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                                                     PREFACE 
 
                  

               Study of the self-assembly of π-conjugated oligomers into nanosized 

architectures, promoted by non-covalent interactions is a topic of considerable 

importance. Substantial advancement have been achieved in the formation of self-

assembled supramolecular structures from potentially electroactive subunits of 

conjugated linear π-systems. In particular, self-organization of thiophene derived 

molecules have attracted considerable interest among researchers, since they are 

widely used as molecular wires in organic electronic devices. The intermolecular 

interactions between π-conjugated molecules play an important role on the 

electronic properties when put into electronic devices. For example, the size and 

shape of the self-assembled structures and their interaction with a given substrate 

are of great significance. In this context, organogelators based on π-systems are 

excellent candidates to the preparation of self-assembled architectures that can be 

transferred on to various substrates. Organogelators based on molecules having 

good electronic conductivity and high charge carrier mobility are required for a 

variety of electronic applications. In the first chapter, an overview of the recent 

reports on conducting gels based on p- and n-type semiconducting molecules, their 

property and application are presented. At the end of the first chapter, the aim and 

the outline of the thesis are also presented.        

 
               The second chapter of the thesis describes the synthesis, self-assembly 

and charge-carrier mobility studies of a few thienylenevinylene derivatives (TTV1-4), 

having various end functional groups such as –H, –OH, –CO2H and –CONHR. It 

has been found that among TTV1-4, only TTV4 with amide end functional groups 

facilitated gelation of nonpolar hydrocarbon solvents. For example, a solution of 

TTV4 in chloroform showed the π-π* absorption maximum at 501 nm. However, in 

decane, λmax is blue-shifted to 464 nm with a shoulder band at 550 nm. This 

observation indicates that TTV4 exist as H-type aggregates in decane. The gelation 

properties and the morphology of the gels are established from the FT-IR, XRD, 

SEM, TEM, and AFM analyses. Microscopic analysis revealed that TTV4 forms 

entangled micrometer sized fibres of size ranging from 50-200 nm in width. XRD 
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analysis revealed a lamellar type packing of the molecules in the gel state. FP-

TRMC and TAS studies suggested that films of TTV4 prepared from decane-

chloroform gels exhibited high charge carrier mobility when compared to films 

obtained from chloroform solutions, highlighting the role of self-assembly and 

gelation on the electronic properties.      

     
            In the third chapter, effect of conjugation length of oligo(thienylenevinylene)s 

(OTVs) on the gelation and conducting properties are described. OTV1-3, having 

molecular lengths of ca. 2.7-4.9 nm were synthesized and characterized. These 

molecules form amide hydrogen bond assisted 1D self-assembly leading to 

supramolecular gels. Detailed photophysical and gelation properties of OTVs 

revealed that OTV3 aggregates have more stability when compared to that of OTV1 

and OTV2. TEM analysis of the self-assemblies revealed the formation of elongated 

fibrous structures. Interestingly, AFM studies revealed that these gels exhibit the 

unique property of solution phase epitaxy leading to the alignment of fibres on mica 

surface. However, entangled micrometer sized fibres are formed on silicon wafer 

and HOPG substrates with diameter ranging from 50-200 nm in width and several 

micrometer in length. The electrical conductivities of these fibres were measured 

using conducting probe atomic force microscopy (CP-AFM) and four-Probe dc 

resistance method. These data revealed that OTV3 xerogel behaves like metallic 

wires after doping with iodine which indicates that an extended conjugation length 

and strong gelation in OTV3 have resulted in efficient charge carrier generation 

upon doping with iodine. Detailed UV-vis-NIR studies of OTVs revealed strong 

polaron/bipolaron bands in the range 800-2500 nm indicating mixed valence states 

responsible for the metallic conductivity. This new class of conducting gels are 

useful in organic electronics and photonics applications.   

    
              The last chapter describes the results of co-assembly experiments of TV1-

4 with PBI on different substrates. Detailed studies on the gelation, morphology, 

substrate interaction, and charge-carrier mobilities of these n-type and p-type 

molecules have been carried out. Atomic force microscopy investigation of the co-

assembly on mica and silicon wafer surfaces have shown that the co-assembly 

leads to different morphologies when compared to the individual self-assemblies. 
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TEM analysis of the co-assemblies revealed the formation of elongated fibres which 

is in agreement with the AFM analysis. X-ray studies on films indicated the 

occurrence of individual self-assembly (self-sorting) of the n-type and p-type 

molecules on the nanometer scale. Charge generation of the co-assemblies was 

measured using Kelvin probe force microscopy (KPFM) and FP-TRMC & TAS. 

KPFM analysis revealed that the surface potential exhibits more negative values for 

the self-assembled nanowires on silicon wafer when compared to those formed on 

mica surface. Mobility data showed the enhancement of uni-directional charge 

carrier transport in self-assembled films when compared to those obtained from 

isotropic solution.  

 
               In summary, we have carried out a systematic investigation on the 

synthesis and self-assembly property of oligo(thienylenevinylenes) (OTVs) a class 

of novel π-systems with interesting electronic properties. Our studies have revealed 

that the self-assembly and gelation of OTVs strongly influence on their electronic 

properties. It is also observed that the self-assembly of OTVs are controlled by mica 

surface leading to epitaxial organization. We have also shown that increasing the 

conjugation length of OTVs improve the gelation ability and conductivities. This is 

the first extensive investigation on the gelation behavior of OTVs and the 

consequent changes in the optical, morphological and electronic properties. The 

self-assembled structures of OTVs with high charge carrier mobility and conductivity 

are useful in the design of bulk heterojunction photovoltaic devices.  
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Conducting Organogels – An Overview 

   

 
 1.1. Abstract 

                 Self-assembly of π-conjugated oligomers leading to nanosized architectures, 

using weak non-covalent interactions is a topic of considerable importance. Among 

different π-conjugated systems, thiophene derivatives are widely used in organic 

electronic devices due to their electronic properties. The intermolecular interactions 

between π-conjugated molecules play an important role on the electronic properties 

when put into devices. Therefore, insight on the self-assembly of these molecules to 

different architectures of controlled size and shape are important. In this context, 

organogelation approach to the preparation of 1D fibres of thiophene derivatives have 

attracted the attention of chemists. These 1D structures are expected to have good 

electronic conductivity and high charge-carrier mobility, required for a variety of 

electronic applications. In this chapter, an overview of the recent developments on 

conducting gel based on p- and n-type semiconducting molecules, their properties and 

applications are described. Finally, the aim and the outline of the present thesis are 

given. 

 

1.2. Introduction 

                The electronic properties of π-conjugated systems have acquired a growing 

importance in many areas of modern chemistry and physics of condensed matter. At the 



2                                                                                                                                               Chapter 1 

 

molecular level, conjugated systems represent the simplest models of molecular wires, 

which together with their complementary functions such as molecular switches or 

logical gates have contributed to the emergence of the concepts of molecular electronics 

[Lehn et al. 1988; Aviram et al. 1988]. The unique properties of conjugated systems 

originate from their π-electrons which are delocalized over a large number of repeating 

monomer units. The origin of the band gap in conjugated systems lies in the alternation 

of single and double bonds. The characteristics of the π-bonds are the source of the 

semiconducting properties. First, the π-bonds are delocalized over the entire molecule; 

and then, the quantum mechanical overlap of pz orbitals actually produces two orbitals, 

a bonding (π) orbital and an antibonding (π*) orbital. The lower energy π-orbitals 

produce the valence band, and the higher energy π*-orbitals form the conduction band. 

The difference in energy between the two levels produces the band gap that determines 

the electronic properties of the material. According to the band theory, electron transfer 

takes place from the valence band (VB) to the conduction band (CB) resulting in the 

flow of current. If VB and CB overlap each other, electrons can flow easily to the CB, 

resulting in conductors. If the gap between VB and CB is large then the promotion of 

electrons to the CB is practically not possible leading to insulators. If the band gap is 

moderate, limited conduction occurs, resulting in semiconductors (Scheme 1.1).   

                  π-Conjugated oligomers and polymers are semiconductors. The conductivity 

of these systems can be improved by doping with suitable dopants. Polyanilines, 

polypyrroles and polythiophenes are examples. However, the electronic properties of 

short π-systems can be improved to the level of semiconductors and conductors upon 

strong intermolecular interaction. Therefore, molecular self-assembly of π-systems is an 

alternative approach to manipulate the electronic properties. This is possible with the 

help of non-covalent forces such as hydrogen bonding, π-stacking, van der Waals or 
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dipole interactions. In many of the cases, cooperative interactions of these forces allow 

molecules to form supramolecular assemblies leading to soft materials. 

 

Scheme 1.1. Electronic band structures of conductors, semiconductors and insulators  

                  
1.3. Conducting Organogels 

               Gels are viscoelastic solid-like materials comprised of an elastic, cross-linked 

network and a solvent in which the latter is the major component. Most of these gels are 

composed of covalently crosslinked polymers having high molecular weights [Saiani et 

al. 1997; Suzuki et al. 2006]. More recently there has been an enormous increase of 

interest in the design of low molecular weight gelators, which immobilize various 

organic fluids or water as a result of three-dimensional supramolecular network 

formation [Terech et al. 1997; Shimizu et al. 2005; George et al. 2006].
 
Gels derived 

from low molecular mass compounds are also known as “supramolecular gels”. This 

novel class of supramolecular materials exhibit striking properties with respect to self-

assembly phenomena leading to diverse architectures. The diversity of nanostructures 

provided by supramolecular gels makes them promising candidates for several potential 

applications. Low molecular weight organogel network is held together solely by non-

covalent interactions such as hydrogen bonding, π-stacking, solvophobic, electrostatic 
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and donor-acceptor interactions rendering the gelation process thermally or mechanically 

reversible. The directional nature of intermolecular interactions allows gelator molecules 

to self-organize in one-dimensional (1D) arrays producing elongated fibrous 

nanostructures. Entanglement of these fibres produces three-dimensional networks 

capable of trapping solvent molecules thereby yielding a gel. In recent years, a variety of 

organogels based on chromophore assemblies have been reported (Sangeetha et al. 2005; 

Ajayaghosh et al. 2007]. Conducting gels are one such class of soft functional materials. 

     The preparation of conducting gels based on the self-assembly of functional 

π-conjugated molecules is important since, a variety of supramolecular structures of 

different length scale and properties are possible by which the electronic properties can 

be significantly altered. Even though conducting supramolecular wires offer many 

advantages, controlling the size and shape of the self-assembly is a challenging task. In 

particular, transfer and deposition of self-assembled structures on to surfaces is difficult 

to control, and in many cases, different morphologies and size distributions are 

common. Gelation of molecules offers an interesting way to form fibres in a 

homogeneous medium, which can then be physically deposited on a required surface. 

Many supramolecular gels based on π-systems are reported to form conducting 

nanowires.  

 
1.4. p-Type Semiconducting Organogels 

                

                  Electron rich molecules such as oligo/polythiophenes, tetrathiafulvalenes, 

hexabenzocoronenes, diacetylene etc are p-type organic semiconductors. Incorporation of 

electron donating groups such as alkoxy and alkylamino groups improves the p-type 

character of the molecules. They serve as electron donors in many of the organic 

electronic devices. Proper functionalization of these molecules with hydrogen bonding 
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groups allow the self-assembly resulting in gelation of organic solvents. A few 

representative examples are described below. 

 
1.4.1. Thiophene Derived Organogels 

 
               Thiophenes are widely used for the preparation of oligo/polythiophenes since 

they are amenable to a variety of reactions allowing the preparation of a number of 

materials useful for device fabrication. In addition to the tunable electronic properties, 

thiophenes have good chemical and physical stabilities. They are typically stable in 

various oxidation states and can be readily characterized by many methods. The high 

polarizability of sulfur atoms in thiophene rings leads to a stabilization of the conjugated 

chain and to excellent charge transport properties, which are crucial for applications in 

organic and molecular electronics. Therefore, self-assembly of thiophene derivatives 

have attracted considerable attention of scientists.   

             

1; n = 1

2; n = 2

3

4; n = 1-3 R = 
 

 

Chart 1.1 
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                One of the early reports on thiophene based gels pertains to the urea appended 

thiophenes 1-2 (Chart 1.1) [Schoonbeek et al. 1999]. The xerogels of 2 exhibits high 

charge-carrier mobility. The directional self-assembly of the urea moiety and the 

lamellar packing of the molecules facilitate the intermolecular interaction of the 

bithiophene moieties resulting in high charge-carrier mobility. Later, Shinkai and co-

workers reported that the dendron rod coil molecule (3) and the oligo(thiophene) (4) 

gelators show high conductivity [Messmore et al. 2004].  

a) b)

5

 

Figure 1.1. a) SEM image of a xerogel of 5. b) Schematic view of an individual nanofibre 

transistor of 5 with bottom-contact geometry. 

              Hong et al. have developed high performance organic single nanofibre 

transistors from the organogelators [Hong et al. 2008]. The unique gelation capability 

of 5 comes from strong π–π stacking interactions between the thienylvinylene 

anthracene backbones and van der Waals interactions between the long alkyl chains 

(Figure 1.1). Scanning electron microscopic (SEM) analysis of the xerogel showed 

three dimensional fibre network structure (Figure 1.1a). Organic thin film transistors 

(OTFTs) prepared from 5 exhibited p-type characteristics with an estimated hole 
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mobility of 0.02–0.05 cm2 V-1 s-1 in the saturation region. However, organic single-

nanofibre transistors showed field effect mobility of 0.48 cm
2
 V

-1
 s

-1
 (Figure 1.1b). 

These results suggest that 1D single nanofibre of 5 produced through a gelation process 

has a highly ordered structure and thus provides efficient transport path when compared 

to a film type transistor. Park and co-workers have reported the semiconducting one-

dimensional nanowires (1D NWs) from the fused thiophene derivative 6 (Figure 1.2) 

[Chung et al. 2009]. Detailed UV-vis, AFM and XRD analyses revealed the strong self-

assembling capability that leads to the formation of 1D NWs exhibiting a drastic 

fluorescence emission enhancement upon the formation of NW aggregates. Conducting 

probe-atomic force microscopy (CP-AFM) and space charge limited current (SCLC) 

measurements revealed that well-ordered 1D NWs exhibit good current flow along the 

crystals with effective carrier mobility of up to 3.1 cm
2
 V

-1
 s

-1
. 

ba) b)

c)

6

 

Figure 1.2. CP-AFM current images of the NWs formed by 6 on a SiO2/Si substrate via drop-

casting from a 0.1 wt% chloroform solution at different bias values; Vbias = (a) 3.0 V, and (b) 6.0 

V. (c) Current profiles corresponding to the solid lines in (a) and (b). 
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               Recently, Diegelmann et al. have reported the compound 7 (Chart 1.2), 

consisting of a peptide-sequence in which a bithiophene moiety was incorporated by 

solid phase-supported peptide synthesis approach [Diegelmann et al. 2008]. The 

peptide sequence based on amyloid fibres help the bithiophene moiety to self-assemble 

into 1D nanostructures under aqueous conditions. However, bithiophene is typically 

nonconducting without doping. The two other examples of oligothiophene peptide 

hybrids (8 and 9) were introduced by Stupp and co-workers [Stone et al. 2009]. These 

hybrid molecules found to form self-supporting gels in water at low concentrations. 

Oligothiophene derivatives with four or more repeating units exhibit semiconducting 

nature without external doping. The organic field effect transistors (OFET) of α-helical 

polypeptide functionalised thiophene gelator 10 and [6,6]-phenyl-C61-butyric acid 

methyl ester (PCBM) (1:2) revealed enhanced hole mobility of 1.9 x 10
-7

 cm
2 

V
-1 

s
-1 

when compared to that of the corresponding nongelators [Kumar et al. 2011]. 

7

8

9

10  
            

                                                                    Chart 1.2 
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              Recently, 1, 2-diaminocyclohexane moiety has been used for the self-assembly 

of sexithiophenes [Tsai et al. 2010]. The hairpin-shaped molecule 11 (Figure 1.3) forms 

organogels in several nonpolar organic solvents. The gels are composed of nanofibres 

with uniform diameters of 3.0 (± 0.3) nm (Figure 1.3c). NMR and spectroscopic studies 

suggest that the self-assembly is driven by π-π interactions of the sexithiophene 

moieties and the hydrogen bonding of the amide groups at the head of the hairpin. Field 

effect transistors (FETs) built with this molecule revealed p-type semiconducting 

behaviour and higher hole mobilities when films were cast from solvents that promote 

self-assembly.  

a) b)

c)

11 (R = hexyl)

 

Figure 1.3. a) Hydrogen bonding of the trans-1, 2-diaminocyclohexyl groups. b) Self-assembly of 

molecule by hydrogen bonding of the head groups (in blue) and H aggregates of the 

sexithiophenes (in green) leading to nanofibres of width about the length of one arm. c) 

Transmission electron microscopic (TEM) image of the bundled fibres. 

 
               Symmetric oligothiophene derivatives containing hydrogen bond forming 

segments result in conducting organogels consisting of self-assembled 1D 

nanostructures at low concentrations. Würthner and co-workers have reported the 

charge transport properties of a trialkoxybenzamide-functionalized quarterthiophene π-
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gelator (12) (Figure 1.4) [Pratihar et al. 2010]. Atomic force microscopic (AFM) 

analysis showed entangled fibres that are formed with an H-type molecular arrangement 

due to synergistic effect of hydrogen bonding and π-stacking (Figure 1.4a). The self-

assembled fibres were found to gelate numerous organic solvents of diverse polarity. 

The charge transport ability of such elongated fibres of 12 was studied by the pulse 

radiolysis-time resolved microwave conductivity (PR-TRMC) technique. The mobility 

value was found to be 2.9 × 10
−3

 cm
2
 V

−1
 s

−1
 at a temperature of 20 °C. 

a)
b)

12

 

Figure 1.4. a) AFM height images of a film spin-coated from diluted gel solution of 12 in MCH (2 

× 10−3 M) on to HOPG. Inset shows photograph of gel in cyclohexane at 1.5 mM concentration. 

b) Variation of dose-normalized conductivity transients (∆σ/D) with time for 12. 

 
               Recently, Stupp and co-workers have reported the self-assembly of quarter- 

and quinquethiophene derivatives (13 and 14) into 1D nanostructures in organic 

solvents (Figure 1.5) [Stone et al. 2011]. Both 13 and 14 formed self-supporting gels in 

several organic solvents. SEM analysis revealed bundled networks consisting of 1D 

nanostructures extending to several microns in length (Figure 1.5b). The average 

conductivity value of 14 was found to be 9.9 ± 1.7 × 10
-6

 S/cm. In contrast, 13 did not 

reveal any detectable conductivity (Figure 1.5c). 
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13; n = 2

14; n = 3

 

 Figure 1.5. a) Schematic of a fabricated device. b) SEM image of a typical device fabricated 

from 14 showing the gold pads and organic channel. Bundles of self-assembled nanofibres are 

present throughout the device as seen in the SEM image. c) Representative I–V curves of 13 

(4TG) and 14 (5TG) devices. 

 
1.4.2. TTF Derived Organogels 

       
Tetrathiafulvalene (TTF) is known as an organic conductive material whose 

high electron conductivity is enhanced by π-stacked columnar structures. The first 

attempt to design self-assembling molecular wires using TTF was reported by 

Jørgensen and Bechgaard, in which TTF molecules were attached to bis-arborols (15), 

which was found to be an efficient organogelator (Figure 1.6) [Jørgensen et al. 1994].  

 

15

 

 

Figure 1.6. Phase contrast microscopic picture of a gel of 15 
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    Amphiphilic bis-TTF annulated macrocycle derivatives (16 and 17) reported 

by Nakamura and co-workers [Akutagawa et al. 2005] form redox active organogels 

and electrically active nanostructures (Figure 1.7). Detailed AFM analysis showed that 

organogelator produced nanodot-array structures in Langmuir–Blodgett films, whereas 

chemically oxidized organogelator formed size-controllable isolated nanodot structures, 

which were simply fabricated by the spin-coating technique (Figure 1.7b). CP-AFM 

study revealed the conductance of a single nanodot with an open-shell electronic 

structure which was four to five orders of magnitude higher than that of fibres of 16 

with a closed-shell electronic structure (Figure 1.7d). 

a)

b) c) d)

16; R, R = SCH2CH2S

17; R, R = SCH3

 

Figure 1.7. a) Temperature dependent organogelation of 16. A 1 mm solution of 16 in 

CHCl3/CH3CN (6/4) at 333 K was slowly cooled to 298 K. Organogelation was accompanied by a 

color change from yellow (T = 333 K) to orange (T = 298 K). AFM image of b) nanodots of 16 and 

c) fibrous structure of 16 on HOPG for CP-AFM measurements. d) I–V characteristics at points I 

(HOPG), II (single nanodot in air), III (single nanodot), and IV (bundle of fibres). DC bias was 

applied from -0.2 to 0.2 V. 
      

   Since hydrogen bonding is highly effective for self-assembly, the introduction 

of an amide group into a TTF unit is an efficient means of constructing conducting 

nanofibres. Kitahara et al. have demonstrated the formation of one-dimensional 
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columnar structure of a low molecular-weight gel system (18), which is useful as a 

potential strategy for the construction of TTF nanowires (Figure 1.8) [Kitahara et al. 

2005]. TEM images showed the formation of one dimensional wire-like superstructures 

at low concentration (Figure 1.8b). On the other hand, the self-assembled TTF fibres 

are aligned on the surface at high concentration (Figure 1.8c). UV-vis-NIR absorption 

spectral analysis revealed characteristic absorption bands at 850 and 1750 nm upon 

iodine doping.  

b) c)

a)

18 (R = n-C12H25)

 

Figure 1.8. a) Photograph of the transparent gel prepared from 18 with hexane. TEM images of 

the hexane gel of 18; the samples were prepared at b) 50 g dm-3 and c) at 100 g dm-3. 

  

    Kato and co-workers have reported the amino acid derivative 19 which forms 

fibrous aggregates through hydrogen bonding in liquid crystals (Figure 1.9) [Kitamura 

et al. 2005]. The homogeneously oriented smectic A phase facilitates the alignment of 
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fibres. The doping of fibres of 19 with iodine immediately increased the conductivity 

from 3 × 10
-10

 S/cm to 3.0 × 10
-7

 S/cm without the destruction of the fibre morphology.  

a) b)

19; X = CH2OCH2

i

iii

ii

i

ii

 

Figure 1.9. a) AFM image of fibrous aggregates of 19. b) Current-voltage characteristics for 

fibrous aggregates of 19 before and after iodine-doping for 2 min: (i) before doping, (ii) 

immediately after doping, and (iii) 1 week after doping. 

