for PQTA to 230nm for PPDCHTA. 

The PL intensity increases with increasing the degree of polymerization. It is found high for 

PQTA and low for polymer PPDCHTA. It is consistent with their degree of polymerization. 

The enhanced fluorescence efficiency of polymers is achieved at the cost of their solubility. 

Here, ester spacer weakens the direct effect of side chain on polythiophene backbone. Also, 
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PL intensity increases with dilution and the limiting value of the concentration is 0.0125 wt 

% for all polymers except PQTA which is 0.006 wt%. The PL intensities increase with 

dilution which indicates fluorescence quenching at higher polymer solution concentration. 

Polymers in solid state show emission band at 553- 564 nm. The fluorescence of polymers in 

solid state shows red shift in comparison to their solution. The relative fluorescence quantum 

yield of polymers in THF solution is in the range of 0.237 to 2.481 with respect to 

Rhodamine B dye. The high fluorescence quantum yield of PQT A po lymer is due to the 

presence of quinoline moiety in the polythiophene backbone. 

The polymers show yellowish colour in EL spectra. The tum on voltage of devices is in 

the range of 5.4V to 7V for current injection. Tum on voltage of POT A is low (5.4 V) and is 

high (7 V) for PPDPTA. The emission maxima ofEL devices based on POTA and PQTA are 

536 and 540nm respectively, which are similar to their corresponding photoluminescence 

maximum. Light emission of the EL device was too weak to be measured for PHTA, PDTA, 

and PDOT A and no emission was observed for PPOPT A and PPDCHT A. This may be due to 

the weak film forming capability and low intensity of PL in solid state of oligomer 

compound. This results in poor interaction of interfaces for charge transport of carrier in LED 

device. 

3. Fluorescence quenching of ester substituted polythiophenes and their application as 

chemical sensor 

Only quinolinyl containing polymer PQTA shows fluorescence quenching behaviour in 

the presence ofHCI and other polymers do not show any significant fluorescence quenching 

in the presence of HCI. The fluorescence quenching of PQT A polymer in acids is due to the 

protonation of imine nitrogen in quinolinyl group. The PQTA polymer can trace the small 

concentration of acid and metal ions in solution. The Stern-Volmer quenching coefficient for 

HCI is calculated and found to be 141 M-1
• Moreover quenching depends on concentration of 

HCI. The detection limit ofHCI acid by PQTA polymer is found to be 0.08 -10 mole L-1
• The 

PQTA polymer can be reusable after treatment with alkali for acid detection purpose. The 

fluorescence of PQTA polymer is quenched by copper, cadmium and lead metal ions and 

quenching is sensitive to concentrations of metal ions. The Stem-Volmer quenching 

coefficients are 2.285x103 M-1 for Cu2
+ ions, 2.287xl03 M-1 for Cd2

+ ions and 3.7x104 M-1 

for Pb2
+ ions. In the case of Cu2

+ ions, the overall detection range is 2.5 x 10-6 - 100 x 10-6. 

mole L-1
, while for Cd2

+ ions the overall sensing range is 5 x 10-6 - 100 x 10-6 mole L-1
, and 
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for Pb2+ ions overall detection range is 4x 10-6 - 100x 10-6 mole L-1
. The fluorescence of 

PQTA polymer is exorbitantly increased in the presence of Ae+, Zn2+, nucleotides and 

protein (I-proline). The PQTA polymer possesses multi facet fluorescence properties which 

can sense the wide range of compounds from acids to metal ions and from nucleotides to 

protein. 

The same polymer can be utilized in light emitting diode, chemical sensor and other 

optoelectronic applications by incorporating the appropriate side chain moiety on the 

conjugated backbone. 

5.2 Future scope of the present investigation 

1. Theoretical study of band gap for 3-ester substituted polythiophenes. 

2. Interaction of 3- ester substituted polythiophenes and quantum dot and its light 

emitting diode application. 

3. To study the actual mechanism of blue shifting emission ofPQTA polymer in the 

presence of specific copper metal ions. 

4. To investigate the exorbitantly enhanced fluorescence of PQTA polymer in the 

presence of Ae+ , Zn2+, nucleotides and proteins. 
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