 

               Simple TTF derivatives with a long alkyl chain self-aggregate into a 1D 

columnar structure owing to π–π and van der Waals interactions. Thus, the amphiphilic 

diesters 20 and 21 form gels from hexane, cyclohexane, decaline and diethyl ether 

solutions [Honna et al. 2010]. A scheme for the stacking and the assembly of TTF 

derivatives are shown in Figure 1.10. The stacked molecule upon oxidation gives a 

mixed valence state leading to conducting nanostructures. The compressed pellet of 20 

showed an electrical conductivity of σ = 2 × 10-5 S/cm with iodine doping. When iodine 

vapor is removed by standing in the air, the doped pellet becomes an insulator. This on–

off switching procedure can be repeated several times. 
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20 (R = C12H25)

21 (R = C18H37)

 

Figure 1.10. Stacking of TTF derivative having long alkylthio chains 

   
   Superstructures composed of nanofibres and nanoparticles have also been 

fabricated from a hybrid gel of 22 with 1 wt% TTF-capped gold nanoparticles (23 and 

24) (Chart 1.3) [Puigmartí-Luis et al. 2008]. Exposure of the xerogel to iodine vapour 

resulted in conducting nanofibres. 23 and 24 showed a fairly high electric conductivity 

of 10 S/cm, as determined by CP-AFM. On the other hand, the doped hybrid gel of 22 

and 24 revealed an inhomogeneous surface, as determined by CP-AFM, that showed 

different conductivities. Thus, the addition of only 1 wt% Au-nanoparticles induced the 

formation of a metallic phase, which has been observed after annealing the xerogel of 

23. Formation of supramolecular electroactive organogel from a C3-symmetric tris-TTF 

derivative (25) was demonstrated by Amabilino and co-workers (Chart 1.3) [Danila et 

al. 2009]. Detailed gelation studies revealed that the thioalkyl substituents on the TTF 

units form a moderate organogel in chlorinated solvents, but stable gel in ortho-
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dichlorobenzene. Xerogel showed complex network of small as well as thick straight 

fibres. Doping of the xerogel induced a charge transfer, without any change in the gel 

morphology, or in its supramolecular organization. CP- AFM studies revealed that the 

doped xerogel exhibited semiconducting behavior, with the large fibres being more 

conductive than the finer ones. 
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                                                                           Chart 1.3 

                 
                The organogelators 26 and 27  having one and two electroactive TTF residues 

respectively (Figure 1.11), reported by Wang et al. can gelate a variety of organic 

solvents [Wang et al. 2011]. Compounds 27 with two TTF subunits exhibited higher gel 

stability when compared to the gelator 26. Detailed FE-SEM studies showed fibrillar 

aggregates with entangled three dimensional network structures (Figure 1.11a and 

1.11b). Upon oxidization by iodine, these xerogels showed semiconductive behaviour. 

The columnar TTF cores stacked as fibres could provide an efficient pathway for the 

electron conduction as evidenced by the polaron absorption at around 2000 nm. 

Additionally, the electrical conductivity of the doped-xerogel of 27 was found one order 

of magnitude higher than that of 26 under identical conditions (Figure 1.11c).  
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OC12H25

OC12H25

OC12H25

R = 26

27

a) b)
c)

 

Figure 1.11. FE-SEM images obtained from air-dried gels of 26 (a) and 27 (b) from toluene. c) I-

V curves measured on xerogel 27 prepared from toluene before and after doping with I2, 

respectively. The inset in Figure c is a schematic representation of a top-contact device. 

1.4.3. Diacetylene Derived Organogels 

      In recent years there has been considerable interest in the self-assembly of 

diacetylene derivatives as they allow the covalent fixation of supramolecular assemblies 

through photopolymerization reactions to give polydiacetylenes (Figure 1.12), which 

are attractive candidates as conducting nanowires. Gel forming diacetylenes are 

particularly interesting because the gel network which is stabilized by the non-covalent 

interactions can be permanently supported by strong covalent bonds under photolytic 

conditions, thereby retaining the morphological characteristics with increased thermal 

stability.  
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Figure 1.12. Photopolymerization of diacetylenes to polydiacetylenes and the schematic 

representation of the concept of covalent fixation of diacetylenes derived self-assemblies. 
 

               Hydrogen bonded fibre forming molecules bearing rod-shaped fluorinated 

mesogens are known (Figure 1.13) [Yoshio et al. 2009]. The compound (28) having 

laterally fluorinated aromatic mesogens connected through amides exhibits well aligned 

fibrous aggregates under alternating current electric field (1.0 V/µm,1 kHz) in 

dodecylbenzene (Figure 1.13a). In contrast, randomly entangled fibres were formed in 

the solvent without electric field (Figure 1.13b).  

28

a) b)

 

Figure 1.13. Optical micrographs of the fibrous aggregates observed for the dodecylbenzene gel 

of 28 (8 mM): (a) aligned fibres formed under an AC electric field; (b) randomly entangled fibres 

without an electric field. 
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                 Tamaoki et al. have reported the diacetylene-1-glucosamide bolaamphiphiles 

(Chart 1.4) (29 and 30), which self-assemble to form nanofibres leading to the gelation 

of organic solvents [Tamaoki et al. 2000]. The diacetylene dicholesteryl ester derivative 

(31) having urethane linkages has been polymerized in the organogel state to form 

nanowires.
 

Photopolymerization of 10,12-pentacosadiynoic acid derived organogelators 

32 with conjugated diyene units has been reported by Weiss and co-workers [George et 

al. 2003]. 1,2-Aminocyclohexyl derivative (33) has also been polymerized in the gel 

network, by incorporating diacetylene linkages to the alkyl side chains [De Loos et al. 

1997]. Shinkai and co-workers have reported polydiacetylene based conducting 

nanofibres from a low molecular weight gelator (34) [Fujita et al. 2007]. The gelator 

consists of two trialkoxybenzoic acid connected to a diacetylene group on both ends 

through a flexible alkyl chain containing two amide groups.  

 

         

                 Chart 1.4 
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1.4.4. Hexabenzocoronene Derived Organogels     

 
      Polycyclic aromatic hydrocarbons (PAHs) are considered as one of the 

promising components for molecular electronics because of their strong tendency to 

form one-dimensional columnar structures via π-stacking interactions. Unidirectionally 

assembled PAHs have been shown to exhibit anisotropic charge and energy transport 

activities. A representative example of PAHs includes hexa-peri-hexabenzocoronene 

(HBC), which consists of thirteen fused benzene rings. Self-assembly and gelation of 

HBCs result in ordered nanostructures with one-dimensional charge transport 

properties.  

35

36

R = C12H25

 

Chart 1.5 

 

   First report of the gelation of alkyl substituted bis HBC derivatives (35 and 

36) was from Müllen’s group (Chart 1.5) [Ito et al. 2000]. Both 35 and 36 form liquid 

crystalline phases. Interestingly, in the case of 36, a highly ordered columnar structure 

with a hexagonal superstructure could be observed. Optical studies revealed a strong 
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intermolecular interaction of the aromatic cores of 35, in contrast to 36, where only 

weak intermolecular interactions could be observed. These materials exhibited redox 

properties by doping with alkali metal ions. 

Aida and co-workers have also made significant contribution to the self-

assembly of HBC derivatives. For example, they have reported the formation of 

nanotubes of an amphiphilic derivative (37) from THF solution. These nanotubes 

showed an aspect ratio greater than 1000 and are 14 nm wide (Figure 1.14) [Hill et al. 

2004]. The walls of the tubes consist of helical arrays of π-stacked coronenes covered 

by hydrophilic glycol chains. Interestingly, an individual nanotube could be positioned 

across Pt nanogap electrodes (180 nm) on a SiO2 substrate. The tube was essentially 

insulating, however, after oxidation with nitrosonium tetrafluoroborate (NOBF4) it 

showed an I–V  profile with an ohmic behaviour having a resistance of 2.5 megaohm 

(MΩ) at 285 K. This value is comparable to inorganic semiconductor nanotubes.  

37

a)

b)

c)

d)

 

Figure 1.14. a,b) TEM images of 37 which forms tubes that can be placed between two 

electrodes. c) Tapping–mode AFM image of the nanotube of 37 on two–probe electrodes with a 

180 nm gap (taken after the conductivity measurements). d) I–V profiles of unoxidized (blue 

circles) and oxidized (red circles) single nanotube at 285 K. 
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    Graphitic nanotubes and gels composed of the chiral HBC amphiphile (38) 

can be readily obtained by self-assembly,
 
where majority of the nanotubes are aligned 

unidirectionally along the fibre axis (Figure 1.15) [Yamamoto et al. 2006]. Although 

these nanotubes were essentially insulating, they showed semiconducting behavior 

upon treatment with NOBF4 in acetonitrile, with a resistivity of 2.5 MΩ at 285 K. The 

resistivities of a bundled fibre along (ρǁ) and across (ρ┴) were quite different upon 

exposure to I2 vapor (ρǁ = 20 Ωcm and ρ┴ = 280 Ωcm, 300 K) owing to a long-range 

intermolecular electronic communication through the graphite-like molecular arrays. 

Anisotropic conduction in the fibre was also confirmed by FP-TRMC measurements 

(Figure 1.15b). 

a) b)

38

 

Figure 1.15. a) A polarized optical microscopy image of a macroscopic fibre consisting of bundled 

nanotubes of 38. b) Temperature dependencies of its resistivities along (ρǁ) and across (ρ┴) the 

fibre axis. 
 

           Recently, Aida and co-workers have reported the self-assembly and photovoltaic 

properties of C60-appended amphiphilic HBC, which forms coaxial nanotubes with a π-

stacked HBC array covered by a molecular layer of C60 (Figure 1.16) [Yamamoto et al. 
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2009]. The FE charge-carrier mobility measurements of the nanotube formed by 39 

containing long, paraffinic side chains at one end and triethylene glycol containing C60 

at the other end revealed an ambipolar hole mobility (µh) of 9.7 × 10
-7

 cm
2  

V
-1  

s
-1 

and 

electron mobility (µe) of 1.1 × 10
-5

 cm
2  

V
-1  

s
-1

. The nanotubes resulting from the co-

assembly with HBC derivative 40 without C60 showed a nonlinear relation in the values 

of µe and µh with the nanotube composition. The advantage of the co-assembly is the 

possibility to optimize the p-n heterojunction and ambipolar carrier transport properties, 

thereby enhancing the open-circuit voltage in the photovoltaic output.  

39; R =

40; R = Me

32 39

40

40

39

39 + 40

Electron 
transporting layer

Hole
transporting layer  

Figure 1.16. a) TEM micrograph of air-dried toluene suspension of the coassembled nanotubes 

with 25% of 39. (b) Schematic representation of the formation of homotropic and co-assembled 

nanotubes of 39 and 40 and the wall structure of the nanotube of 39 containing an electron 

transporting molecular layer of clustered C60 (orange) and a hole transporting graphite-like layer 

of π-stacked HBC units (blue). 
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            The co-assembled nanotube with 10 M% of 39 showed an intra-tubular hole 

mobility of 2.0 cm
2  

V
-1 

s
-1

, closer to the inter-sheet mobility in graphite measured by 

FP-TRMC. The photovoltaic studies also indicated the importance of a small content of 

39 in achieving the largest short-circuit current (ISC), open-circuit voltage (VOC) and 

largest incident photon-to-current conversion efficiency (IPCE, 2%) in the co-

assembled nanotube. This study reveals that the co-assembly approach of the two 

amphiphiles 39 and 40 can control the performance of the system by balancing the hole 

and electron transporting molecular components. 

1.4.5. Porphyrin Derived Organogels 

  
                    Shinkai and co-workers have reported that the gelation ability of Zn(II) 

porphyrin–appended cholesterol derivatives could be enhanced by fullerene interaction 

[Ishi-i et al. 2000]. UV-vis and gelation studies have revealed that the gelation of 

41 (2.55 × 10−2 mol dm−3) occurs at 20 °C in toluene only in the presence of C60. The 

soret absorption band was shifted bathochromically. This observation indicates that an 

intermolecular electronic interaction does exist between the Zn(II) porphyrin and the 

fullerene chromophores in the gel phase. However, 41 was not gelled even in the 

presence of C60 at low concentration. This observation implies that the Zn(II) porphyrin–

fullerene interaction is very weak in the solution phase. SEM picture of the xerogel, 

which was obtained from 41 in benzene showed fibrous structures (Figure 1.17).  
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Figure 1.17. SEM pictures of the xerogels obtained from (a) 41 and (b) 41/fullerene complex (1 : 2 

molar ratio) in benzene.  

               
               A crown ether phthalocyanine (Pc), functionalized with four TTFs (42), is 

known to form highly conducting gels (Figure 1.18) [Sly et al. 2005]. Compound 42 is 

capable of gelating chloroform–dioxane mixture. TEM of the gel showed the presence of 

micrometer-long tape like structures, all exhibiting either right- or left-handed helical 

features. The fact that no columnar phthalocyanine (Pc) fibres were observed suggests 

that stacking of the molecules is dominated by TTF–TTF and TTF–Pc interactions and 

not by the more standard Pc–Pc interactions. Doping of 42 with 7,7,8,8-

tetracyanoquinodimethane (TCNQ) in dimethyl sulfoxide (DMSO) generated a 

TCNQ/TTF charge-transfer complex, suggesting the potential use of the assemblies of 42 

as conducting wires. 
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42; M = 2H

R = C12H25 

a)

 

Figure 1.18. Structure of tetra(thiafulvalene)-functionalized crown ether phthalocyanine 42. a) TEM 

image of the tapes formed by 42, showing an equal distribution of both M- and P-helical structures 

(bar represents 200 nm). b) Schematic representation of the aggregation mechanism of 42, 

showing the dominating Pc–TTF and TTF–TTF interactions, which result in an initial bilayer 

structure that scrolls into helical tapes.  

 

                 Shinkai and co-workers have synthesized the amide-appended porphyrin 

organogelators 43 and 44 which showed competition between H vs J aggregation mode 

of the porphyrin in the gel assemblies (Chart 1.6) [Shirakawa et al. 2003]. Appropriate 

positioning of the peripheral H-bonding motifs could facilitate the formation of one of 

the aggregates preferentially. The gelators 43 and 44 are substituted with amide groups at 

the 4-position and 3,5-positions of the meso-phenyl groups, respectively. X-ray analysis 

of the single crystals established that the porphyrins in 43 adopt the H-aggregation mode 

of 43 resulting in columnar stacks, whereas the molecule 44 adopt the J-aggregation 

mode resulting in two-dimensional planar assemblies. UV-vis absorption, XRD and SEM 

measurements established that the organization modes of the porphyrin in the gel state of 

43 and 44 are similar to the respective single crystals. SEM analysis of the cyclohexane 

gels of 43 and 44 revealed one-dimensional fibrillar and two dimensional sheet like 

structures, indicating that the difference in the microscopic hydrogen bonded 
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organization of the porphyrin chromophores are expressed even at the macroscopic 

morphology. 

43;

44;
n = 11

 

                                                                             Chart 1.6 

 
             The porphyrin derivative 44 can self-assemble to one-dimensional multicapsular 

structures in the presence of C60 due to the cooperative effect of the strong C60-porphyrin 

interactions and inter- and intra capsular H-bonding interaction between the amide 

groups, which is entirely different from that of the two dimensional J-type aggregates in 

the absence of C60. Detailed UV-vis absorption, elemental analysis, XRD, ATR-IR and 

computer modelling studies have shown that four amide groups from two adjacent 

porphyrins form a circular H-bonding array, which can encapsulate a C60 molecule to 

give a 1:2 complex. These ‘capsules’ will further grow into a one–dimensional assembly 

through intercapsular H-bonding interaction between amide groups on the other side of 

the complex. SEM and TEM analysis showed a gradual change from the sheet like 

morphology to a fibrous network on increasing the concentration of C60 from 0-0.5 

equivalents, which clearly support the one-dimensional aggregation mode (Figure 1.19). 

The complete quenching of  fluorescence of one-dimensional multicapsular structure 

indicated electron transfer between the porphyrin ‘walls’ and the encapsulated C60. 



28                                                                                                                                               Chapter 1 

 

a) b)

c)

C60

44

 

Figure 1.19. a) Aggregation mode of 44. b) Side view of the energy minimized structure of (C60)3. 

(44)6. c) SEM images showing the morphological changes of the benzene gels of 44 on adding 

fullerenes. 

                   

1.5. n-Type Semiconducting Organogels 

                  
             A common strategy in the design of n-type organic semiconductors is the 

substitution of the molecule with electron deficient moieties such as fluorine, cyano 

groups, carbonyls and imine nitrogens. Among these moieties, aromatic molecules 

containing imine nitrogens are of increasing interest in the development of n-type 

semiconductors. Incorporation of imine nitrogens into ladder-type conjugated oligomers 

can result in: (i) an increase in electron affinity, (ii) enhancement in the propensity of π-

stacking, (iii) ability to tune the electronic and optoelectronic properties by protonation 

or metal ion complexation and (iv) a substantial improvement in photo-oxidative 

stability of the molecules. Experimental and theoretical studies have shown that 
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heteroaromatic rings containing imine nitrogens have higher reduction potential when 

compared to similar hydrocarbons. Theoretical studies have shown that linear 

expansion of size in such imine nitrogen-containing polycyclic molecules is beneficial 

towards increasing the reduction potential and reducing the intrinsic energy barriers and 

trapping centers that cause low carrier mobility. Examples of such an extension of the 

size of π-conjugated polycyclic molecules and incorporation of imine nitrogens to 

increase the reduction potentials include core-expanded perylene bisimides, 

naphthalene bisimides and bisphenazine derivatives.  

 

1.5.1. Perylene Bisimide Derived Organogels                   

             Perylene bisimides are one of the well studied classes of dyes for optoelectronic 

applications because of their promising optical properties such as the strong absorption 

in the visible range, high fluorescence quantum yields (almost 100%) as well as its high 

stability towards photooxidation. In addition, perylene bisimides feature a relatively 

low reduction potential, which enables them to act as an electron acceptor in 

photoinduced charge transfer reactions.  

         Shinkai and co-workers have reported the first cholesterol functionalized perylene 

bisimide organogelator (45) (Figure 1.20) which exhibits cascade energy transfer and 

electron transfer processes [Sugiyasu et al. 2004; Sugiyasu et al. 2008]. SEM studies 

have suggested the formation of well-defined fibrous aggregates through π-π stacking 

and intermolecular hydrogen bonding between the constituent PBI molecules (Figure 

1.20b). These gels showed broad UV-vis absorption and inferior emission properties 

when compared to solutions of the monomeric dyes. The gelator also showed efficient 

electron transfer in organic solar cells upon mixing with p-type organic semiconductors.  
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Figure 1.20. a) Absorption (      ) and fluorescence (     ) spectra of the molecule 45 gel; [45] = 0.2 

wt/vol% (1.5 mm), λex = 457 nm. Inset shows photo of the gel of 45. b) SEM image of the gel. 

 
           The n-type semiconducting perylene bisimide dye 46 synthesized by Würthner 

and co-workers forms gels in a broad variety of organic solvents to afford well-defined 

nano- and mesoscopic helical fibres and bundles (Figure 1.21) [Li et al. 2006]. PR-

TRMC of 46 in the solid state revealed that the sum of the electron and hole mobility is 

ΣµTRMC = 0.052 cm
2
 V

-1
 s

-1
. This value is significantly higher than the values measured 

with similar type of compounds.  

a) b)

46

 

Figure1.21. a) Optical polarizing microscopic image of 46. b) AFM height images of films spin-

coated from diluted gel solutions of 46 in toluene (zoomed region image). 
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                Recently, Krieg et al. have reported the synthesis of the supramolecular gel 

for 47 based on a perylene diimide dye (Figure 1.22) [Krieg et al. 2009]. This molecule 

self-assembles in aqueous media into extended supramolecular fibres that form a robust 

three-dimensional network resulting in gelation. The self-assembled systems were 

characterized by cryo-TEM, cryo-SEM, and rheological measurements. This 

supramolecular gel shows robustness and multiple stimuli-responsiveness. Detailed 

studies have revealed that the molecule undergoes reduction in water with sodium 

dithionite to produce an aromatic dianion. The dianion is stable for months in 

deoxygenated aqueous solutions, in contrast to other known aromatic dianions which 

readily react with water. Such stability is due to extensive electron delocalization and 

the aromatic character of the dianion. The dianion reacts with oxygen to restore the 

parent neutral compound, which can be reduced again in an inert atmosphere with 

sodium dithionite to give the dianion. Such reversible charging renders PDIs useful for 

controlled electron storage and release in aqueous media. Simple preparation of the 

dianion, reversible charging, high photoredox power, and stability in water can lead to 

development of new photofunctional and electron transfer systems in the aqueous 

phase. 

47

 

Figure 1.22. Cryo-SEM images of the gel of 47 (8 × 10-3 M, water/THF mixture (80:20), scale. 0.5 

µm). Inset: vial inversion test. 
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                  Kelly and co-workers have reported the nematic liquid crystal (LC) gels useful 

for the design of organic solar cells. The compound 48 is a reactive mesogen, which 

forms a nematic phase at room temperature on cooling (Chart 1.7) [Carrasco-Orozco et 

al. 2006]. The non-polymerizable LC, 49, has the same aromatic core as 48 and retains a 

metastable nematic phase in a thin film for extended periods at room temperature, 

although the Tg is lower. Gel was formed by mixing the LCs 49 and 50 in the ratio 1:2 by 

weight. LC gel forms a surface with nanometer-sized grooves with a large interface area 

by AFM images. Photoinduced absorption shows large signals from hole and electron 

polarons in the blends (48/50), confirming the charge separation. A photovoltaic cell 

constructed based on this system exhibited a monochromatic power conversion 

efficiency of 0.6% at an incident intensity of 45 mWcm–2. 

 

48

49

50  

                                                            Chart 1.7 

               Creation of D-A nanostructures facilitate charge generation and transport. 

Wicklein et al. found that an electron-conducting perylene bisimide organogelator 52 

forms nanowires in appropriate solvents [Wicklein et al. 2009]. This phenomenon was 

utilized for PBI self-assembly in an amorphous hole-conducting polymer matrix 51 to 
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realize an interpenetrating D-A interface with inherent morphological stability. The 

self-assembly and interface generation were carried out either stepwise or in a single 

step (Figure 1.23). Such D-A nanowires generate large D-A interfacial areas, which is 

desirable for photoinduced charge separation and charge transport. Although the device 

would be further improved by utilizing low band gap conjugated polymers, the 

organogel-polymer concept demonstrates great potential of the nanostructured D-A 

bulk heterojunction (BHJ) devices.              

R = 
51

52

 

Figure 1.23. Schematic representation of organogel-polymer concept for realization of an 

interpenetrating organic bulk heterojunction. Route A: Formation of n-type xerogel with 

subsequent filling with p-type polymer. Route B: Concomitant embedding of the physical network 

by a blend approach. 

 

            Yagai and co-workers have reported the formation of extremely long nanofibres 

with high electron mobility from co-aggregation of melamine appended perylene 
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bisimide (53) and the cyanurates (dCA) (Figure 1.24) [Yagai et al. 2010]. The resulting 

nanofibres could gelate aliphatic solvents (1,1,2,2-tetrachloroethane (TCE)) under low 

concentrations. The resulted gels were optically transparent. Various microscopic and 

XRD studies suggest that a hydrogen bonded polymer complex is formed along the 

long axis of the nanofibres by the 1:2 complexation of the two components (Figure 

1.24b). Photoinduced carrier generation in the nanofibres was investigated by time-of-

flight (TOF) experiments under electric and magnetic fields, revealing the efficient 

recombination of the geminate electron-hole pairs. FP-TRMC measurements revealed 

intrinsic 1D electron mobilities upto 0.6 cm2 V-1 s-1 within the nanofibres. 

53; R1 = n-C12H25, R2 = n-C8H17

dCA

48

48

b)
a)

 

Figure 1.24. a) Schematic representation of the aggregation 53 with dCA in TCE. b) SEM image 

of nanofibres. 

 
1.5.2. Naphthalene Diimide Derived Organogels            

                
 
                Shinkai and co-workers have reported the gelation of naphthalene diimide 

(54) (Figure 1.25). The UV-vis absorption spectrum exhibits charge-transfer band at 

600 nm upon adding increasing amounts of the dihydroxynaphathalene (55) in the gel 
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matrix of 54 [Mukhopadhyay et al. 2006]. SEM analysis showed the presence of long 

1D fibrous network for 54 which transformed into a 2D sheet like structure in the 

presence of 55 (Figure 1.25b and c). It has been found that the gel superstructure is 

extremely sensitive even to the upper limit of the added donor molecules, since the 

addition of more than 1.2 equivalents can readily transform the gel matrix into a sol 

phase.  

54

55 (R = -OH)

a)

b) c)

 

Figure 1.25. a) Photograph depicting the spontaneous color changes of the organogel 54 upon 

addition of 55. SEM images of the xerogel of b) 54 and c) the 54 + 55 complex prepared from the 

cyclohexane gel (4.0 mm); the scale bar denotes 1 mm. 

                

                Recently, Parquette and co-workers have reported the formation of 1D n-type 

nanotube formed from 1,4,5,8-naphthalene tetracarboxylic diimide (NDI) (56) with l-

lysine head groups [Shao et al. 2010]. These bolaamphiphiles formed transparent gels 

in water at concentrations as low as 1% (w/w), and was stable in the gel state for 

several months. TEM images revealed the formation of micrometer-long nanotubes 

with uniform diameters of (12 ± 1) nm. The thickness of the wall was approximately 

(2.5 ± 0.5) nm. A few nanorings, could also be observed in the TEM images. These 

observations suggest that the nanotube assembles via a monolayer nanoring that further 
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stacks into the nanotube structure (Figure 1.26). Time correlated single photon counting 

(TCSPC) suggested that the nature of the intermolecular organization and packing 

within the nanostructures significantly impacts the excited state properties of the 

material. 

56/57

 

Figure 1.26. Structures of lysine-based bolaamphiphiles 56 (R=O‾) and 57 (R=OMe) and the 

assembly of 56 into rings, which stack to give tubes. The blue sections of 57 undergo 

hydrophobic π–π stacking interactions, and the red sections show electrostatic interactions. 

 

                 Supramolecular assembly and electrochemical properties of a series of bis-

(trialkoxybenzamide)-functionalized NDI chromophores (58-61) are known in the 

literature (Chart 1.8) [Molla et al. 2011]. The number of methylene units (0-4) in 

between the NDI chromophore and the amide functionalities have been systematically 

varied to understand the effect of this simple structural variations on the self-assembly. 

UV-visible spectroscopic studies revealed facile self-assembly in nonpolar medium by 

synergistic effect of π-stacking, hydrogen bonding, and hydrophobic interactions. AFM 

studies revealed unique morphology for the self-assembled structure in each case such 

as nanostructure with short-range order (58), elongated nanowires (59), relatively flat 

nanoribbons (60), and discontinuous nanofibres (61). Effect of such diverse 
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morphologies was found to be highly relevant in correlating the macroscopic properties 

such as gelation of the individual chromophore. The viscoelastic properties of the gels 

were studied by rheological measurements which revealed remarkable dependence on 

the morphology of the self-assembled structure. Redox properties of these 

chromophores were studied and the results corroborate well with the literature to 

indicate the n-type semiconducting nature of the NDI chromophore.  

 

58; n = 0

59; n = 2

60; n = 3

61; n = 4

                                                                          

Chart 1.8 

 
1.5.3. Bisphenazine Derived Organogels 

 
                  Jang et al. have reported the formation of an organogel of an asymmetric 

bisphenazine (62) through the growth of one-dimensional nanofibres (Figure 1.27) 

[Jang et al. 2008]. Detailed gelation studies revealed that the critical gelator 

concentration (CGC) was the highest in TCE (10 mM), while gelation in decane and 

hexadecane were observed at significantly lower concentrations. SEM analysis revealed 

that effective gelation is possible only through the harmonious interplay of π–π 

interaction, hydrogen bonding and van der Waals interaction producing unusual belt 

like fibres (Figure 1.27b and c). The cyclic voltammetry (CV) results of 62 implies that 

these compounds are potentially applicable for optoelectronics for n-channel functions. 
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a)

b) c)

62

 

Figure 1.27. a) Pictures of organogel of compound 62 in decane (1.3 mM). SEM images of the 

xerogel of compound 62: b) from decane gel (1.3 mM), scale bar: 1 mm (inset: 300 nm), c) from 

TCE gel (10 mM), scale bar: 1 mm (inset: 500 nm). 

 

               There are other reports on the electronic and organogelation properties of 

novel T-shaped bisphenazines (63-68) functionalized with alkyl side groups and small 

peripheral cyano (CN) or aldehyde (CHO) substituents (Chart 1.9) [McGrath et al. 

2009; Lee et al. 2008]. Detailed UV-vis spectroscopy and CV studies revealed the 

effect of the position, type, and number of the peripheral substituents on the electronic 

properties. This design approach illustrates a reasonable method for tailoring electronic 

and self-assembly properties of bisphenazine, a system that exhibits excellent potential 

for optoelectronic applications. 
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63; R1 = CN, R2 = H, n = 15

64; R1 = CN, R2 = H, n = 9

65; R1 = CHO, R2 = H, n = 15

66; R1 = CHO, R2 = H, n = 9

67; R1 = H, R2 = CN, n = 15

68; R1 = CN, R2 = CN, n = 15

 

                                                               Chart 1.9 

 
1.6. Origin, Objectives and Approach to the Thesis 

              
                 In recent years several reports have been appeared in the literature pertaining 

to the self-assembly and gelation of thiophenes, tetrathiafulvalenes, perylene bisimides 

etc. However, so far, no breakthroughs occurred with respect to the application of these 

materials in electronic devices such as OFETs and solar cells. Therefore, preparation 

and study of self-assembled soft materials based on n-type and p-type organic 

semiconductors with improved electronic properties that are useful for device 

applications are important. The main challenges in the preparation of self-assembled π-

systems are controlling the size to a few nanometers in length scale with high charge 

transport properties, charge separation and stability. Therefore, intense research is 

required in this area to achieve the preparation of new materials with optimum 

properties and device performance. The main objective of the present thesis is to have a 

detailed investigation on the design, self-assembly and electronic properties of new π-

systems. For this purpose, we have chosen oligo(thienylenevinylene)s (OTVs), a class 

of molecules which have received considerable attention due to their unique optical and 

electronic properties. Though a few reports are available in the literature on the optical 
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and electrochemical properties of OTVs, none of them pertain to the design of 

nanostructures through organogel approach. In view of this, we aimed at the creation of 

functional chromophoric assemblies of π-conjugated OTVs through the formation of 

organogels, with the objective of crafting nanoscopic assemblies of different size and 

shape, thereby modulating their optical and electronic properties. 

               In order to fulfill the above objectives, the design and synthesis of a variety of 

OTVs with appropriate structural variations were planned. The design principle 

involves the derivatization of OTVs with hydrogen bonding end groups and with long 

aliphatic hydrocarbon side chains (Figure 1.28). The non-covalent interactions in these 

molecules were expected to lead the formation of supramolecular assembly and gels in 

hydrocarbon solvents. As a result of the strong intermolecular interaction during self-

assembly, the electronic properties such as conductivity and charge carrier mobilities 

are expected to be strongly perturbed. Therefore, detailed study on the gelation induced 

optical and electronic properties and morphological characteristics were planned.  

 

OTV

van der Waals

π - stacking

H - bonding

Conducting 
supramolecular
nanostructures

 

Figure 1.28. Design features showing various non-covalent interactions for the self-assembly of 

linear π-conjugated oligomers. 

 
                 It is also important to study the effect of conjugation length on the self-

assembly, gelation and electronic properties. Therefore, synthesis of OTV derivatives 

with different conjugation length was planned. The final question that we wanted to 
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address was the controlled assembly of donor and acceptor systems to achieve 

nanoscale phase separation and efficient charge generation in p-n type organogels. The 

present thesis is a detailed and systematic approach to the realization of the above 

objectives which are presented in different chapters. 
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Thienylenevinylene Based Organogelators: 

Synthesis,  Self-Assembly and Charge-Carrier 

Mobility Studies 

 
   

2.1. Abstract 

                Self-assembled architectures of thiophene derived oligomers and polymers are 

important in the field of organic electronics. Herein, we present the synthesis, self-assembly 

and charge-carrier mobility studies of a few thienylenevinylene derivatives (TTV1-4), 

having various end groups such as –OH, –CO2H, and –CONHR. It has been found that 

among TTV1-4, only TTV4 with amide end functional groups facilitated gelation of 

nonpolar hydrocarbon solvents. The gelation properties and the morphology of the gels are 

established through FT-IR, XRD, SEM, TEM, and AFM analyses. Microscopic analysis 

revealed that TTV4 forms entangled micrometer sized fibres having width ranging from 50-

200 nm. XRD data suggested a lamellar type packing of the molecules in the gel state. Flash 

photolysis time resolved microwave conductivity and transient absorption spectroscopy 

(TAS) studies suggested that films of TTV4 prepared from decane-chloroform gels exhibit 

high charge-carrier mobility when compared to films obtained from chloroform solutions, 

highlighting the role of self-assembly and gelation on the electronic properties. 
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2.2. Introduction 

 
              Advances in the performance of organic devices, over the past few years have 

attracted a great deal of interest not only from the academia but also from the technology 

domain [Forrest et al. 2004; Grimsdale et al. 2005; Hoeben et al. 2005; Schenning et al. 

2005; Ariga et al. 2008; Zang et al. 2008; Tsao et al. 2010]. In organic electronic devices, 

the efficiency of charge carrier transport through the organic layer plays a key role in the 

final device performance [Tang et al. 1986]. In the case of organic field effect transistors, it 

is necessary to develop new materials displaying high electron and hole mobilities to 

improve the performance of complex organic circuits [Allard et al. 2008]. In the case of 

organic photovoltaic cells, the charges created upon photoexcitation of the active 

components have to be transported efficiently to get collected at the metallic electrodes with 

minimal charge recombination at the organic donor/acceptor interfaces [Blom et al. 2007]. 

Along these lines, organic chemists have been pursuing various π-conjugated systems as 

active materials for electronic devices [Arias et al. 2010]. The charge-carrier transport 

properties critically rely not only on the intrinsic electronic properties of the materials but 

also on the microscopic and macroscopic order of the molecules in the solid state. In this 

regard, the control of molecular organization with long-range ordering on surface through 

chemical design and physical processing constitute the key aspects in electronic devices 

[Ariga et al. 2008]. Organogelation is an effective way of organizing chromophores through 

non-covalent interactions [Lehn et al. 1995; Terech et al. 1997; Sangeetha et al. 2005; Ishi-i 

et al. 2005; Ajayaghosh et al. 2007]. 

             In recent years, organogelators based on functional π-systems and dyes having good 

electronic conductivity and high charge-carrier mobility have been reported for a variety of 

electronic applications [Jørgensen et al. 1994; van Esch et al. 2000]. For example, Aida and 
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co-workers have reported the nanotube of 1 (Chart 2.1) which exhibits a p-type FET 

property, with a hole mobility of 1.0 × 10
−4

 cm
2 

V
−1

 s
−1 

[Hill et al. 2004]. Later, Würthner 

and co-workers have reported n-type semiconducting perylene bisimide (2) dye with the 

isotropic electron and hole mobility of ΣµTRMC = 0.052 cm
2
 V

-1
 s

-1 
[Li et al. 2006]. Diring et 

al. have reported that gel fibres of pyrene substituted 4-ethynylphenylaminoacyl derivative 3 

exhibits good electron and hole transport properties from source to drain electrodes [Diring 

et al. 2009]. Recently, Yagai et al. have reported that the nematic gel forming 

supramolecular complex of 4 and the complementary hydrogen bonding unit comprised of 

ribbon like aggregates exhibits a higher Φ∑µ value of 5.2 x 10
-6

 cm
2 

V
−1

 s
−1 

than the 

vesicular aggregates of 4 (4.4 x 10
-6

 cm
2 

V
−1

 s
−1

) stressing the role of the morphology on 

electronic properties [Yagai et al. 2010]. 
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                                                                       Chart 2.1 
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                Among various widely investigated conjugated molecules, sulfur containing π-

conjugated systems are the prominent building blocks for the construction of conducting 

nanostructures, useful for organic electronic applications [Roncali et al. 1997; Kitamura et 

al. 2005; Kitahara et al. 2005; Wang et al. 2005; Akutagawa et al. 2005; Puigmartí-Luis et 

al. 2007]. In particular, thiophene containing hetero aromatic molecules have attracted great 

scientific research interest because thiophenes provide the desired continuous pathway for 

better transport of the charge carriers [Gronowitz et al. 1985; Otsubo et al. 2002; Mishra et 

al. 2009]. Therefore, thiophene containing π-conjugated molecules are extensively used in 

various devices such as field effect transistors and photovoltaic cells [Katz et al. 2001; Kiriy  

et al. 2004; Xin et al. 2008; Peet et al. 2009].  

   The electronic properties of organic molecules are strongly dependent upon the 

molecular self-assembly. Organogelators are known to form self-assemblies leading to the 

formation of 1D fibres and hence are good candidate for the design of organic electronic 

devices. Feringa and co-workers have reported that the bisurea appended oligo(thiophene)s 

(5 and 6) (Figure 2.1) self-assemble into elongated fibres resulting in the formation of 

organogels in solvents such as tetralin and 1,2-dichloroethane.
 

Electron microscopy and X-

ray diffraction studies have revealed that the fibres have a lamellar structure, in which the 

molecules are arranged as one-dimensional ribbons with their long molecular axis parallel to 

each other (Figure 2.1a-c). Moreover, it was shown by FP-TRMC experiments that the good 

electronic overlap between the thiophene rings due to the H-bond assisted π-stacking of 

adjacent oligomers results in high charge-carrier mobility of 0.001 cm
2 

V
−1

 s
−1 

 for 5 and 

0.005 cm
2 

V
−1

 s
−1 

 for 6 (Figure 2.1d). These values are relatively high when compared to 

that of simple thiophene oligomers [Schoonbeek et al. 1999]. 
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a) b)

5; n=1

6; n=2

d)

c)

6

5

 

Figure 2.1. a,b) Electron micrographs of the lamellar fibres of 5 (A) and 6 (B). c) Possible arrangement 

of 6 in the lamella, and d) FP-TRMC kinetic profile of 5 and 6. 

 
 
                Recently, Yagai et al. have reported the thermally interconvertible semiconductive 

nanorods and nanotapes comprising of π-conjugated oligothiophenes, displaying high 

charge-carrier mobilities in their condensed states (Figure 2.2) [Yagai et al. 2009]. AFM of 

the H-aggregates of 7 exhibited uniform rod like nanostructures with hundreds of 

nanometers in length, which are arranged in monolayered fashion. On the other hand, 

7·BM12 showed flat, tape like nanostructures with an average thickness of 1.7 nm and the 

width of ~5.5 nm. FP-TRMC study revealed that the hole mobility (µ
+
) of 7·BM12 is 0.57 

cm
2 

V
−1

 s
−1

, whereas for 7 alone is 1.3 cm
2 

V
−1

 s
−1

. While a large number of thiophene 

derivatives have been studied from the view of self-assembly and electronic properties, 

thienylenevinylene have not been exploited for the purpose of studying self-assembly or 

gelation. 
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Figure 2.2. Scheme of the interconversion between nanorod and nanotape. Transient conductivities 

observed for films of a) 7 and b) 7�BM12 under an excitation at λ = 355 nm by 1.8 × 1016 photons cm-2 

pulse-1. 

 
   Roncali and co-workers have reported the electrochemical and electronic properties 

of thienylenevinylene oligomers (nTVs) (8a-d) with multinanometer dimensions (Chart 2.2) 

[Jestín et al. 1998]. Cyclic voltammetry data revealed that chain lengthening induces a 
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negative shift of the first redox potential, an increase of the number of accessible redox 

states, and a decrease in the coulombic repulsion in multicationic species. Thus, a 16-mer 

can be charged up to the hexacationic state within a 0.60 V potential window. UV-vis 

spectra of the nTVs suggest the bathochromic shift of λmax and the decrease of the HOMO-

LUMO gap with the extension of conjugation length. Therefore, nTVs with extended 

conjugation are good candidates for the fabrication of FET devices.  

8a;  m = 1

8b;  m = 2

8c;  m = 3

8d;  m = 4

 

Chart 2.2 

               The main objective of the present investigation was to synthesize OTVs with 

different end functional groups to study their self-assembly and electronic properties. Herein, 

we present the synthesis, gelation, morphology and charge-carrier mobility of a few 

thienylenevinylene derivatives (TTV 1-4) (Chart 2.3).  
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       Chart 2.3 

2.3. Results and Discussion 

2.3.1. Synthesis of TTV1-4 

             
               The synthetic strategy adopted for the preparation of TTV1 is illustrated in Scheme 

2.1 [Jestín et al. 1998]. 3,4-Dibromothiophene was treated with Grignard reagent of 

dodecylbromide followed by the Kumada coupling to give the 3,4-didodecylthiophene (2), 

which was converted to 3,4-didodecylthiohene-2-carbaldehyde (3) using Vilsmeier 

formylation reaction. Compound 4 was synthesized from 2 by treating with n-BuLi/TMEDA 

in hexane followed by reduction to the corresponding alcohol 5 with NaBH4. The compound 

5 was converted into the corresponding bromo derivative 6 by treatment with PBr3 in 

dichloromethane followed by reaction with triethyl phosphite to give the 7 in 65% yield. 

TTV1 was prepared by using Wittig-Horner olefination with compounds 3 and 7 as shown 

in Scheme 2.1 in 72% yield after purification by column chromatography.  
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                   TTV1 was converted to 8 by Vilsmeier formylation at appropriate conditions 

and reduced to the corresponding alcohol TTV2 with NaBH4 as shown in Scheme 2.2. 

Reaction of 8 with the phosphonate ester 9 followed by hydrolysis in basic medium gave 

TTV3 in 91% yield. TTV4 was prepared from TTV3 by treating with ethylamine in the 

presence of 2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluroniumhexafluorophosphate 

methanaminium (HATU, a peptide coupling reagent) as shown in Scheme 2.3. These 

thienylenevinylene derivatives were characterized by 
1
H NMR, 

13
C NMR, FAB-MS and FT-

IR spectral analyses. The presence of trans double bonds in TTV1-4 was confirmed by the 

vinylic protons appeared in the range of δ = 6.95-6.89 ppm (J ~ 16 Hz), in the 
1
H NMR 

spectra. 
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Scheme 2.1. Synthesis of TTV1. Reagents and conditions: (a) Ni(dppp)Cl2, RMgBr, Et2O, 24 h, 40 °C, 

65%; (b) POCl3, DMF, 1,2-DCE, 2 h, 70 °C, 76%; (c) n-BuLi, TMEDA, DMF, Hexane, 2 h, -40 °C, 

54%; (d) NaBH4, DCM, MeOH, 1 h, 30 °C, 92%; (e) PBr3, DCM, -5 °C, 4 h; (f)  P(OEt)3, 120 °C, 65%; 

(g) t-BuOK, THF, 2 h, 30 °C, 72% . 
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Scheme 2.2. Synthesis of TTV2. Reagents and conditions: (a) POCl3, DMF, 1,2 DCE, 2 h, 70 °C, 

68%; (b) NaBH4, DCM, MeOH, 2 h, 30 °C, 92%.  

 

Scheme 2.3. Synthesis of TTV3 and TTV4. Reagents and conditions: (a) t-BuOK, THF, 2 h, 30 °C, 

94%; (b) KOH, THF, MeOH, TFA, 4 h, 70 °C, 91%; (c) R′- NH2, HATU, DIPEA, CHCl3, 12 h, 30 °C, 

45%. 

 

2.3.2. Electronic Absorption and Emission Properties 

 
                The absorption and emission properties of TTV1-4 were investigated in CHCl3 

and decane. TTV1 in chloroform (1.5 × 10
-4 

M) showed an absorption maximum at 436 nm. 

In decane, the absorption maximum was blue shifted to 432 nm and there was no 

considerable change in the nature of the spectrum. Subsequently, emission studies of TTV1 
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in chloroform and decane were carried out and the emission spectrum was found to be weak. 

No significant changes were noted upon changing the solvent from chloroform to decane 

(Figure 2.3b). The weak absorption and emission spectral shifts in chloroform and decane, 

indicate weak intermolecular excitonic interaction due to weak aggregation of the molecules. 

More insights about the effect of functional group on the self-assembly of 

thienylenevinylenes could be obtained from UV-vis absorption and emission spectral 

measurements of TTV2, TTV3 and TTV4 having –OH, –CO2H and –CONHR respectively   

in polar and non-polar solvents.   

             The absorption spectrum of TTV2 in chloroform (c = 1.5 × 10
-4 

M) showed a peak 

maximum at 444 nm. In decane, the absorption maximum was blue shifted to 441 nm, 

indicating that TTV2 exists as molecularly dissolved species in chloroform and decane as 

observed in the case of TTV1 (Figure 2.3c and 2.3d). The emission spectrum did not show 

any considerable change in chloroform and decane. TTV3 in chloroform exhibited an 

absorption maximum at 506 nm. Since the molecule was not soluble in decane, the 

absorption spectrum was recorded in toluene for comparison. In toluene the absorption 

maximum was observed at 504 nm. In this case, the carboxyl group assisted linear hydrogen 

bonded polymerization is possible. The absorption spectrum did not show considerable shift 

indicating that intermolecular interaction is weak. In contrast to TTV1 and TTV2, emission 

spectrum of TTV3 showed weak but broad fluorescence in chloroform and toluene. 

Interestingly, TTV4 having –CONHR as the end functional group exhibited considerable 

change in the absorption spectrum when recorded in chloroform and decane (Figure 2.4a). In 

chloroform (1.5 × 10
-4 

M), the absorption maximum of TTV4 was observed at 501 nm and 

in decane, the absorption maximum was blue shifted to 464 nm with the appearance of a 

shoulder band at 550 nm. This large blue shift in the λmax (∆λmax = 27 nm) points to a large 
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oscillator strength and strong exciton coupling due to the 1D arrangement of the molecules. 

Such an arrangement is possible through hydrogen bonded face-to-face assembly of 

molecules as in the case of H-type aggregation. The emission studies of TTV4 revealed 

weak emission in chloroform whereas in decane, enhanced fluorescence could be noticed 

(Figure 2.4b).  
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Figure 2.3. a) Absorption and emission spectra of (a,b) TTV1, (c,d) TTV2, and (e,f) TTV3 at 1.5 × 10-4 

M in decane (blue) and chloroform (red). (Note: spectra of TTV3 was recorded in toluene due to 

insolubility in decane).  
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                 Further details of the TTV4 self-assembly were obtained by variable temperature 

dependent absorption studies. The initial absorption spectrum of  TTV4 in decane at 1.5 × 

10
-4 

M at 20 °C exhibited a shoulder band at 550 nm in addition to the strong π -π* transition 

band at 464 nm. Upon increasing the temperature to 70 °C, the absorption maximum was red 

shifted to 491 nm with a concomitant decrease in the intensity of the shoulder band at 550 

nm through an isosbestic point at 550 nm (Figure 2.5a). This observation indicated the 

breakage of the H-type aggregates at higher temperature. Further proof for the existence of 

the aggregated and molecularly dissolved phases of TTV4 is obtained from the plot of the 

fraction of aggregates (α) versus the temperature, as obtained from the temperature 

dependent absorption spectral changes. In this case, the melting transition curve (Figure 

2.5b) showed a sigmoidal nature indicating a co-operative transition of the self-assembled 

species to molecularly dissolved species with increase in temperature.  
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Figure 2.4. a) Absorption spectra of TTV4 at 1.5 × 10-4 M in decane (blue) and chloroform (red).  b) 

Fluoroscence  spectra of TTV4 at 1.5 × 10-4 M in decane (blue)  and chloroform (red). 
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Figure 2.5. a) Temperature dependent UV-vis absorption spectra of TTV4 at 1.5 × 10-4 M in decane. 

b) Plot of the fraction of aggregates (α) versus temperature obtained from the absorption changes 

monitored at 491 nm.  

 

2.3.3. Gelation Properties 

               The gelation ability of TTV4 was studied in different organic solvents. For this 

purpose, a specific amount of TTV4 was added to 1 mL of a particular solvent and heated 

until dissolution. After cooling the sample to ambient temperature, the vessel was turned 

upside down to verify the gel formation. The soft solid mass obtained was self-standing as 

shown in Figure 2.6a. No gels were formed in polar solvents such as chloroform and 

methanol. This property could be due to the lack of hydrogen bonding and π-stacking 

interaction in polar solvents suggesting the crucial role of self-complementary hydrogen 

bonding in the gelation process of TTV4. Results of the gelation studies of TTV4 in various 

solvents are summarized in Table 2.1.  

              Effect of temperature on the gelation of TTV4 in decane was studied using the 

dropping ball method [Murata et al. 1994]. Phase diagram of the gel of TTV4 in decane was 

obtained by plotting the gel melting temperature (Tgel) at different concentrations (Figure 

2.6b). The phase above the curve represents the solution, whereas the phase below is a gel.  
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Table 2.1. Critical gelator concentrations (mM) of TTV4 in different solvents  

SI. No.         Solvent               Nature of gel             CGC               

(mM)               

1.                 Decane G                        0.98                  

2.             Cyclohexane G                        1.22                 

3.                 Hexane                         G                        1.61                   

4.                Benzene                         G                        4.63                  

5.                Toluene                          G                        5.29                  

6.              Chloroform                      S                           -

7.                Methanol                      NS                          -

 

CGC = Critical gelator concentration, which is the minimum concentration required for the formation of 

a stable gel at room temperature. In parenthesis, G = gel, S = Soluble and NS = Not soluble.     
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Figure 2.6. a) Photograph of the reversible sol-gel transition of TTV4 in decane. b) Plot of gel melting 

temperature (Tgel) vs concentration of the gelator. 

 

                In the case of TTV4, a regular increase in the gel melting temperature with 

increasing the concentration of the gelator molecules was observed. The maximum stability 

of the gel was at 68 °C at a concentration of 3 mM of the gelator. Further increase of 
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concentration of the gelator did not show any considerable improvement in the gel melting 

temperature. 

 
2.3.4. FT-IR Studies 

 
               The FT-IR spectrum of the decane gel of TTV4 (Figure 2.7) exhibited a band at 

3291 cm
-1

 that can be assigned to the hydrogen-bonded N-H stretching vibrations.
 
In 

chloroform, the stretching frequency was shifted to 3440 cm
-1

 characteristic of the free NH 

(For a reference, the NH stretching vibration of free NH group of secondary amides in dilute 

solution occurs around 3500-3400 cm
-1

. In the solid-state the NH band shifts to the lower 

frequency, typically 3350-3100 cm
-1

) [Silverstein et al. 1981]. In addition, the amide I band 

at 1638 cm
-1 

and amide II band at 1544 cm
-1

 indicate the H-bonded amide groups in the gel 

state. 
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Figure 2.7.  FT-IR Spectra of TTV4 in dilute chloroform solution and gel in decane. 

 

2.3.5. Morphological Studies 

 
               Self-assembly behavior of TTV1-4 was examined using TEM and AFM 

techniques. For this purpose, samples were drop casted from decane solution at 5 × 10
-5

 M 
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concentration on the required substrate. TEM images of TTV1-2 showed randomly clustered 

aggregates without any specific shape (Figure 2.8a and 2.8c). AFM image of TTV1 did not 

show any clear morphology whereas TTV2 showed particles of 0.5-1.0 µm in size.  

2 µm

2 µm

2 µm

a) b)

d)

2 µm

c)

 

Figure 2.8. TEM images of a) TTV1 and c) TTV2. AFM images of b) TTV1 and d) TTV2 at 5 × 10-5 M 

concentration from decane. 

 

  Interestingly, TEM and AFM images of TTV3 showed fibrous aggregates when 

drop casted from decane, the morphology of which is different from those of TTV1-2 

(Figure 2.9). This observation indicates the possible H-bond formation between the terminal 

carboxylic acid groups which facilitate one dimensional supramolecular polymerization 

leading to elongated fibres. Despite the formation of fibrous structures, it was surprising that 

TTV3 did not form gels. This observation implies that the fiber formation does not occur in 

the solution state as confirmed by the weak absorption spectral change (Figure 2.3e). Thus, 

in this case, the fibres might have formed on the substrate upon evaporation. However, 
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TTV4 showed thin, flexible, intertwined, and entangled network fibrous structures with 

diameter ranging from 50-200 nm and several micrometers in length as observed under TEM 

(Figure 2.10a). AFM images of TTV4 showed thin fibre formation with average height of 

20-60 nm and width of 50-200 nm and several micrometers in length (Figure 2.10b). The 

morphological analysis by TEM and AFM of TTV1-4 revealed that TTV4 with amide 

functional group forms supramolecular nanowires in solution leading to gelation. Figure 

2.11 represents the models of the self-assembly of TTV3 and TTV4. 

2 µm2 µm

a) b)

 
 
Figure 2.9. a) TEM and b) AFM images of TTV3 drop casted from decane solution (c = 5 × 10-5 M) at 

room temperature.  

 

2 µm

a)
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Figure 2.10. a) TEM and b) AFM images of TTV4 drop casted from decane solution (c = 5 × 10-5 M) at 

room temperature.  
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Figure 2.11. Models of the self-assembly of a) TTV3 and b) TTV4. 

 

2.3.6. X-ray Diffraction Measurements 

   X-ray diffraction (XRD) patterns of the xerogel obtained from TTV4 showed 

diffraction peaks with d-spacing of 34.5, 31.2, 20.3, 4.2 and 3.3 Å (Figure 2.12). The strong 

diffraction peak at 34.5 Å in the small angle region is close to the calculated molecular width 

(34.8 Å) in which the alkyl chains are almost in fully extended conformation. Another strong 

peak in the small angle region is at 31.2 Å which is very close to the calculated length (27.0 

Å) of the molecule. The broad signals with a d-spacing of 3.3 and 4.2 Å at the wide angle 

region may correspond to the π-π stacking distance and the alkyl chain packing distance of 

the TTV4 molecule in the xerogel state. From these diffraction peaks in the XRD, it can be 

concluded that TTV4 self-assembles in the xerogel in a lamellar fashion. In the lamellar 

phase, TTV4 adopts a planar structure in which aryl rings are almost coplanar and the alkyl 

chains are laterally extended with a complete stretching of side chains. In the case of TTV4, 

the lack of higher order diffraction peaks in the wide angle region points towards a low 
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degree of ordering in these systems which prevent the crystallization of these molecules 

from the solvents, instead leading to the gelation. 
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Figure 2.12. XRD pattern of TTV4 xerogel from decane (Inset: XRD pattern at small angle region). 

2.3.7. Charge-Carrier Mobility Studies: FP-TRMC and TAS Analyses 
 

               Insight into the charge carrier transport property of the gelator, TTV4 on smaller 

spatial scales, could be obtained from electrode-less flash-photolysis time-resolved 

microwave conductivity studies [Saeki et al. 2008]. Charge carriers were generated 

photolytically by adding N,N′-bis(2,5-di-tert-butylphenyl)-3,4,9,10-perylenedicarboximide 

(PDI) as an electron acceptor [Gosztola et al. 2000]. For these studies, 1 mM CHCl3 solution 

of PDI was mixed with TTV4 solution. The volume of PDI solution was changed so that 2, 

5, and 20 wt% PDI relative to 100 wt% TTV4 was incorporated in the mixed solution. The 

solutions were drop casted on quartz substrate and dried in vacuum oven. The conductivity 

was measured using TRMC and the results are shown in Figure 2.13a. It was found that 
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φΣµ values were progressively increased by addition of small amount of PDI, as a result of 

efficient electron transfer from TTV4 to PDI [Terao et al. 2009]. For a comparison of the 

mobility between amorphous and self-assembled films, the TTV4/PDI films were dissolved 

again in decane-CHCl3 mixed solvent and measured the conductivity. The data are shown in 

Figure 2.13b, which reveal that the φΣµ values are higher when compared to the values of 

the film obtained from CHCl3. The minimum charge-carrier mobilities (Σµmin) of TTV4 

films drop casted on quartz plates were determined by dividing φΣµ of TRMC by φ, where 

φ (quantum efficiency of charge carrier generation) was estimated from the transient 

absorption spectra (TAS) of PDI radical anion. The φ at the peak of each PDI fraction was 

estimated by TAS from the absorption of PDI radical anion using its reported extinction 

coefficient, according to the reported procedure [Gosztola et al. 2000]. In the present case, 

the observed transient absorption of TTV radical cation and PDI radical anion are relatively 

weak. The mobility was estimated indirectly, and it is described by the Ʃµmin. 
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Figure 2.13. FP-TRMC profiles of TTV4 films prepared with PDI from a) chloroform and b) n-

decane/chloroform (1:1 v/v) solutions. The color represents weight fraction of PDI relative to 100 wt% 

TTV4.  
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Figure 2.14. Transient absorption spectra (λex = 355 nm) of TTV4 films prepared with PDI from a) 

chloroform and b) n-decane/chloroform solutions. The color represents weight fraction of PDI relative 

to 100 wt% TTV4.  

 
                As seen in Figure 2.14b, the transient absorption intensities of TTV4 with PDI 

were decreased in n-decane/CHCl3 xerogel films. This observation indicates that the 

quantum efficiency of charge carrier generation (ϕ) is decreased because PDI may be 

entrapped in TTV4 assemblies. However, the TRMC transients (ϕƩµ) shown in Figure 2.13b 

is rather increased in spite of the decrease of ϕ indicating enhanced charge-carrier mobility 

in the mixed solvent. The absolute value of charge-carrier mobility is not determined in this 

study, due to the overlap of TTV4 radical cation and PDI radical anion and weak intensity of 

their TA spectra. We therefore mention only the “minimum” mobility. This minimum 

mobility was obtained by averaging the values over 2, 5, and 20 wt% of PDI (Table 2.2). 

The fluctuation of the value was ca. 15 %. For TTV4 films prepared by drop-casting of 

chloroform solutions, the Σµmin was ~1.5 × 10
-2

 cm
2
 V

-1
 s

-1
. Once the films were prepared 

from n-decane/chloroform (1:1 v/v), the Σµmin increased to 6.0 × 10
-2

 cm
2
 V

-1
 s

-1 
due to the 

formation of hydrogen bonded 1D assemblies. 



OTV Based Gels                                                                                                                                           64                                            

 

 

Table 2.2. FP- TRMC and TAS values of TTV4 in chlororform and n-decane/chloroform 

TTV4 in Chloroform TTV4 in decane/chloroform

PDI wt%     ϕ∑µ (m2/Vs)       ϕ ∑µmin (cm2/Vs)      ϕ∑µ (m2/Vs)         ϕ ∑µ min(cm2/Vs)

2             5.3 × 10-9          3.9 × 10-3            1.4 × 10-2             1.4 × 10-8               2.2 × 10-3         5.6 × 10-2   

5            1.1 × 10-8           6.7 × 10-3            1.6 × 10-2              2.1 × 10-8               2.7 × 10-3         6.7 × 10-2 

20           1.8 × 10-8           9.9 × 10-3            1.8 × 10-2              3.0 × 10-8               3.1 × 10-3         8.9 × 10-2 

 

In parenthesis, ϕƩµ is the transient conductivity obtained from TRMC profile. Here, ϕ is the quantum 

efficiency of charge carrier generation and Ʃµ is the sum of charge carrier mobilities. The minimum Ʃµ 

was obtained by dividing ϕƩµ of TRMC by ϕ . The Ʃµmin was averaged over the PDI concentrations 

from 2, 5, and 20 wt%. 

 

 2.4. Conclusions 

            In conclusion, a few thienylenevinylene derivatives (TTV1-4) have been synthesized 

and characterized. Among these derivatives, TTV3 with carboxylic end groups forms 1D 

supramolecular polymers whereas TTV4 having amide functional group self-assembles to 

supramolecular gels. UV-vis absorption spectral studies revealed that TTV4 forms hydrogen 

bonded H-type self-assembly. Interestingly TTV2 with hydroxyl end groups and TTV3 with 

carboxylic acid groups did not form gels in any of the solvents tested indicating that weak 

hydrogen bonds as in the case of TTV2 or 1D linear hydrogen bonds as in the case of TTV3 

do not favor gelation. From these observations it is inferred that a network type assembly 

formed by hydrogen bonding and π-stacking of TTV4 is responsible for gelation. The FP-

TRMC and TAS studies revealed that self-assembly and gelation play important roles in the 

charge-carrier mobility of TTV4. This study highlights the importance of having strong 

hydrogen bonded and π-stacked molecular assemblies in improving the electronic properties 

of π-systems.  
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2.5. Experimental Section 
 

2.5.1. Synthesis and Characterization 
 
      Unless otherwise stated, all starting materials and reagents were purchased from 

commercial suppliers and used without further purification. The solvents and the reagents 

were   purified and dried by standard methods prior to use. Melting points were determined 

with MEL-Temp-II melting point apparatus. 
I
H and 

13
C NMR spectra were measured on a 

300 MHz and 500 MHz Bruker Avance DPX spectrometer using TMS as an internal 

standard. FT-IR spectra were recorded on a Nicolet Impact 400D infrared spectrometer. 

Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectra were 

obtained on a AXIMA-CFR PLUS (SHIMADZU) MALDI-TOF mass spectrometer. High-

resolution mass spectra were recorded on a JEOL JM AX 505 HA mass spectrometer. UV-

vis spectra were recorded on a Shimadzu UV-3101 PC NIR scanning spectrophotometer. 

Synthesis of 3,4-didodecylthiophene (2) : To a suspension of magnesium turnings (0.5 g, 

20.8 mmol) in dry ether (20 mL), 1-bromododecane (8 mL, 

31.3 mmol) was added drop wise, keeping in an ice bath. The 

reaction mixture was then allowed to attain room temperature 

and stirred until the disappearance of magnesium. 3,4-

Dibromothiophene (1 mL, 8.93 mmol) was added followed by the addition of [1,3-

bis(diphenylphosphino) propane]-nickel(II)chloride (0.1 g, 0.18 mmol) in ether (50 mL) in 

drop wise to the reaction mixture. After refluxing for 24 h, the reaction mixture was poured 

into dilute hydrochloric acid (10%). The aqueous layer was extracted with ether and dried 

over anhydrous sodium sulphate. The solvent was removed under reduced pressure. The 

residue was purified by column chromatography (silica gel, hexane) to give a colorless 

liquid.  
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(Yield = 65%). 
1
H NMR (CDCl3, 300 MHz)  δ (ppm) = 6.87 (s, 2H),  2.54 (t, 4H, ) , 1.64-

1.57 (m, 4H), 1.39-1.31 (m, 36H), 0.92-0.88 (m, 6H); 
13

C NMR (CDCl3, 75 MHz)  δ (ppm) 

= 142.14, 141.93, 125.06, 123.79, 32.12, 31.96, 31.87, 29.93, 29.68, 29.40, 29.31, 27.26, 

22.62, 14.06;  GCMS (m/z) = 420.   

3,4-Didodecylthiophene-2-carbaldehyde (3): Compound (3) was prepared by Vilsmeier 

formylation of 2 (5 g, 11.9 mmol), using DMF (5.5 mL, 71.4 

mmol) and POCl3 (4.3 mL, 47.6 mmol) in dry 1,2 dichloroethane 

(40 mL). After refluxing for 2 h, the reaction mixture was cooled 

followed by the addition of 1 M sodium acetate. The mixture 

was then stirred for 1 h and the solution was extracted with DCM. The organic layer was 

separated out and dried over Na2SO4. The solvent was removed and the crude product was 

purified by column chromatography (yellow liquid).  

(Yield = 76%). 
1
H NMR (CDCl3, 300 MHz) δ (ppm) = 10.01 (s, 1H), 7.34 (s, 1H), 2.88 (t, 

2H), 2.54 (t, 2H ), 1.64 -1.57 (m, 4H), 1.39-1.31 (m, 36H), 0.92-0.88 (m, 6H); 
13

C NMR 

(CDCl3, 75 MHz) δ (ppm) = 183.59, 151.62, 143.16, 141.93, 32.12, 31.84, 29.56, 29.43, 

29.27, 29.24, 26.56, 22.62, 14.04; FAB-MS (m/z) = 450; FT-IR (KBr) = 701, 828, 921, 

1000, 1091, 1166, 1352, 1662, 2849 cm
-1

. 

3,4-Didodecylthiophene-2,5-dicarbaldehyde (4): To a solution of  compound (2)  (4.0 g, 

9.52 mmol) and tetramethylethylenediamine (TMEDA) (3.2 

mL, 28.6 mmol) in 10 mL of  hexane, was added 18 mL of n-

BuLi (1.6 M in hexane) under an inert atmosphere, and the 

mixture was refluxed for 30 min. After cooling to room 

temperature, THF (50 mL) was added and then the mixture was cooled to -40 °C, followed 
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by the drop wise addition of DMF (2.8 mL, 38.1 mmol). The solution was allowed to attain 

room temperature. It was then poured into 300 mL of 0.5 M aqueous HCl, and vigorously 

stirred for 15 min. After neutralization with 0.5 M NaHCO3, the aqueous phase was 

extracted with diethyl ether, the organic phase was washed with water and dried using 

anhydrous Na2SO4, and the solvent was evaporated. The residue was purified by column 

chromatography (silica gel, hexane/chloroform).  

(Yield: 45%). mp = 44-46 ºC. 
1
H NMR (CDCl3, 300 MHz) δ (ppm) = 10.11 (s, 2H), 2.88 (t, 

4H), 1.64-1.57 (m, 15H), 1.39-1.31 (m, 40H), 0.92-0.88 (m, 6H); 
13

C NMR (CDCl3, 75 

MHz) δ (ppm) = 183.59, 151.62, 143.16, 141.93, 32.12, 31.84, 29.56, 29.43, 29.27, 29.24, 

26.56, 22.62, 14.04; FAB-MS (m/z) : 477.59; FT-IR (KBr) = 690, 772, 801, 921, 1000, 

1091, 1166, 1352, 1468, 1664, 2891 cm
-1

. 

3,4-Didodecylthiophene-2,5-diyl)dimethanol (5): 4 (1 g, 2.16 mmol) was dissolved in 30 

mL of 1:1 CH2Cl2/MeOH. NaBH4 (0.2 g, 6.2 mmol) was added in 

portions to the reaction mixture and stirred for 30 min. After, 

removal of the solvent, the residue obtained was dissolved in 

chloroform and washed with water. The organic layer was 

separated out and dried over anhydrous Na2SO4. The solvent was removed under vacuum 

resulting in pure product.  

(Yield: 92%). mp = 105-107 ºC. 
1
H NMR (CDCl3, 300 MHz)  δ (ppm) = 4.72 (s, 4H), 2.53 

(t, 4H), 1.64-1.57 (m, 15H), 1.39-1.31 (m, 40H), 0.92-0.88 (m,6H); 
13

C NMR (CDCl3, 75 

MHz)  δ (ppm) = 141.93, 140.09, 136.24, 136.15, 58.16, 31.96, 31.87, 29.93, 29.68, 29.40, 

29.31, 27.26, 22.62, 14.06; FAB-MS (m/z) = 480.64; FT-IR (KBr) = 698, 784, 801, 921, 

1048, 1166, 1352, 2911, 3600 cm
-1

. 
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Tetraethyl-3,4-didodecylthiophene-2,5-diyl-diphosphonate (7): To a solution of (3,4-

didodecylthiophene-2,5-diyl)dimethanol (1 g, 2.08 mmol), 

in dichloromethane, PBr3 (80 µL) was added drop wise 

keeping the reaction mixture under an ice bath (-5 °C) for 4 

h in an inert atmosphere. After removal of the solvent, 

1equivalent of P(OEt3) was added to the residue and then refluxed at 120 
°
C for 12 h. The 

crude product was purified by column chromatography (Silica gel/methanol) to give a 

viscous yellow liquid. (Yield : 65%) 

1
H NMR (CDCl3, 300 MHz)  δ (ppm) = 4.12 (t, 4H), 3.27 (d, 4H),2.55 (t, 4H), 1.64-1.57 (m, 

4H), 1.39-1.31 (m, 40H), 0.92-0.88 (m,6H); 
13

C NMR (CDCl3, 75 MHz) δ (ppm) = 143.91, 

140.18, 136.24, 136.15, 65.16, 63.75, 63.50, 62.02, 58.25, 31.85, 30.53, 29.88, 29.62, 29.39, 

29.29, 27.17, 22.61, 17.94, 16.19, 15.98, 14.06; FAB-MS (m/z) = 722.34.  

2,2'-(1E,1'E)-2,2'-(3,4-didodecylthiophene-2,5-diyl)bis(ethene-2,1-diyl)bis(3,4didodecyl 

thiophene) (TTV1): To a mixture of 3 (0.63 g, 1.38 mmol) and 7 (0.5 g, 0.69 mmol) in 30 

mL of dry THF, t-BuOK (0.5 g, 4.14 

mmol) was added in portions under 

nitrogen atmosphere. The reaction mixture 

was then stirred for 3 h. After removal of 

the solvent under reduced pressure, the residue was dissolved in CH2Cl2 and washed with 

water. After extraction, the organic layer was separated out, dried over anhydrous Na2SO4. 

The solvent was removed under reduced pressure. The crude product was purified by 

column chromatography (silica gel/hexane). Yield  72%.  mp. 118-120 °C.  
1
H NMR 

(CDCl3, 300 MHz, TMS)  δ (ppm) = 6.97 (s, 4H), 6.75 (s, 2H), 2.61-2.45 (t, 12H), 1.59 (q, 

12H) 1.39-1.31 (m, 120H) , 0.89 (t, 18H); 
13

C NMR (CDCl3, 75 MHz) δ (ppm) = 142.38,  
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141.10, 140.27, 138.39, 136.08, 133.71,  118.84, 118.29,  30.92, 28.73, 28.69, 28.67, 28.65, 

28.60, 28.54, 28.47, 28.41, 28.37, 28.35, 21.68, 13.10; IR (KBr)  νmax = 720, 801, 861, 921, 

1026, 1083, 1261, 1377, 1466, 2851, 2922 cm
-1

; FAB-MS (m/z) = 1309.7; MALDI-TOF 

(m/z) = 1309.7 (calculated  mass = 1310.38). 

5,5'-(1E,1'E)-2,2'-(3,4-didodecylthiophene-2,5-diyl)bis(ethene-2,1-diyl)bis(3,4-didodecyl 

thiophene-2-carbaldehyde) (8): Compound (8) was prepared by Vilsmeier formylation of 

TTV1 (0.4 g, 0.3 mmol), using DMF 

(0.14 g, 1.8 mmol) and POCl3 (0.14 g, 

1.8 mmol) in dry 1,2 dichloromethane 

(40 mL). The reaction mixture was 

refluxed for 2 h. After cooling the reaction mixture, 1M sodium acetate was added for 

neutralization. The mixture was further stirred for 1h. Then, the solution was extracted with 

dichloromethane. The organic layer was separated out and dried over Na2SO4. The solvent 

was removed under reduced pressure and the product was purified by column 

chromatography using basic alumina (hexane/chlorofom 8:2). Yield = 72%, mp. 119-121 °C,  

1
H NMR (CDCl3, 300 MHz)  δ (ppm) = 9.97 (m, 2H), 7.22-7.17 (J = 16 Hz, d, 2H), 6.94-

6.88 (J = 12 Hz, d, 2H), 2.61-2.45 (t, 12H), 1.59 (q, 12H) 1.39-1.31 (m, 120H), 0.89 (t, 

18H); 
 13

C NMR (CDCl3, 75 MHz) δ (ppm) = 181.65, 152.65, 146.75, 143.96, 141.81, 

135.72, 122.46, 32.17, 31.47, 31.42, 31.27, 29.24, 27.25, 26.56, 22.66, 14.01; FT-IR (KBr) = 

711, 780, 811, 921, 1000, 1091, 1166, 1352, 1468, 1652, 2849, 2918, cm
-1

;
 
 FAB-MS (m/z) 

= 1364.37 (calclated mass = 1365.13). 
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(5,5'-(1E,1'E)-2,2'-(3,4-didodecylthiophene-2,5-diyl)bis(ethene-2,1-diyl)bis(3,4-didodecyl 

thiophene-5,2-diyl))dimethanol (TTV2): Compound (8) (0.1 g, 0.07 mmol) was dissolved 

in 30 mL of 1:1 CH2Cl2/MeOH and then 

NaBH4 (0.01 g, 0.21 mmol) was added 

portion wise to the reaction mixture with 

stirring for 30 min. After the solvent was 

removed under reduced pressure, the residue was dissolved in chloroform and washed with 

water. The organic layer was separated out, dried over Na2SO4 and the solvent was removed 

under vacuum. The product was precipitated by using CH2Cl2/MeOH. Yield  92%.  mp. 122-

123 °C,  
1
H NMR (CDCl3, 300 MHz)  δ (ppm) = 6.88 (s, 4H), 4.68 (s, 4H), 2.49 (t, 12H), 

1.59 (s, 12H), 1.39-1.31 (m, 120H), 0.89 (t, 18H); 
13

C NMR (CDCl3, 75 MHz) δ (ppm)  = 

141.53, 140.68, 140.61, 136.29, 135.22, 134.96, 119.74, 118.96, 58.46,  31.94, 31.42, 31.27, 

29.24, 29.68,29.49, 29.36,  27.25, 26.56, 22.66, 14.01; IR (KBr)  νmax = 716, 772, 798, 921, 

1000, 1091, 1166, 1352, 1468, 2849, 2918, 3400 cm
-1

; FAB-MS (m/z) = 1369.25; MALDI-

TOF (m/z) = 1371.8 (calculated  mass = 1370.43). 

(E)-3-(5-((E)-2-(5-((E)-2-(3,4-didodecyl-5-((E)-3-hydroxybuta-1,3-dienyl)thiophen-2-yl) 

vinyl)-3,4-didodecylthiophen-2-yl)vinyl)-3,4-didodecylthiophen-2-yl)acrylicacid(TTV3): 

To a mixture of 8 (0.15 g, 

0.108 mmol) and 2 

equivalents of 9 in 30 mL 

of dry THF, potassium tert-

butoxide was added in portions under nitrogen atmosphere. The reaction mixture was then 

stirred for 3 h. After removal of the solvent under reduced pressure, the residue was 

dissolved in CH2Cl2 and washed with water. After extraction, the organic layer was separated 
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out, dried over anhydrous Na2SO4 and the solvent was removed under reduced pressure. The 

crude product was converted to the corresponding acid by hydrolysis using KOH in 

Methanol/THF mixture. Yield  90%,  mp. 133-135 °C, 
1
H NMR (CDCl3, 300 MHz)  δ (ppm) 

= 7.93-7.88 (J = 15.5 Hz, d, 2H), 7.11-7.05 (J = 15.3 Hz, d, 2H), 6.99-6.94 (J = 15.5 Hz, d, 

2H), 6.17-6.12 (J = 15.0 Hz, d, 2H), 2.61-2.45 (t, 12H), 1.59 (q, 12H) 1.39-1.31 (m, 120H) , 

0.89 (t, 18H);
 13

C NMR (CDCl3, 75 MHz)  δ (ppm) = 171.65, 152.65, 148.20, 143.03, 

141.70, 140.52, 137.52, 135.72, 131.60, 122.06, 119.37, 116.96, 114.31, 108.23, 107.69, 

32.17, 31.47, 31.42, 31.27, 29.24, 27.25, 26.56, 22.66, 14.01; IR (KBr) νmax = 718, 801, 861, 

921, 1026, 1083, 1262, 1377, 1466, 1673, 1731, 2849, 2922, 3435 cm
-1

;  FAB-MS (m/z) = 

1449.92; MALDI-TOF (m/z) = 1449.92 (calculated  mass = 1450.47). 

(E)-3-(5-((E)-2-(5-((E)-2-(3,4-didodecyl-5-((E)-3-(ethylamino)buta-1,3-dienyl)thiophen-

2-yl)vinyl)-3,4-didodecylthiophen-2-yl)vinyl)-3,4-didodecylthiophen-2-yl)-N-ethylacryl 

amide (TTV4): To an ice cooled solution of TTV3 (0.15 g, 0.103 mmol), in dry chloroform 

(30 mL), ethylamine 

(0.011 g, 0.25 mmol) and 

HATU (0.08 g, 0.192 

mmol) were added. Then, 

diisopropylethylamine (0.056 g, 0.4 mmol) was added drop wise to the reaction mixture and 

stirred at room temperature for 12 h. After removal of the solvent, the residue was dissolved 

in chloroform and washed with water. After extraction with chloroform, the organic layer 

was separated and dried over Na2SO4. The solvent was evaporated under vacuum. The crude 

product was purified by column chromatography (basic alumina, (hexane/ethyl acetate 8:2) 

resulting in the pure product as a red solid compound. Yield  47 %,  mp.  138-140 °C, 
1
H 

NMR (CDCl3, 300 MHz)  δ (ppm) = 7.82-7.77 ( J = 14.9 Hz, d, 2H), 7.01 (d, 2H), 6.95-6.89 
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(J = 15.9 Hz, d, 2H), 6.12-6.07 (J = 14.9 Hz, d, 2H), 5.58 (t, 2H), 3.44 (t, 4H), 2.61-2.45 (t, 

12H), 1.59 (q, 12H) 1.39-1.31 (m, 120H) , 0.89 (t, 18H); 
13

C NMR (CDCl3, 75 MHz) δ 

(ppm) = 165.84, 146.60, 142.19, 141.60, 138.01, 135.31, 132.06, 131.93, 120.76, 119.23, 

118.19, 34.59, 31.90, 31.69, 31.27, 29.24, 27.25, 26.56, 22.66, 14.01; FT-IR (KBr) νmax = 

720, 816, 930, 1019, 1257, 1479, 1544, 1638, 2849, 2920, 3291 cm
-1

;  FAB-MS (m/z) = 

1504.50;  MALDI-TOF (m/z) = 1504.97 (calculated mass =1504.61). 

 
2.5.2. Description of Experimental Techniques 

Optical Measurements: Electronic absorption spectra of TTV1-4 were recorded on a 

Shimadzu UV-3101 PC NIR scanning spectrophotometer. Temperature dependent 

absorption studies were carried out either in a 0.1 cm or 1 cm quartz cuvette with a 

thermistor directly attached to the wall of the cuvette holder at a heating and cooling rate of 

2 °C /min.   

General procedure for gelation: The gelation studies were carried out as per reported 

procedures [George et al. 2005]. A definite amount of TTV4 was added to 1 mL of a 

required solvent in a glass vial and heated to dissolve the gelator. After cooling to ambient 

temperature, the vessel was turned upside down to verify the gel formation. The reversibility 

of the gelation was confirmed by repeated heating, and cooling. The critical gelator 

concentration of TTV4 was determined from the minimum amount of gelator required for 

the formation of gel at room temperature. The xerogels were prepared by removing the 

solvents under reduced pressure at room temperature. 

Gel Melting Temperature (Tgel) Determination: The Tgel values were determined by the 

dropping ball method [Murata et al. 1994]. In a dropping ball method, a steel ball was placed 

on the top of a 1mL volume of the gel in a glass vial of diameter (0.5 cm) and the vial was 
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sealed. Then the gel was slowly heated (2 °C/min) and the temperature at which the ball 

reaches the bottom of vial was taken as the gel-sol transition temperature (Tgel). 

Transmission Electron Microscopy (TEM): TEM studies were carried out using a FEI 

(TECNAI G
2
 30 S-TWIN) with an accelerating voltage of 100 kV. Samples were prepared 

by drop casting of decane solutions of TTV1-4 on to carbon coated copper grids at the 

required concentrations at ambient conditions. The solvent was removed under vacuum. 

TEM images were obtained without staining. 

Atomic Force Microscopy (AFM): Atomic Force Microscopy images were recorded under 

ambient conditions using a NTEGRA (NT-MDT) microscope operating with a tapping mode 

regime. Micro-fabricated TiN cantilever tips (NSG10) with a resonance frequency of 299 

kHz and a spring constant of 20-80 Nm
-1

 were used. AFM section analysis was done offline. 

Samples for the imaging were prepared by drop casting the TTV1-4 solution on silicon 

wafer at the required concentrations at ambient conditions. 

Flash-Photolysis Time Resolved Microwave Conductivity (FP-TRMC): Third harmonic 

generation (355 nm) of a Nd:YAG laser (5-8 ns pulse duration, Spectra Physics GCR-130, 

incident photon density to a sample was set to 9.5 × 10
15

 cm
-2

) was used as an excitation 

source for TRMC and transient absorption spectroscopy. The transient photoconductivity 

(�σ) was measured by TRMC using 3 mW X-band (~9.1 GHz) microwave. The obtained 

transient conductivity (�σ in S m
-1

) was converted to the product of the quantum yield: ϕ and 

the sum of charge carrier mobilities: (Ʃµ = µ++µ-), by ϕƩµ = �σ (eI0Flight)
-1

, where e, I0, and 

FLight are the unit charge of a single electron, incident photon density of excitation laser (in 

m
-2

), a correction (or filling) factor (in m
-1

), respectively. The FLight was calculated by taking 

into consideration the geometry and optical properties of the sample such as the size, laser 

cross-section, and absorption of the excitation laser. A white light continuum from a Xe 
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lamp was used as a probe light for TAS. The probe light was guided into a wide-dynamic-

range streak camera (Hamamatsu C7700) which collects two-dimensional image of the 

spectrum and time profiles of light intensity. The details of the system were reported 

previously. All the experiments were carried out at room temperature. PDI was used as an 

acceptor. The chloroform solutions of TTV4 and PDI were mixed according to the fraction 

of each weight, giving the mixed solutions of 0-20 wt% PDI relative to 100 wt% TTV4. The 

solutions were drop-casted on a quartz plate and dried in vacuum at 40 °C. After the TRMC 

and TAS measurements, the films were treated by n-decane/chloroform mixed solvent (1:1 

v/v) and dried in vacuum at 100 °C. TRMC and TAS of these films were performed again. 

The TAS showed the absorption of PDI radical anion and TTV4 radial cation at visible to 

near-infrared (ca. 600-850 nm).  
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Epitaxial Self-Assembly and High Conductivity  

of Oligo(thienylenevinylene) Molecular Gelators 
 

 

 
 
3.1. Abstract 

    Effect of conjugation length on the self-assembly, gelation and conducting 

properties of the oligo(thienylenevinylene) derivatives OTV1-3 are described. These 

molecules form hydrogen bond assisted 1D self-assembly leading to supramolecular 

gels. OTV3 with extended conjugation formed a strong gel when compared to the less 

conjugated OTV2 and OTV1. TEM analysis of the self-assemblies revealed the formation 

of elongated fibrous structures. Interestingly, AFM studies revealed that these gels 

exhibit the unique property of solution phase epitaxy leading to the alignment of fibres on 

mica surface. However, entangled micrometer sized fibres are formed on silicon wafer 

and HOPG substrates with diameter ranging from 50-200 nm in width and several 

micrometer in length. The electrical conductivity data revealed high conductivity for 

OTV3 after doping with iodine which indicates that the extended conjugation length and 

strong gelation in OTV3 have resulted in efficient charge carrier transport upon doping 

with iodine.  

 
 
3.2. Introduction 

 
                 Self-assembled organic nanostructures of semiconducting molecules which 

resemble the electronic properties of inorganic semiconductors are important in the field 
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of organic electronics [Forrest et al. 2004; Hoeben et al. 2005; Schenning et al. 2005; 

Ariga et al. 2008]. Supramolecular self-assembly is one of the promising approaches for 

the bottom-up fabrication of molecular materials [Service et al. 2002; Lehn et al. 2002; 

Kato et al. 2002; Sawamura et al. 2002; Ikkala et al. 2004; Ajayaghosh et al. 2005]. For 

example, molecular self-assembly from solution state often leads to the formation of one-

dimensional (1D) fibres [Shinkai et al. 1998; Würthner et al. 2004; Weiss et al. 2005]. 

This process has attracted attention because 1D fibrous solids, ranging from the 

submicrometer to nanometer scale are easily obtained by simple self-assembly through 

noncovalent interactions such as hydrogen bonding, van der Waals interactions, and π-π 

stacking in a variety of solvents. The network formation of the fibres in the solvents leads 

to the formation of physical gels [Abdallah et al. 2000]. Gels formed by electroactive 

groups are excellent candidates for the preparation of conducting supramolecular 

nanowires [Puigmartí-Luis et al. 2007].  

1

2

3

4

5

6

Dendron

Rod Coil

a)

c)

b)

 

Figure 3.1. a) General structure of the dendron-rod-coils. b) Photographs of 4 in toluene (left) and 

THF (right) under illumination with 365 nm light and c) AFM texture of 4 under electric field.  
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                  Stupp and co-workers have demonstrated the self-assembly of a series of 

linear π-conjugated molecules with dendron rod-coil architecture of oligo(thiophene), 

oligo(phenylenevinylene) and oligo(phenylene) (1-6) (Figure 3.1a) [Messmore et al. 

2004]. Morphological studies revealed that these molecules self-assemble into high 

aspect ratio ribbon-like nanostructures which induce gelation in nonpolar solvents at 

higher concentrations (Figure 3.1b). Self-assembly leads to three orders of magnitude 

increase in the conductivity of iodine-doped films of 1 and 4. Electric field alignment of 

these assemblies creates arrays of self-assembled nanowires on suitable substrates which 

is useful for the fabrication of electronic devices (Figure 3.1c).  

               Kawano et al. have reported redox responsive organogels based on 

oligothiophenes (7-9) bearing cholesteryl groups at both ends [Kawano et al. 2005]. 

These molecules have shown unique thermochromic properties during sol-gel transition 

in nonpolar solvents. The TEM images have displayed well-developed network 

structures composed of fibrous aggregates (Figure 3.2a-c). Moreover, the AFM images 

offered important evidence of unimolecular helical aggregates of 9 . 

a) b) c)

7;  n = 1
8;  n = 2

9;  n = 3  

R = 

 

Figure 3.2. TEM image of xerogels prepared from a) 7 (1.0 mM in 1,1,2,2-tetrachloroethane 

(TCE)), b) 8 (2.9 mM in TCE), and c) 9 (3.8 mM in TCE) . 
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   Amabilino and co-workers have made significant contributions in the field of 

conducting gels based on tetrathiafulvalenes (TTF) [Puigmurtí-Luis et al. 2007]. For 

example, the amide-functionalized TTF derivative 10 forms stable gels with high 

conductivity in decane or hexane. TEM images of the xerogel showed the presence of a 

complex network of fibres. Four-probe dc resistivity measurements have revealed an 

average conductivity (σ) of 3.5 × 10
-3

 S/cm at room temperature for the as-prepared 

doped xerogels. The I–V responses with semiconductor-like character are probably 

associated with a network of nanocontacts between these metallic wires (Figure 3.3b). 

These results showed the power of non-covalent bonds in the self-assembly processes 

that can lead to electrically conducting nanoscale supramolecular wires. The ease of the 

processing method makes it very appealing for applications in molecular electronics. 

a) b)a) b)

10

 

Figure 3.3. a) Current-sensing AFM image showing the current response of a doped and annealed 

xerogel of 10 on graphite. b) Representative I-V curves of different areas of the material which 

correspond to the numbered areas in image a.  

 

               In order to improve the electrical conductivity in self-assembled films, 

controlled orientation of organic semiconducting molecules is necessary [Liu et al. 
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2009]. To achieve the alignment of semiconducting molecules on surface, epitaxy 

approach is one of the best strategy [Yanagi et al. 2003; Koller et al. 2004; Cicoira et al. 

2006; Dienel et al. 2008]. When dealing with organic thin films, the term epitaxy refers 

to the growth of a crystalline film on the surface of a crystal substrate, if one of these two 

requirements are met: (1) the existence of a commensurate relationship between the 

crystal lattice of the molecular layer and that of the substrate; (2) in the case where the 

substrate and the film are incommensurate, the existence of a well-defined orientational 

relationship between the film and the substrate unit cell [Forrest et al. 1997; Sassella et 

al. 2007]. The molecular film order and the growth mode depend on many parameters 

(nature of the substrate, substrate temperature, deposition rate) and are determined by the 

balance between molecule-molecule and molecule-substrate interactions. It is well 

known that organic thin films grow epitaxially on alkali halide substrates by various 

deposition techniques such as molecular beam epitaxy and chemical vapor deposition 

process [Borghesi et al. 2001; Resel et al. 2003; Sassella et al. 2007].  Nakamura and co-

workers have reported the epitaxial growth of bis-tetrathiafulvalene substituted 

macrocycle and tetrafluorotetracyanoquinodimethane (11) (Figure 3.4) complex on mica 

substrate [Akutagawa et al. 2002]. AFM analysis showed nanowires, oriented to specific 

directions from a dilute aqueous potassium chloride subphase, corresponding to the 

directions of the potassium-ion array on the mica surface having a six fold symmetry 

(Figure 3.4a and b). The conductivity of the nanowires was estimated to be of the order 

of 10-3 Scm-1. The films showed a semiconducting behavior in the measurement of 

temperature-dependent conductivity. Wang et al. have developed weak epitaxial growth 

(WEG) approach, which allows the molecules to stand up on the substrate by reducing 

the interaction between organic molecules and inorganic substrates [Wang et al. 2007]. 

In this approach, a thin layer of the rod-like oligomer 13 (Figure 3.5) is first deposited on 

a substrate to form large monodomains (Figure 3.5a). Then a disk-like molecule, such as 
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zinc phthalocyanine (12), was deposited on top of 13. It was observed that oriented 

domains of 12 can be obtained in this way (Figure 3.5b and c). When compared with 

ZnPc films on SiO2 (Figure 3.5d), the grain size of single-crystalline domains of 12 on  

a)

b)

11; R = CH3

 

Figure 3.4. a) AFM (30 × 30 µm2) image of the nanowires on mica, formed by the horizontal lifting 

method deposited from 0.01 M KCl aqueous solution. b) AFM image of a nanowire junction. 

 
              
the surface of the molecule 13 is much larger. The results from electron diffraction study 

indicate incommensurate growth of 12 on 13. The 12 (30 nm)/13 (2 nm) OFETs 

exhibited mobilities as high as 0.32 cm2 V-1 s-1, which is of the same level as single-

crystal transistors with metal-phthalocyanine materials [Zeis et al. 2005; De Boer et al. 

2005].  

               In many cases, hierarchical self-assembly of 1D structures of organic molecules 

may lead to gelation of solvents, which allow the direct transfer of the self-assembled 

structures on to various substrates [Zhang et al. 2008; Palmer et al. 2008]. Using this 

approach organogels of semiconducting molecules comprising of electronically active 

nanowire networks with high electrical conductivity can be prepared for potential 

applications [Kitamura et al. 2005; Kitahara et al. 2005; Wang et al. 2005; Akutagawa et 

al. 2005; Würthner et al. 2005; Würthner et al. 2008; Puigmartí-Luis et al. 2008; 

Puigmartí-Luis et al. 2010]. Organogelators based on thiophene derivatives are relatively 
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a) b)

c) d)

12

13

 

Figure 3.5. AFM images (10 µm × 10 µm) of organic thin-films. a) 13 (2 nm) grown on SiO2, b) 12 

(3 nm) on  13 (2 nm), c) 13  (30 nm) on 12 (2 nm), and d) 13  (30 nm) on SiO2. 

 

very few despite the wide ranging application of this class of molecules in organic 

electronic devices [van Esch et al. 2000; Messmore et al. 2004]. In this context, 

oligo(thienylenevinylene) derivatives (OTVs) reported by Roncali et al. are appropriate 

to the design of conducting gels due to their favorable electronic and redox properties 

[Jestín et al. 2008]. OTV1 based conducting gel that forms hydrogen bonded networks 

with high charge carrier mobility is already described in Chapter 2 of this thesis. This 

study has prompted us to explore the possibility of thienylenevinylenes with different 

conjugation length, in search of organogelators with metallic conductivity which may be 

useful for electronic devices such as bulk heterojunction organic solar cells. Herein we 

present the synthesis, self-assembly, gelation and electrical conducting properties of a 

few molecular wires, OTV1-3, having molecular lengths of ca. 2.7-4.9 nm, which form 

amide hydrogen bond assisted 1D self-assembly leading to supramolecular gels with 

semiconducting to metallic conductivity (Chart 3.1). OTV1-3 having different 

conjugation length were synthesized from the corresponding thiophene derivative by 
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multi step procedures. These derivatives were characterized by 1H NMR, 13C NMR, 

MALDI-TOF and FT-IR spectroscopic techniques.
  

R′ = C2H5

R = C12H25

OTV1

OTV2

OTV3

37.5 A°

27.0 A°

49.2 A°  
                                                                                                                        

                 Chart 3.1 

 
3.3. Results and Discussions 

3.3.1. Synthesis of OTVs 

                  
                 Synthesis and characterization of OTV1 is reported in Chapter 2. OTV2 and 

OTV3 were prepared by a known synthetic strategy (Scheme 3.1 and 3.2). Compound 1 

was converted to 5-((E)-2-(5-((E)-2-(3,4-didodecylthiophen-2-yl)vinyl)-3,4-didodecylthi 

ophen-2-yl)vinyl)-3,4-idodecylthiophene-2-carbaldehyde (2a) and 5,5′-(1E,1′E)-2,2′-

(3,4-didodecylthiophene-2,5-diyl)bis(ethane-2,1-diyl)bis(3,4-didodecylthiophene-2-car 

baldehyde) (2b) by using Vilsmeier formylation reaction. Compounds 4 and 6, were 

synthesized from 2a and 2b respectively by treating with phosphonate esters 3 and 5 

followed by Wittig-Horner olefination and then converting into bisaldehydes 7 and 8 

using Vilsmeier formylation as shown in Scheme 3.1. Reaction of the 7 and 8 with the 
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phosphonate ester 9 followed by hydrolysis in basic media gave the corresponding 

carboxylic acid derivatives 10 and 11. OTV2 and OTV3 were obtained by the reaction 

of 10 and 11 with ethylamine using HATU as the coupling agent in 35% and 28% yields 

respectively.  These thienylenevinylene derivatives OTV2 and OTV3 were characterized 

by 
1
H NMR, 

13
C NMR, FAB-MS, MALDI-TOF-MS and FT-IR spectral analysis. In the 

1
H NMR spectra of OTV2, the vinylic protons appeared in the range of δ = 6.95-6.91 

ppm (J ~ 12 Hz), whereas in the case of OTV3, the vinylic protons appeared at δ = 6.98-

6.92 ppm (J ~ 18 Hz), indicating the presence of trans double bonds. 
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Scheme 3.1. Reagents and conditions: (a) POCl3, DMF, 1,2 DCE, 2 h, 70 °C, 68%; (b) t-BuOK, 

THF,  2 h, 30 °C, 74% ; (c) t-BuOK, THF,  2 h, 30 °C, 62% ; (d) POCl3, DMF, 1,2 DCE, 2 h, 70 °C, 

68%. (R = C12H25). 
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Scheme 3.2. Synthesis of OTV2 and OTV3. Reagents and conditions: (a) t-BuOK, THF,  2 h, 30 

°C, 94% ; (b) KOH, THF, MeOH, TFA, 4 h, 70 °C, 91% ;  (c) C2H5NH2, HATU, DIPEA, CHCl3, 12 h, 

30 °C. OTV2 (35%) and OTV3 (28%).   (R = C12H25). 

                

3.3.2. UV-vis Absorption Spectral Studies 

 
                 UV-vis absorption spectra of OTV1-3 were measured in chloroform and 

decane which are shown in Figure 3.6a and 3.6b respectively. In chloroform, OTV1-3 

(1.5 × 10
-4

 M) exhibited the π-π* transition bands at 501, 544 and 561 nm, respectively 

(Figure 3.6a). The gradual red-shift in the absorption maximum (∆λmax = 60 nm) is the 

result of the increasing conjugation length that allows delocalization of the π-electrons 

along the molecule. The absorption spectrum in chloroform did not show any 

considerable change with variation in concentration or temperature indicating that the 

molecules exist in the isotropic state. However, in decane (1.5 × 10
-4

 M), it showed blue-

shifted absorption maxima with red-shifted shoulder bands indicating aggregation of the 

molecules (Figure 3.6b). For example, the absorption maximum of OTV1 is blue shifted 

to 464 nm from 501 nm (∆λ = 37 nm) with the appearance of a shoulder band at 550 nm 
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when compared to the molecularly dissolved species in chloroform. OTV2 exhibited a 

blue shifted absorption maximum at 521 nm (∆λ = 23 nm) with a shoulder band at 626 

nm whereas OTV3 showed an absorption maximum at 549 nm (∆λ = 12 nm) with the 

shoulder band shifting to a higher wavelength region at 661 nm. These observations 

indicate H-type excitonic interaction in OTVs through the head-to-head 1D amide 

hydrogen bonding in decane. The aggregation of OTV1-3 is confirmed by temperature 

dependent UV-vis spectral studies in decane.
 
For example, OTV2 showed a red shift in 

the absorption maximum at 521 nm and the disappearance of the shoulder band at 626 

nm through an isosbestic point at 600 nm upon increasing the temperature from 20-70 °C 

(Figure 3.7a). A similar thermal transition of OTV3 absorption spectrum is shown in 

Figure 3.7b. The thermal stability of the self-assemblies of OTV1-3 is determined from 

the plots of the fraction of aggregates, as obtained from the temperature dependent 

absorption spectral changes. Figure 3.7c represents the melting transition curves for 

OTV1-3 with increase in temperature. The melting temperature of OTV1-3 were 

obtained at 48 °C, 55 °C and 60 °C respectively, which indicates that OTV3 aggregates 

have more stability when compared to that of OTV1 and OTV2. 
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Figure 3.6. Normalized absorption spectra of OTV1, OTV2, and OTV3 a) in chloroform and b) in 

decane.  
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Figure 3.7. Temperature dependent absorption spectra of a) OTV2 and b) OTV3 in decane. c) 

Plots of the fraction of aggregate (α) versus temperature monitored at 491 nm for OTV1, 539 nm 

for OTV2 and 561 nm for OTV3. Concentration of the solutions are kept at 1.5 × 10-4 M in all 

cases. 

 
3.3.3. Gelation Studies 

      The gelation properties of OTV1 is described in Chapter 2. OTV2 and OTV3 

exhibited similar gelation behavior in a variety of nonpolar solvents at concentrations 

above 0.4 mM. The color of the gels varies from red for OTV1 to purple for OTV2 and 

deep blue-black for OTV3 respectively (Figure 3.8a). The critical gelator concentration 

(CGC) to form a stable gel of OTV1 in decane is 0.98 mM whereas that of OTV2 and 

OTV3 is 0.66 and 0.44 mM, respectively and hence OTV3 belongs to the class of super 

gelators. A comparison of the gelation properties of OTV1-3 is presented in Table 3.1.  
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Table 3.1.   Gelation data of OTV1, OTV2 and OTV3 in polar and non-polar solvents 

SI. No.         Solvent       Nature of gel     

OTV1         OTV2         OTV3

(mM)          (mM)          (mM)

1.                 Decane G                0.98            0.66             0.44

2.             Cyclohexane G                1.22            0.84             0.56

3.                Benzene                  G                4.61            2.92             2.13 

4.                Toluene                   G                 5.29           3.34             2.43

5.              Chloroform              S                - - -

6.                Methanol              NS              - - -

7.                   DMSO                NS                   - - -

CGC

 

In parenthesis, G = gel, S = soluble and NS = not soluble at room temperature.  
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Figure 3.8. a) Photographs showing sol-gel transition of OTV1, OTV2 and OTV3 in decane at 

millimolar concentrations. b) Plot of the gel melting temperature (Tgel) against the concentration of 

the gelators. 

        The gel stabilities were determined from the plots of the gel melting 

temperature at different concentration of the gelator (Figure 3.8b). From these studies, 

Tgel of OTV1-3 were found as 68, 70 and 72 °C respectively, indicating a gradual 

increase in the thermal stability of the gels.  From Figure 3.8b it is clear that the Tgel for 
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OTV3 attain stability at a much lower concentration of 1.5 mM whereas for OTV1, a 

concentration of 3 mM was required. These results indicate that the higher conjugation 

length of OTV3 facilitates stronger π-stacking of the molecules resulting in more stable 

gels when compared to OTV1 and OTV2.  

 
3.3.4. Morphological Studies 

         Transmission electron microscopy images of OTV1-3 (5 × 10
-5

 M) self-

assemblies from decane solution, placed on carbon coated grids are shown in Figure 

3.9a-c. In these cases, entangled fibrous network structures with dimensions ranging 

from several nanometers in width to several micrometers in length are observed. This 

type of morphology is characteristics of 1D arrays of molecules leading to gels 

comprising of entangled fibres. These fibres have a width of 50-200 nm and several of 

them are bundled to form large structures. As evident from these images, the self-

assembled fibres of OTV1 appear to be more flexible whereas the fibres of OTV3 are 

more straight. The rigidity of the nanofilaments of OTV3 implies strong longitudinal π-

interaction of the lengthy conjugated gelator molecules and strong inter fibre interaction 

between the elementary 1D filaments. This type of self-assembled structures of 

molecular wires are expected to show high electrical conductivity due to efficient inter-

filament hopping of the charge carriers.  

a)

1 µm

b)

1 µm
1 µm

c)

1 µm

 
 

Figure 3.9. TEM images of a) OTV1, b) OTV2 and c) OTV3 from decane drop casted on carbon 

coated grid at room temperature (c = 5 × 10-5 M). 
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a) c)b)

 

Figure 3.10. SEM images of a) OTV1, b) OTV2 and c) OTV3 from decane drop casted at room 

temperature (c = 5 × 10-5 M). 

 

         SEM analysis of OTV1-3 (5 × 10
-5 

M) showed a fibrous morphology with 

dimensions ranging from 50-200 nm in width and several micrometers in length as 

shown in Figure 3.10a-c. AFM images of OTV1-3 drop casted from decane solutions (c 

= 1 × 10
-5

 M) on freshly cleaved mica surface revealed interesting morphological 

features for the self-assembled fibres (Figure 3.11a-f). In the case of OTV1, 

longitudinally aligned fibres are obtained whereas OTV3 exhibited short interconnected 

rod-like structures, several of which were aligned in parallel with trigonal shapes leading 

to several junction zones. The corresponding height profiles are shown in Figure 

3.11b,d,f. OTV2 also showed interconnected rod like structures. These types of 

structures are very rarely seen in the AFM images of organic molecules. These images 

indicates a rare case of a solution phase epitaxial self-assembly which is otherwise 

achieved by vapor phase deposition or by molecular beam epitaxy. In the case of OTV2, 

the epitaxial assembly could be seen on the bottom surface, on which large unoriented 

fibres could also be seen. Cross-sectional analysis of these fibres showed an average 

height of 20-60 nm after deducting the tip broadening effect. The width of the fibres 

varies between 50-200 nm. Interestingly, the self-assembly of OTV1-3 on surface is 

found to have strong influenced by the nature of substrate. For example, the AFM images 

on HOPG and silicon wafer surfaces exhibited entangled fibres as shown in Figure 3.12. 
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Figure 3.11. AFM images of (a,b) OTV1, (c,d) OTV2 and (e,f) OTV3 from decane dropcasted on 

freshly cleaved mica surface and corresponding section analysis as shown.  

 

             From these observations, it is clear that the mica surface has significant influence 

on the morphology of the self-assembled fibres [Samorí et al. 1999; Leclère et al. 2004]. 

This phenomenon is ascribed to the exposed K
+
 ions having a C6 symmetry on freshly 

cleaved mica [Akutagawa et al. 2002]. The self-assembled p-type OTVs may strongly 

interacts with the electron deficient K+ ions and align themselves to the directions of the 

cation array [Lau et al. 2009]. Epitaxial growth of organic molecules has been of great 
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importance in the design of electronic devices [Forrest et al. 1997]. There are reports 

pertaining to the epitaxial growth of thiophene derivatives on different substrates 

[Borghesi et al. 2001; Lau et al. 2006; Sassella et al. 2007].
 
In this context, the simple 

solution phase epitaxial self-assembly of OTVs observed here is of great significance. 

Moreover, the epitaxial self-assembly of OTV1-3 is found to be strongly dependent upon 

the concentration of the molecule. For example, upon increasing the concentration of the 

solution from 1 × 10
-5

 M to 1 × 10
-4

 M, OTV1 changes the morphology from one 

dimensionally aligned fibres to cross aligned network structures on mica surface whereas 

OTV3 exhibited random self-assembly into micrometer sized fibres (Figure 3.13). In 

addition, it is clear that the conjugation length of the molecule also play a significant role 

in the epitaxial self-assembly. This may be due to the fact that as the conjugation length 

increases the p-type character also increases which facilitates a strong interaction with 

the mica surface as noticed for OTV3. 

2 µm

a)

2 µm

b)

2 µm

c)

2 µm
2 µm 2 µm

d) e) f)

 
 

Figure 3.12. AFM images of (a,d) OTV1, (b,e) OTV2  and (c,f) OTV3 from decane dropcasted on 

highly ordered pyrolytic graphite (a-c) and silicon wafer (d-f) substrates at room temperature (c = 1 

× 10-5 M). Z-scale: a, b, c) 100 nm and d, e, f) 80 nm. 
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Figure 3.13. AFM images of OTVs from decane on freshly cleaved mica surface a) OTV1, b) 

OTV2 and c) OTV3 at 5 × 10-5 M. d) OTV1, e) OTV2 and f) OTV3 at 1 × 10-4 M.  Z-scale: a) 40 nm, 

b) 70 nm, c) 60 nm, d) 40 nm, e)100 nm and f)100 nm. 

 

3.3.5. Conductivity Studies 

 
              The electrical transport characteristics of these fibres were measured using the 

conducting probe atomic force microscopy (C-AFM) [Loiacono et al. 1998; Kelley et al. 

1999]. For this purpose, a metal coated cantilever–tip assembly was used as the scanning 

electrical contact and the force sensor to probe the topological and electrical signals. We 

have used the tapping mode to image the OTV fibres and employed an operator-

activated external circuit to switch to the contact mode for point contact electrical 

characterization of the preselected fibres. The I-V responses at different positions of the 

images were recorded and the representative I-V curves of OTV1-3 are shown in Figure 

3.14a and b. The as prepared OTV1 fibres behave almost like an insulator whereas 

OTV2 and OTV3 fibres exhibited conductivity in the range of semiconductors with wide 

gaps. The highest conductance of the fibre bundles of the undoped OTV3 having 40 nm 
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height was about 0.93 nS. In order to achieve high conductivity, it is necessary to create 

mixed valence state in the self-assembled fibres which will enhance the charge transport. 

Since the p-type OTVs are easily oxidisable upon doping with iodine vapors, the I-V 

responses were measured after doping which showed significant increase in the 

conductivity of the fibres (Figure 3.14b). From the AFM analysis, we have confirmed 

that the fibrous morphology of the xerogels is retained after doping (Figure 3.15a-d).
 
The 

C-AFM analysis of the iodine doped fibres of OTV1 and OTV2 showed enhanced 

semiconductivity whereas OTV3 fibres became close to metallic conductivity with a 

narrow gap after exposure for 5 minutes. The highest conductance obtained for OTV3 

gel fibre bundles, after doping, was about 7.1 nS which corresponds to the conductivity 

of 5.6 S/cm for a fibre height of 50-60 nm and tip contact radius of 70 nm. The high 

conductance of the charge transfer complex of OTV3 reflects the high concentration of 

the charge carriers upon iodine doping. The UV-vis-NIR spectra were recorded for each 

sample before and after doping for different intervals. To avoid the instrument error, 

spectra were recorded for the glass slides without sample. The UV-vis-NIR spectra of the 

OTV1-3 xerogel upon exposure to iodine vapor are shown in Figure 3.16a-c.  
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Figure 3.14. C-AFM measurements of OTV1-3 xerogels obtained from decane solution dropcasted 

on HOPG substrate (c = 1 × 10-4 M). I-V curves of undoped (a) and doped (b) xerogels of OTV1 

(1), OTV2 (2) and OTV3 (3) .  
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Figure 3.15. C-AFM measurements of OTV3 xerogels obtained from decane solution dropcasted 

on HOPG substrate (c = 1 × 10-4 M). Topography images before (a), and after iodine doping (b). 

The areas of measurements are marked on the inset and the corresponding I-V profiles are shown 

in (c and d). 

 
              The absorption spectra exhibited significant changes in presence of iodine 

vapors which are predominant in the case of OTV2 and OTV3. In the case of OTV3 

strong polaron/bipolaron bands at 850 nm, 1100 nm and 2300 nm could be observed 

(Figure 3.16c). The intensity of the polaron bands increases with the iodine exposure 

time and get saturated within 1h of exposure. The intensity and the absorption 

wavelength of the polaron bands were found to increase with increase in the conjugation 

length. Further analysis from FT-IR studies of OTV1-3 revealed a broad CT band around 

1000 and 4000 cm
-1

 when the xerogel was exposed to iodine vapor in a sealed container 

for 5 min, which indicates mixed valence state of OTVs in neutral and cationic radical 

states.  
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Figure 3.16. UV-vis-NIR spectra of a) OTV1, b) OTV2 and c) OTV3 in xerogel upon exposure to 

iodine vapors.   
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              This result suggests that electronic conduction may occur along the aligned 

fibres of OTVs. The steady state is reached in an hour after doping. No significant 

change was observed for a few days. The N-H and C=O stretching bands of the amide 

groups do not shift with iodine-doping, which shows that the doping does not change the 

hydrogen-bonded structure (Figure 3.17). This observation indicates that before and after 

iodine doping of the xerogels, molecularly assembled structures (topography) are not 

disturbed. These studies suggest that OTV3 has better electronic conduction in the fibres 

than those of OTV1 and OTV2 . 
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Figure 3.17. FT-IR spectrum of OTV3 in xerogel state before (i) and after (ii) iodine doping.  

 
 
               The bulk electrical conductivities of OTV1-3 xerogels on glass substrate before 

and after doping with iodine vapors were measured by four-probe dc resistivity method 

(Table 3.2). The room temperature conductivity (σ) of the as prepared OTV1-3 films are 

4.8 × 10
-6

, 6.4 × 10
-4

 and 4.83 × 10
-2

 S/cm, respectively. The conductivity has been 

significantly enhanced (an order of two magnitude increase) to the range of 6 × 10-4, 1.02 
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× 10-2 and 4.8 S/cm for OTV1-3, respectively after doping. These data revealed that 

OTV3 xerogel fibres behave like metallic wires in conductivity after doping which 

indicates that extended conjugation length and strong gelation in  OTV3 have resulted in 

the efficient charge carrier generation  upon doping.  

Table 3.2. Four-probe (electrical) conductivity (S/cm) measurements of OTV1, OTV2 and OTV3 

xerogels before and after doping a 

Gelator Before doping (σσσσ)  After doping (σσσσ)

OTV1

OTV2

OTV3

4.8 × 10-6

6.45 × 10-4

4.83 × 10-2

6.03 × 10-4

1.02 ×10-2

4.83

 
 
       a The values  are average of three independent  measurements. The thickness of the films 

varied between 18-27 µm. 

 
3.4. Conclusions 

 

          In summary, we have demonstrated the synthesis, gelation and electronic 

properties of thienylenevinylene derived molecular wires with different conjugation 

length. Increase in conjugation length has remarkable influence on the self-assembly, 

morphology and the conducting properties of these gelators. Microscopic analysis 

revealed that these gels exhibit the unique property of solution phase epitaxy leading to 

the alignment of fibres on mica surface. Electrical conductivity of these new p-type 

semiconduting gels could be improved to metallic range by increasing the conjugation 

length and by doping. The bulk electrical conductivity of 4.8 S/cm observed for the 

doped OTV3 xerogel which is one of the highest values reported so far for a molecular 

gelator. This new class of metallic gels comprising of 1D nanowires are expected to 
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generate interests among scientists working in the field of organic materials for 

electronics and photonics applications. 

 

3.5. Experimental Section 

3.5.1. Synthesis and Characterization 

                  Unless otherwise stated, all starting materials and reagents were purchased 

from commercial suppliers and used without further purification. The solvents and the 

reagents were   purified and dried by standard methods prior to use. Details of the 

instrumental techniques used for characterization of molecules are described in the 

experimental section (section of 2.5.1.) of Chapter 2. Preparation, yield, melting point, 

and spectral details of each product are given below. 

Synthesis of (3,4-didodecylthiophen-2-yl)methanol: 3,4-Didodecylthiophene-2-

carbaldehyde (1 g, 2.16 mmol) was dissolved in 30 mL of 1:1 

CH2Cl2/MeOH. NaBH4 (0.2 g, 6.2 mmol) was added in 

portions to the reaction mixture and stirred for 30 min. After 

removal of the solvent, the residue was dissolved in 

chloroform and washed with water. The organic layer was separated out and dried over 

anhydrous Na2SO4. The solvent was removed under vacuum resulting in an yellow liquid 

(Yield = 92%). 1H NMR (CDCl3, 300 MHz)  δ (ppm) = 6.84 (m, 1H), 4.72 (s, 2H), 2.55-

2.45 (t, 4H), 1.64-1.57 (m, 15H), 1.39-1.31 (m, 40H), 0.92-0.88 (m, 6H); 13C NMR 

(CDCl3, 75 MHz) δ (ppm) = 141.93, 140.09, 136.24, 136.15, 58.16, 31.96, 31.87, 29.93, 

29.68, 29.40, 29.31, 27.26, 22.62, 14.06;  FAB-MS (m/z) = 431.64.   

Diethyl(3,4-didodecylthiophen-2-yl)methylphosphonate: To a solution of (3,4-

didodecylthiophen-2-yl)methanol (1 g, 2.08 mmol), in dichloromethane, under an ice 

bath (-5 
°
C) PBr3 (0.08 mL) was added drop wise for 4 h in inert atmosphere. After 

removal of the solvent, 1 equivalent of P(OEt3) was added to the residue and then 
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refluxed at 120 °C for 12 h. The crude product was 

purified by column chromatography (silica gel/methanol). 

(Yield : 65%) 

1H NMR (CDCl3, 300 MHZ) δ (ppm) = 6.73 (m, 1H), 

4.12-4.09 (t, 4H), 3.27 (d, 2H), 2.46 (t, 4H), 1.64-1.57 (m, 4H), 1.39-1.31 (m, 40H), 0.92-

0.88 (m, 6H); 13C NMR (CDCl3, 75 MHz) δ (ppm) = 143.91, 140.18, 136.24, 136.15, 

65.16, 63.75, 63.50, 62.02, 58.25, 31.85, 30.53, 29.88, 29.62, 29.39, 29.29, 27.17, 22.61, 

17.94, 16.19, 15.98, 14.06;  FAB-MS (m/z) = 588.09.  

Synthesis of 2a: Compounds 2a was prepared by Vilsmeier formylation of 1 (0.4 g, 0.3 

mmol), using DMF (0.13 

mL, 1.8 mmol) and POCl3 

(0.12 mL, 1.2 mmol) in dry 

1,2-dichloroethane (40 mL). 

The reaction mixture was 

refluxed for 2 h. After cooling the reaction mixture, 1 M sodium acetate was added for 

neutralization. The mixture was further stirred for 1 h. Then the solution was extracted 

with dichloromethane. The organic layer was separated out and dried over Na2SO4. The 

solvent was removed to get the crude products 2a which was purified by column 

chromatography using basic alumina (hexane/chlorofom 9:1 for compound 2a). Yield = 

68%, mp. 118-120 °C, 1H-NMR (CDCl3, 300 MHz)  δ (ppm) = 9.97 (m, 1H), 7.01-6.95 

(J=15 Hz, d, 2H), 6.77-6.72 (J = 15 Hz, d, 2H), 6.48 (m, 1H), 2.61 (t, 12H), 1.57 (q, 

12H), 1.26 (m, 120H), 0.88 (t, 18H); 
 13

C NMR (CDCl3, 75 MHz) δ (ppm) = 182.55, 

146.55, 142.93, 141.86, 135.56, 127.91, 123.70, 31.93, 31.33, 31.42, 29.74, 29.38, 26.99, 

22.70, 14.14; FT-IR (KBr) νmax = 720, 801, 861, 921, 1026, 1083, 1261, 1377, 1466, 

1652, 2851, 2922 cm
-1

;  FAB-MS (m/z) : 1337.21 (Found), 1337.13 (Calcd). 

S

C12H25 C12H25

P
OEt

OEt

O
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Synthesis of 4: Compound 4 was synthesized by the Wittig-Horner olefination of 

compound 2b with diethyl (3,4-didodecylthiophen-2-yl)methylphosphonate. To a 

mixture of 2b (0.17 g, 0.13 mmol) and diethyl (3,4-didodecylthiophen-2-

yl)methylphosphonate (0.15 g, 0.25 mmol) in 30 mL of dry THF, t-BuOK (0.09 g, 0.99 

mmol) was added in portions under nitrogen atmosphere. The reaction mixture was then 

stirred for 3 h. After removal of the solvent under reduced pressure, the residue was 

dissolved in CH2Cl2 and washed with water. After extraction, the organic layer was 

separated out and dried over anhydrous Na2SO4 and the solvent was removed under 

reduced pressure. The crude product was purified by column chromatography (silica 

gel/hexane). Yield  72%,  mp. 122-125 °C, 
1
H NMR (CDCl3, 300 MHz, TMS)  δ (ppm) = 

6.97 (s, 8H), 6.75 (s, 2H), 2.59-2.48 (t, 20H), 1.59 (q, 28H), 1.26 (m, 180H), 0.89 (t, 

40H); 
13

C NMR (CDCl3, 75 MHz) δ (ppm) = 142.38, 141.10, 140.27, 138.39, 136.08, 

133.71,  118.84, 118.29,  99.97, 95.60, 92.76, 30.92, 28.73, 28.69, 28.67, 28.65, 28.60, 

28.54, 28.47, 28.41, 28.37, 28.35, 21.68, 13.10; FT-IR (KBr)  νmax = 719, 801, 861, 921, 

1026, 1083, 1261, 1377, 1465, 2851, 2918 cm
-1

; MALDI-TOF (m/z) = 2198.14 

(calculated  mass = 2198.90). 

 

 

 

 

Synthesis of compound 6: To a solution of 2a (0.2 g, 0.27 mmol) and diethyl (3,4-

didodecylthiophen-2-yl)methyldiphosphonate (0.05 g, 0.14 mmol) in 30 mL of dry THF, 

t-BuOK (0.06 g, 2.97 mmol) was added in portions under nitrogen atmosphere. The 

reaction mixture was then stirred for 3 h. After removal of the solvent under reduced 

pressure, the residue was dissolved in CH2Cl2 and washed with water. After extraction, 
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the organic layer was separated out and dried over anhydrous Na2SO4. The solvent was 

removed under reduced pressure. The crude product was purified by column 

chromatography (Silica gel/hexane). Yield = 52%.  mp. 130-132 °C.  
1
H NMR (CDCl3, 

500 MHz, TMS)  δ (ppm) = 6.97 (s, 12H), 6.75 (s, 2H), 2.59-2.45 (t, 28H), 1.56 (q, 40H), 

1.26-1.18 (m, 285H), 0.89 (t, 49H); 13C NMR (CDCl3, 125 MHz) δ (ppm) = 146.62, 

142.36, 141.85, 141.67, 138.23, 136.02, 135.53, 135.19, 134.70, 132.13, 121.05, 119.92, 

119.50, 118.94, 118.14, 117.04, 99.97, 95.60, 92.76, 34.59, 31.93, 31.70, 31.28, 29.74, 

29.68, 29.48, 29.38, 27.12, 22.68, 14.95, 14.08;  FT-IR (KBr)  νmax = 720, 801, 861, 921, 

1026, 1083, 1261, 1377, 1466, 2851, 2922 cm-1 ; MALDI-TOF (m/z) = 3089.14 

(calculated  mass = 3089.57). 

 

Synthesis of 7: Compounds 7 was prepared by Vilsmeier formylation of 4 (0.2 g, 0.09 

mmol), using DMF (0.03 mL, 0.4 mmol) and POCl3 (0.02 mL, 0.6 mmol) in dry 1,2- 

dichloroethane (40 mL). The reaction mixture was refluxed for 2 h. After cooling the 

reaction mixture, 1 M sodium acetate was added for neutralization. The mixture was 

further stirred for 1 h. The organic layer was extracted with dichloromethane and dried 

over Na2SO4. The solvent was removed to get the crude product which was purified by 

column chromatography using basic alumina (hexane/chlorofom 9:1 for compound 7). 

Yield = 68%, mp. 127-129 °C, 
1
H NMR (CDCl3, 500 MHz)  δ = 9.97 (m, 2H), 7.00-6.97 

(J = 9 Hz, d, 4H), 6.92-6.79 (J = 15 Hz, d, 4H), 2.87-2.61 (t, 20H), 1.57 (q, 17H), 1.26 

(m, 122H) , 0.85 (t, 39H); 
13

C-NMR (CDCl3, 125 MHz) δ (ppm) = 182.55, 146.62, 
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142.36, 141.85, 141.67, 138.23, 136.02, 135.53, 135.19, 134.70, 132.13, 121.05, 119.92, 

119.50, 118.94, 118.14, 117.04, 99.97, 95.60, 92.76, 34.59, 31.93, 31.70, 31.28, 29.74, 

29.68, 29.48, 29.38, 27.12, 22.68, 14.95, 14.08; FT-IR (KBr) νmax = 720, 801, 861, 921, 

1026, 1083, 1261, 1377, 1466, 1652, 2851, 2922 cm
-1 

; MALDI-TOF-MS (m/z) = 

2257.25 (Found), 2255.59 (Calcd). 

 

Synthesis of 8: Compounds 8 was prepared by Vilsmeier formylation of 6 (0.15 g, 0.05 

mmol), using DMF (0.02 mL, 0.3 mmol) and POCl3 (0.02 mL, 0.2 mmol) in dry 1,2-

dichloroethane (40 mL) as described in the synthesis of compound 7.  

Yield = 68%, mp. 128-131 °C, 1H NMR (CDCl3, 500 MHz)  δ (ppm) = 9.97 (m, 2H), 

7.01-6.98 (J = 9 Hz, d, 10H), 6.96-6.91 (J = 15 Hz, d, 2H), 2.84-2.60 (t, 28H), 1.59 (q, 

37H), 1.26 (m, 300H) , 0.865 (t, 50H); 
 13

C NMR (CDCl3, 125 MHz) δ (ppm) = 183.15, 

146.62, 142.36, 141.85, 141.67, 138.23, 136.02, 135.53, 135.19, 134.70, 132.13, 121.05, 

119.92, 119.50, 118.94, 118.14, 117.04, 99.97, 95.60, 92.76, 34.59, 31.93, 31.70, 31.28, 

29.74, 29.68, 29.48, 29.38, 27.12, 22.68, 14.95, 14.08;  FT-IR (KBr) νmax = 720, 801, 

861, 921, 1026, 1083, 1261, 1377, 1466, 1652, 2851, 2922 cm-1; MALDI-TOF-MS (m/z) 

= 3143.45 (Found) (calculated mass = 3144.65). 
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Synthesis of Compound 10: To a mixture of 7 (0.15 g, 0.058 mmol) and 9 (0.02 g, 0.16 

mmol ) in 30 mL of dry THF, t-BuOK (0.05 g, 0.24 mmol) was added in portions under 

nitrogen atmosphere. The reaction mixture was then stirred for 3 h. After removal of the 

solvent under reduced pressure, the residue was dissolved in CH2Cl2 and washed with 

water. After extraction, the organic layer was dried over anhydrous Na2SO4 and the 

solvent was removed under reduced pressure. The crude product was directly converted 

to the corresponding acid by hydrolysis using KOH in Methanol/THF mixture. Yield  

90%.  mp. 133-135 °C, 
1
H NMR (CDCl3, 500 MHz, TMS)  δ (ppm) = 7.94-7.89 (J = 15.5 

Hz, d, 2H), 7.11-7.05 (J = 15.3 Hz, d, 6H), 6.99-6.94 (J = 15.5 Hz, d, 2H), 6.17-6.12 (J = 

15.0 Hz, d, 2H), 2.86-2.61 (t, 20H), 1.59 (q, 28H), 1.39-1.31 (m, 190H), 0.89 (t, 39H);
 

13
C NMR (CDCl3, 125 MHz) δ (ppm)= 171.82, 145.61, 141.35, 140.76, 140.51, 137.17, 

134.96, 134.83, 134.36, 133.89, 131.12, 130.85, 119.99, 118.73, 118.43, 118.05, 117.17, 

33.59, 30.92, 30.69, 30.33, 30.25, 30.19, 28.74, 28.67, 28.47, 28.37, 26.26, 26.09, 21.68, 

14.95, 14.08; IR (KBr) νmax = 718, 801, 861, 921, 1026, 1083, 1262, 1377, 1466, 1673, 

1731, 2849, 2922, 3435 cm
-1

;  MALDI-TOF-MS (m/z) = 2338.34 (Found) (calculated  

mass = 2340.07). 

 

Synthesis of compound 11: The same experimental procedure as in the case of 

compound 10 was followed for the synthesis of compound 11. Yield  90%.  mp. 137-139 

°C, 
1
H NMR (CDCl3, 500 MHz, TMS)  δ (ppm) = 7.93-7.88 (J = 15.5 Hz, d, 2H), 7.05-

6.99 (J = 15.3 Hz, d, 10H), 6.99-6.94 (J = 15.5 Hz, d, 2H), 6.17-6.12 (J = 15.0 Hz, d, 

2H), 2.65-2.45 (t, 28H), 1.59 (q, 37H), 1.39-1.31 (m, 280H), 0.89 (t, 48H);
 13

C NMR 
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(CDCl3, 125 MHz) δ (ppm)= 170.83, 146.62, 142.36, 141.85, 141.67, 138.23, 136.02, 

135.53, 135.19, 134.70, 132.13, 121.05, 119.92, 119.50, 118.94, 118.14, 117.04, 99.97, 

95.60, 92.76, 34.59, 31.93, 31.70, 31.28, 29.74, 29.68, 29.48, 29.38, 27.12, 22.68, 14.95, 

14.08;  IR (KBr) νmax = 718, 801, 861, 921, 1026, 1083, 1262, 1377, 1466, 1673, 1731, 

2849, 2922, 3435 cm-1;  MALDI-TOF-MS (m/z) = 3227.46 (Found) (calculated  mass = 

3229.60). 

 

Synthesis of OTV2: To an ice cooled solution of 11 (0.15 g, 0.047 mmol), in dry 

chloroform (30 mL), ethylamine (0.01 mL, 0.141 mmol) and HATU (0.06 g, 0.141 

mmol) were added. Then diisopropylethylamine (0.02 mL, 0.188 mmol) was added drop 

wise to the mixture and stirred at room temperature for 12 h. After removal of the 

solvent, the residue was dissolved in chloroform and washed with water. The organic 

layer was separated and dried over Na2SO4. Solvent was evaporated under vacuum. The 

crude product was purified by column chromatography (Basic Alumina, hexane/ethyl 

acetate 8:2) to give the pure black solid compound (OTV2). Yield = 35%, mp. 141-143 

°C, 1H NMR (CDCl3, 500 MHz) δ (ppm)= 7.82-7.77(J = 15 Hz, d, 2H), 7.04-6.97 (J = 18 

Hz, d, 6H), 6.95-6.91 (J = 12 Hz, d, 2H), 6.11-6.06 (J = 15 Hz, d, 2H), 5.35 (t, 2H), 3.42 

(t, 4H), 2.59-2.38 (t, 24H), 1.55 (q, 24H), 1.36-1.20 (m, 250H), 0.87 (t, 35H); 13C NMR 

(CDCl3, 125 MHz) δ (ppm) = 164.82, 145.61, 141.35, 140.76, 140.51, 137.17, 134.96, 

134.83, 134.36, 133.89, 131.12, 130.85, 119.99, 118.73, 118.43, 118.05, 117.17, 33.59, 

30.92, 30.69, 30.33, 30.25, 30.19, 28.74, 28.67, 28.47, 28.37, 26.26, 26.09, 21.68, 13.95, 
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13.08; FT-IR (KBr) νmax = 716, 910, 1019, 1257, 1356, 1473, 1544, 1645, 2849, 2920, 

3289, 3440 cm
-1

; MALDI-TOF-MS (m/z) = 2394.16 (Found)   (calculated mass = 

2394.20). 

 

Synthesis of OTV3: The experimental procedure used for the preparation of OTV3 was 

adopted for the synthesis of OTV2. Yield =  28%,  mp. 145-147 
°
C, 

1
H NMR (CDCl3, 

500 MHz)  δ (ppm)= 7.82-7.77 (J = 15 Hz, d, 2H), 7.09-7.03 (J = 18 Hz, d, 10H), 6.98-

6.92 (J = 18 Hz, d, 2H), 6.10-6.05 (J = 15 Hz, d, 2H), 5.37 (t, 2H), 3.36 (t, 4H), 2.52-

2.10 (t, 12H), 1.53 (q, 12H), 1.33-1.15 (m, 386H), 0.83 (t, 51H);
 13

C NMR (CDCl3, 125 

MHz) δ (ppm)= 165.83, 146.62, 142.36, 141.85, 141.67, 138.23, 136.02, 135.53, 

135.19, 134.70, 132.13, 121.05, 119.92, 119.50, 118.94, 118.14, 117.04, 99.97, 95.60, 

92.76, 34.59, 31.93, 31.70, 31.28, 29.74, 29.68, 29.48, 29.38, 27.12, 22.68, 14.95, 

14.08; FT-IR (KBr) νmax = 716, 773, 924, 1019, 1257, 1457, 1544, 1645, 2855, 2920, 

3289, 3418 cm
-1

;  MALDI-TOF-MS (m/z) = 3283.07 (Found) (calculated mass = 

3283.80).   
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3.5.2. Description of Experimental Techniques 

               Electronic absorption spectra were recorded on a Shimadzu UV-3101 PC NIR 

scanning spectrophotometer. Temperature dependent studies were carried out either in a 

0.1cm or 1 cm quartz cuvette with a thermistor directly attached to the wall of the cuvette 

holder. Gelation studies of OTV1-3 were performed as reported in Chapter 2. Gels were 

prepared in glass vials of 0.5 cm diameter using the required amount of the gelator in 1 

mL of hexane, decane, dodecane etc. followed by heating and then cooling to room 

temperature. Semi transparent gels with orange, purple and dark colors were obtained. 

The gel melting temperatures were determined by the dropping ball method.  

Transmission Electron Microscopy (TEM): TEM measurements were carried out 

using FEI (TECNAI G
2
 30 S-TWIN) with an accelerating voltage of 100 kV. Samples 

were prepared by drop casting of decane solutions of OTV1-3 on to carbon coated 

copper grids at the required concentrations at ambient conditions. The solvent was 

removed under vacuum. TEM images were obtained without staining. 

Scanning Electron Microscopy (SEM): SEM studies were carried out on a JEOL 5600 

LV scanning electron microscope with an accelerating voltage of 10 kV, or a Hitachi S 

2008 at an accelerating voltage of 15 kV. The SEM samples were prepared by 

transferring the solutions of OTVs onto a copper grid. The samples were allowed to dry 

under vacuum conditions. 

Atomic Force Microscopy (AFM): Atomic Force Microscopy images were recorded 

under ambient conditions using a NTEGRA (NT-MDT) operating with a tapping mode 

regime. Micro-fabricated TiN cantilever tips (NSG10) with a resonance frequency of 299 

kHz and a spring constant of 20-80 Nm
-1

 were used. AFM section analysis was done 

offline. Samples for the imaging were prepared by drop casting the OTV1-3 solution on 
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freshly cleaved mica, highly ordered pyrolytic graphite (HOPG) or silicon wafer 

substrates at the required concentrations at ambient conditions. 

Current Sensing (Conductive) Atomic Force Microscopy (C-AFM): We have used 

the tapping mode to image the OTV samples   with a resonance frequency of 224 kHz 

and a spring constant of 6-22 Nm
-1

. Micro-fabricated diamond coating was doped with 

nitrogen cantilever tips (DCP11) and employed an operator-activated external circuit to 

switch to contact mode for point contact electrical characterization of the selected 

positions. After completion of the measurement, we have deactivated the external circuit 

to return to the tapping mode feedback. This procedure prevents damage to the OTV 

fibres and the metal coated tips by avoiding the frictional wear associated with the 

contact mode imaging. Samples for the imaging and electrical properties were prepared 

by drop casting the OTV1-3 solution on HOPG at the required concentrations at ambient 

conditions. Conductance was measured on the bundled fibres at different positions before 

and after exposing to iodine vapors at different intervals. The value of the conductivity 

(σ) was calculated from the equation 

                                                               σ = d/(AtR) S/cm 

where σ is the conductivity, and d is the film thickness (~ 50-60 nm). At is the area of the 

C-AFM probe in contact with the surface. ‘At’ was computed as πr
2
, assuming that the 

contact radius between tip and sample is 70 nm. R is the resistance of the sample, 

estimated from the inverse slope of the I-V curve. 

Four-Probe dc resistance measurements: For conductivity measurements, xerogels 

were prepared on glass slides from the OTV1-3 samples. Then xerogels were put on the 

base plate of the four probe arrangement. The probes were placed on the flat surface of 

the film. Current was passed through the two outer electrodes, and the floating potential 

was measured across the inner pair. In this measurement, a known current was applied 

and the potential across the probes was determined. This experiment was repeated three 
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times and the average resistance values were taken.  The value of the resistivity (ρ) was 

calculated from the equation 

                                              ρ = (V / I) × πt/ln2 

where t = thickness of the film. (Thickness of the film was measured by ellipsometric 

technique. For OTV1, t = 18 µm, OTV2, t = 27 µm, and OTV3, t = 18 µm respectively). 

The conductivity (σ) was calculated from the equation, σ = 1 / ρactual (S/cm). 
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Interaction of p-Type Gelators with n-Type 

Semiconductors: Co-assembly, Morphology and 

Charge Carrier Properties 
 

 

 

4.1. Abstract 

               Detailed studies on the co-assembly, morphology, substrate interaction, and 

charge-carrier mobilities of the p-type thienylenevinylenes gelators (TV1-4) with the n-

type perylene bisimide (PBI) semiconductor have been carried out. AFM and TEM 

investigations of the co-assembly on mica and silicon wafer surfaces revealed that the 

co-assembly leads to a distinct morphology which is different from the individual self-

assemblies. This observation rules out macroscopic phase separation between the two 

components. Charge generation of the co-assemblies were measured using Kelvin probe 

force microscopy (KPFM) and FP-TRMC. KPFM analysis revealed that the surface 

potential exhibits more negative values for the self-assembled nanowires on silicon wafer 

when compared to those formed on mica surface. Mobility data showed the enhancement 

of uni-directional charge carrier transport in self-assembled films when compared to 

those obtained from isotropic solution. X-ray studies on films indicated the occurrence of 

phase separation of the self-sorted aggregates on the nanometer scale.  
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4.2. Introduction 

 
 
               Electronic devices made of organic materials, in particular photovoltaic devices, 

are intensively studied during the past several years owing to their cheap processing 

costs, application to large areas, and compatibility with flexible substrates [Goetzberger 

et al. 2003; Hoppe et al. 2004; Spangaard et al. 2004; Li et al. 2006]. In organic solar 

cells, charge separation of the strongly bound electron-hole pairs, the so called excitons 

is enabled at a donor-acceptor (DA) interface or heterojunction upon illumination, where 

they dissociate and then drift towards the respective electrodes [Hoppe et al. 2004; Li et 

al. 2006]. In all organic photovoltaic cells, the active material consists of π-conjugated 

electron donors and electron acceptors. The nature of the intermolecular interaction 

between electron donors and electron acceptors influences the charge transfer for which 

the packing of the molecules play an important role. The active-layer morphology should 

strike a balance between the intermolecular interaction between and within the electron 

donors and the electron acceptors [Bredas et al. 2009; Cheng et al. 2009; Heremans et al. 

2009; Helgesen et al. 2010]. Molecular architecture plays a key role in achieving this 

balance [Ma et al. 2005; Benanti et al. 2006; Yang et al. 2007; Kim et al. 2008]. In 

general, when electron rich conjugated molecules are mixed with electron-poor 

conjugated molecules, two types of assemblies, a mixed stack motif or the segregated 

stack motif are expected (Figure 4.1). Since n-type semiconductors are electron-deficient 

(acceptor), and p-type semiconductors are electron-rich (donor), there is a natural 

tendency for these molecules to mix each other through charge transfer and aromatic 

stacking interactions. The mixed stack is a common motif, whereas the segregated stack 

is a rare motif in condensed-phase structures [Hunter et al. 1990; Hunter et al. 2001]. 
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a b c
 

Figure 4.1. Illustration of mixed packing and segregated arrangements of electron-rich conjugated 

molecules (blue, hole conductor, donor) and electron-poor conjugated molecules (orange, electron 

conductor, acceptor). Although the illustration shows planar electron-poor compounds, the mixing 

also happens with nonplanar, fullerene-based compounds. 

 

                Meijer and co-workers have reported the self-sorting behavior of p-type and n-

type supramolecular fibre structures where oligo(p-phenylenevinylene) (1) and perylene 

derivatives (2) were used as p-type and n-type materials respectively (Figure 4.2) 

[Herrikhuyzen et al. 2004]. UV-vis absorption spectra and AFM images revealed an 

ordered network of fibre formation in methyl cylohexane (MCH) (Figure 4.2a and 4.2b).  

However, irregular packing of donor/acceptor was observed in toluene. Bulk 

heterojunction solar cells of these mixed films showed poor performance, which is 

probably due to the lateral orientation of the stacks on the surface. Therefore, for 

improving the device characteristics, it seems essential to vertically align the 

supramolecular stacks in thin films.  
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1

2

b)a)

 

Figure 4.2. a) UV-vis spectral data of 1 and 2 in MCH at room temperature of separate and mixed 

samples at concentrations of 1 × 10-5 M. b) Tapping mode AFM image of spin-coated films from 

MCH of a 1:1 mixture of 1 and 2 of a glass/ITO/PEDOT:PSS/OPV:PB1/Al device. 

               

                Shinkai and co-workers have reported the self-sorting organogel formation by 

two different π-conjugated molecules 3 and 4 (Scheme 4.1) [Sugiyasu et al. 2008]. This 

system is composed of precise π-stacking structures entangled at p-n heterojunction 

points. Solution-processible material facilitates the preparation of the cast film that shows 

photoelectrical conversion by visible light irradiation.  

3

4
 

Scheme 4.1. Chemical Structures of the self-sorting gelators 3 (4Thio) and 4 (6Pery).  
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 The self-sorting gelation process was monitored by variable temperature UV-vis 

and CD spectral studies. These studies indicate that 3 and 4 self-assemble independently 

(self-sorting) and do not interfere in each other’s aggregation-dissociation processes. 

SEM images of these gels revealed the formation of fibrous aggregates of around 20 nm 

diameters (Figure 4.3a-c). This is a simple and convenient technique offering more 

complicated and advanced design of organic devices. 

 

Figure 4.3. Schematic representation of the self-sorting organogel formation yielding p-n 

heterojunction points and the SEM images of the gels of 3 (a), 4 (b) and the self-sorted 3/4 gel (c). 

            

               Xue et al. have reported the higher photocurrent generation from 1D self-

assemblies of a complex of 5 and C60COOH [Xue et al. 2010]. Compound 5 (Figure 4.4) 

was found to be an excellent gelator for organic solvents, such as dichloromethane, 

benzene, o-dichlorobenzene, and DMSO/water. Microscopic analysis revealed that 

hybrid gel can self-assemble into nanofibres in which C60COOH and 5 are packed into 1-

D superstructures which are interdigitated each other (Figure 4.4a and b). Such an 
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ordered microstructure ensures efficient charge-carrier transport so that large 

photocurrents can be achieved.  

a) b)

5

 

Figure 4.4. Schematic representation of the photoinduced electron transfer from 5 to C60COOH. 

AFM images of a) 5 and b) 5 and C60COOH (1:1 wt ratio). 

 

              Recently, Zhang and co-workers have reported the photocurrent generation from 

gel medium consisting of ex-TTF (6) and Fullerene (Figure 4.5) [Yang et al. 2010]. 

Compound 6 formed gel in several organic solvents such as toluene, DMSO and ethanol. 

Upon addition of C60, enhancement in the gelation ability of 6 was observed. 
1
H NMR 

and absorption spectral studies indicated that the intermolecular interaction between the 

ex-TTF unit in 6 and C60 may be responsible for this phenomenon. Further studies imply 

that the assembly structures in the gel phases in the absence and presence of C60 may be 

different and is shown schematically in Figure 4.5. Gelation-induced CD signals were 

observed for the gels with either 6 or the mixture of 6 and C60. Additionally, organogels 
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prepared from 6 and PCBM were used to modify ITO electrode. A stable and rapid 

photocurrent was generated after exposure of the modified ITO electrode to light. This 

may provide an alternative way to fabricate photovoltatic cell with high energy 

conversion efficiency.  

 

6

 

Figure 4.5. Schematic representation of the possible molecular assembly mechanism for 6 in the 

gel phases in the absence and presence of C60. 

            

                Even though there are reports on the self-sorting of donor and acceptor 

molecules during gel formation, achieving a controlled self-assembly of the self-sorted 

1D aggregates as shown in Figure 4.1c remains a challenge. Donor-acceptor self-

assembly as shown in Figure 4.1b or 4.1c could be achieved only by logically supressing 

alternate donor-acceptor interaction. This could be possible by inducing spontaneous 

self-assembly of one of the components through H-bonding or similar interactions and 

the aggregation of the other by weak interactions such as π-stacking. Subsequently, such 

1D assemblies should interact laterally to form hierarchical assemblies leading to 

supramolecular architectures of aligned 1D donor and acceptors. Such an assembly is 

molecularly phase seperated, however macroscopically continuous. The charge 

separation in such a system is expected to be efficient when compared to random donor-

acceptor assemblies. In this chapter, we describe the attempt to prepare such donor-
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acceptor self-assembly using thienylenevinylene (TV) based molecular gelators which 

are  electron donors and a nongelling perylene bisimide (PBI) acceptor which is an 

electron acceptor (Chart 4.1). Details of the interaction between these molecules, gelation 

properties, morphological features and charge carrier mobilities are described.        

 

p-Type

PBI (n-Type)
 

      Chart 4.1 

 

4.3. Results and Discussion 

4.3.1. Synthesis of TV1-4 and PBI 

 
                TV1-4 prepared from (E)-3-(5-((E)-2-(5-((E)-2-(3,4-didodecyl-5-((E)-3-

hydroxybuta-1,3-dienyl)thiophen-2-yl)vinyl)-3,4-didodecylthiophen-2-yl)vinyl)-3,4-

didodecylthiophen-2-yl)acrylic acid (7) by treating with ethylamine, hexylamine, 

dodecylamine and hexadecylamine in the presence of HATU to give the products as 

shown in Scheme 4.2. PBI was synthesized from perylene (3,4,9,10) tetracarboxylic 

dianhydride (PTCDA) (9) by reacting with dodecylamine (Scheme 4.3). 
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Scheme 4.2. Synthesis of TV1-4. Reagents and conditions: (a) R′ NH2, HATU, DIPEA, 20h, 30 °C. 
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Scheme 4.3. Synthesis of PBI. Reagents and conditions: (b) C12H25NH2, t-BuOH,  20 h, 120 °C, 

82 %.  

 
4.3.2. Photophysical Properties 

 
               Absorption and emission spectral analysis is a useful technique to study the 

interaction between donor and acceptor systems. UV-vis absorption spectral properties of 

TV1 is described in Chapter 2. TV2-4 also showed similar behavior in chloroform and 

decane. They exhibited absorption maximum around 501 nm in chloroform which is blue 

shifted to 464 nm indicating H-type aggregation (Figure 4.6a). The absorption spectrum 

of PBI in chloroform showed sharp bands at 458, 491, and 526 nm. However, in decane, 

the spectrum showed shoulder band at around 580 nm (Figure 4.6b). A 1:1 mixture of the 

TV4 with PBI in chloroform exhibited the individual spectral properties indicating that 

there is no ground state interaction between them. However, in decane, they showed 

aggregation tendency as indicated by the shift in the spectra (Figure 4.6c). Interestingly, 
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the nature of the spectrum indicate a combination of the spectra of the individual self-

assemblies of TV4 and PBI without the formation of any new band indicating that they 

do not co-assemble. Aggregation behavior of TV4, PBI and TV4/PBI (1:1 M ratio) 

mixture were studied by temperature dependent absorption spectral changes (Figure 4.7a-

c). TV4 showed a red-shift of the absorption maximum with increase in temperature 

indicating the breakage of the H-aggregates to the monomer. On the other hand, PBI 

showed weak change during the heating to 70 °C indicating strong π-stacking. Increasing 

the temperature of the TV4/PBI mixture exhibited a red shift of the absorption 

maximum. However, the shoulder band at 580 nm showed weak change leaving 

significant residual absorption. From this observation, it is inferred that in the TV4/PBI 

mixture only TV4 aggregates are breaking and the PBI aggregates may not be breaking 

as observed in the individual cases. 
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Figure 4.6. Absorption spectra of a) TV4, b) PBI and c) TV4/PBI (1:1 M ratio) in decane (c = 1 × 

10-4 M).  
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Figure 4.7. Temperature dependent absorption studies of a) TV4, b) PBI and c) TV4/PBI (1:1 M 

ratio) in decane in the range from 20-70 °C. 

               

                Thermal stability of TV4, TV4/PBI (1:1 M) aggregates were determined from 

the temperature dependent absorption spectral changes. Figure 4.8 represents the fraction 

of aggregates versus temperature, which revealed that thermal stability of co-assembled 

aggregates increases when compared to individual assemblies of TV4 alone.  
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Figure 4.8. Plot of fraction of aggregation (α) versus temperature monitored at 520 nm for TV4 and 

TV4/PBI (1:1 M).  
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4.3.3. Gelation Studies 

    
   Gelation property of TV1 is described in Chapter 2. Strong gels were obtained 

in solvents such as hexane, decane etc. Similarly, TV2-4 also formed stable gels in 

nonpolar solvents. The critical gelator concentration to form a stable gel of TV1 in 

decane is 0.98 mM whereas that of TV2, TV3, and TV4 is 0.87, 0.69 and 0.48 mM, 

respectively and hence TV4 belongs to the class of super gelators. The gelation 

properties of these molecules are presented in Table 4.1. 

               
Table 4.1.  Gelation Studies of TV1-4 in polar and non-polar solvents 

 

CGC

SI. No.         Solvent                     Nature of gel                TV1               TV2                TV3              TV4

(mM)            (mM)               (mM)           (mM) 

1.                 Decane G                        0.98              0.87               0.69              0.48

2.             Cyclohexane G                        1.22              1.09               0.90              0.59

3.                 Hexane                         G                        1.61              1.46               1.34         0.97

4.                Benzene                         G                        4.63             3.88                3.37         2.71

5.                Toluene                          G                        5.29             4.66                4.28        3.84

6.              Chloroform                      S                           - - - -

7.                Methanol                      NS                          - - - -

 

G = gel, S = Soluble, and NS = Not soluble. 
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Figure 4.9. Plot of Tgel versus concentation for TV1-4. 
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              The gel stabilities were determined from the plots of the gel melting temperature 

(Tgel) at different concentration of the gelator (Figure 4.9). Figure 4.9a shows increase of 

Tgel with increase in the alkyl chain length. Hence TV4 form strong gels at a much lower 

concentration of 1.5 mM whereas for TV1, a concentration of 3 mM was required.   

 
4.3.4. Morphological Studies 

 
                Interaction of TV1-4 with PBI was studied using AFM and TEM analyses. For 

AFM analysis, films of TV1-4 were prepared from decane solutions (c = 1 × 10
-5

 M) and 

drop casted on freshly cleaved mica and silicon wafer surfaces. AFM image of TV1 

showed the formation of unidirectionally oriented 1D fibres whereas for TV4, parallel 

oriented cross-patterned rods having several junction zones were formed. The average 

height of these rods are 3-5 nm with diameter in the range of 50-150 nm (Figure 4.10a 

and d). TV2 and TV3 also showed parallel and anti-parallel fibre formation with average 

size 50-200 nm (Figure 4.10b and c). However, these fibres are not properly oriented as 

in the case of TV1 and TV4. From the AFM images, it is obvious that the morphology of 

TV1-4 gelators are significantly different from that of the other π-gelators. AFM images 

of TV1-4 are clear indication of epitaxy controlled self-assembly as described in Chapter 

3. AFM images also suggest that increasing the alkyl chain length of the molecule play a 

significant role in the epitaxial self-assembly. However, upon increasing the 

concentration of the solution from 1 × 10
-5

 M to 5 × 10
-5

 M, TV1-4 showed considerable 

variation in the morphology (Figure 4.11a-d). For example, in the case of TV3 the less 

patterned arrangement at 1 × 10-5 M concentration changed to a more organized pattern 

of short fibres at 5 × 10-5 M concentration. However, an opposite trend is observed in the 

case of TV4.  
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Figure 4.10. AFM images of a) TV1, b) TV2, c) TV3 and d) TV4 from decane drop casted on 

freshly cleaved mica surface  at room temperature (c = 1 × 10-5 M). 
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Figure 4.11. AFM images of a) TV1, b) TV2, c) TV3 and d) TV4 from decane drop casted on 

freshly cleaved mica surface  at room temperature  (c = 5 × 10-5 M). 
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Figure 4.12. AFM images of a) TV1, b) TV2, c) TV3 and d) TV4 from decane drop casted on 

silicon wafer surface  at room temperature (c = 5 × 10-5 M). 

 
   TV1-4 showed the formation of flexible thin nanowires on silicon wafer with 

average diameter of 50-200 nm and several micrometers in length (Figure 4.12a-d). In 

these cases, no pattern formation is observed, instead entangled fibres were formed. A 

comparison of the morphological features of AFM images on mica and silicon wafer 

reveals the fact that mica substrate plays considerable role in the substrate-molecule 

interactions. It is also obvious that the substrate-molecule interaction varies with the 

length of the alkyl chains in the amide group. TEM images of solutions prepared from 

decane (5 × 10
-5 

M) showed entangled long fibres as shown in Figure 4.13. TEM images 

revealed the formation of very thin elementary fibrils which bundle to form large fibers 

of 50-300 nm in diameter and several micrometers in length. 
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a) b)

c) d)

 

Figure 4.13. TEM images of a) TV1, b)TV2, c) TV3 and d) TV4 from decane drop casted on 

copper coated grid (c = 5 × 10-5 M). 

 

               TEM images of PBI showed the formation of thin tapes with an average of 0.5-

1µm in width and several micrometers in length as shown in Figure 4.14a. AFM images 

of PBI exhibited short fibre-like assemblies having a width of 300-400 nm, average 

height in the range of 10-70 nm, and a 1-3 µm in length on freshly cleaved mica surface 

(Figure 4.14b). However, on silicon wafer, AFM images showed tape-like structures with 

0.5-1 micrometers in width and several micrometers in length as observed in TEM image 

(Figure 4.14b).   



p-n Type Organogels                                                                                                                            125                          

                    

2 µm

a) b)

2 µm

c)

 

Figure 4.14. a) TEM image of PBI on copper coated grid. AFM images of PBI drop casted b) on 

freshly cleaved mica and c) on silicon wafer (c = 1 × 10-4 M). 

 

               Interestingly, mixture of TV1-4/PBI showed morphological features which are 

different from those of the individual assemblies of TV1-4 and PBI. AFM images of 

TV1-4/PBI (1:1 M ratio) showed aligned tapes of several micrometers in length on 

freshly cleaved mica surface (Figure 4.15a-d). These tapes exhibited average diameter of 

50-300 nm and height of 5-60 nm. However, on silicon wafer, the mixture showed 

thicker fibres of 0.3-0.7 µm diameter and several micrometers in length (Figure 4.16a-d). 

In mica surfaces and silicon wafer, the morphological features are significantly different 

from those of the individual PBI and TV1-4 assemblies.  
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Figure 4.15. AFM images of a) TV1/PBI, b) TV2/PBI, c) TV3/PBI and d) TV4 /PBI (1:1 M) from 

decane drop casted on freshly cleaved mica (c = 5 × 10-5 M). 
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Figure 4.16. AFM images of a) TV1/PBI, b) TV2/PBI, c) TV3/PBI and d) TV4 /PBI (1:1 M) from 

decane drop casted on silicon wafer  (c = 5 × 10-5 M). 
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                TEM images of TV1-4/PBI (1:1 M) revealed the formation of elongated rods 

with dimensions ranging from a 0.3-0.7 µm in diameter and several micrometers in 

length (Figure 4.17). Thin and large rods could be seen which indicate that the large rods 

are formed by the lateral joining of thinner fibres. AFM images on silicon wafer and 

TEM images showed almost identical morphological features.  

a) b)

c) d)

 

Figure 4.17. TEM images of a) TV1/PBI, b) TV2/PBI, c) TV3/PBI and d) TV4 /PBI (1:1 M) from 

decane drop casted on freshly cleaved mica (c = 5 × 10-5 M). 

 

4.3.5. Kelvin Probe Force Microscopy Investigation 

                 
                In order to have more insight into the electronic properties of the co-assembly, 

their surface potentials (SP) were measured by Kelvin probe force microscopy.
 
KPFM is 

a contactless technique that allows the quantitative measurement of the electric surface 

potential with nanoscale resolution without significantly perturbing the potential of the 

system under study, enabling an in situ exploration of the operation of electronic devices. 

The SP of a sample can be considered as the work function of the sample by taking into 
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account, effects due to the surface polarizability as well as band bending [Martin et al. 

1988; Palermo et al. 2006; Liscio et al. 2010]. 

              AFM and KPFM images of a thin layer of TV1-4, PBI and TV1-4/PBI (1:1 M 

ratio) on freshly cleaved mica and silicon wafer substrates were recorded [Liscio et al. 

2008; Dabirian et al. 2009]. For these studies, films were prepared by drop casting from 

decane solution.
 
KPFM analysis of TV1-4 exhibits surface potential approximately in the 

range of 20 ± 5 mV where thickness of the fibre is 10 nm. Figure 4.18 represents AFM 

and KPFM images of TV4 on mica surface. The corresponding section analysis is also 

shown in Figure 4.18c and 4.18d. The surface potential of TV4 is obtained from KPFM 

analysis and the value is 10 ± 2 mV. These results were obtained from interconnected 

fibres with few micrometers in length on mica surface. Conversely, PBI films on mica, 

exhibit short fibre-like assemblies having a width of 300-400 nm, and 1-3 µm in length. 

The corresponding  SP found was found to be -15 ± 10 mV (Figure 4.19a-d) [Liscio et al. 

2006; Liscio et al. 2008; Dabirian et al. 2009].  

b)a)

c) d)

2 µm 2 µm

 

Figure 4.18. AFM/KPFM images of TV4 from toluene drop casted on mica at room temperature (c 

= 1 × 10-4 M). a) Topography and b) KPFM image. The corresponding section analyses are shown 

in c and d. 
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Figure 4.19. AFM/KPFM images of PBI from toluene drop casted on mica at room temperature (c 

= 1 × 10-4 M). a) Topography and b) KPFM image. The corresponding section analyses are shown 

in c and d. 

 
.              KPFM image of TV4/PBI (1:1 M ratio) on mica is shown in Figure 4.20b. The 

corresponding AFM image is shown in Figure 4.20a. Figure 4.20b represents the SP 

variations in the nanowires obtained from different positions (I, II and III). The SP value 

of nanowire at position I is found to be 15 ± 5 mV which is close to the SP value of TV4. 

The surface potential of the nanowire at position II is measured as -20 ± 5 mV which is 

close to the value of PBI (Figure 4.18b and 4.19b). Surprisingly, some of the nanowires 

at position III exhibit -40 ± 5 mV, which shows more negative shift when compared to 

individual assemblies of PBI (Figure 4.19b). These data implies that the PBI is in 

physical contact with the TV4 aggregates. The driving force for exciton splitting and 

charge separation derives from the difference in the electron affinity of the electron 

acceptor (PBI) and electron donor (TV4) phases. Because of this, significant charging 
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was observed only for the PBI aggregates in contact with the TV4. Similarly, KPFM of 

TV1-3 with PBI were measured and the resultant SP values shown in Table 4.2. 
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Figure 4.20. a) AFM and b) KPFM images of TV4 /PBI (1:1 M) drop casted from decane on mica 

(c = 5 × 10-5 M) at room temperature. The corresponding section analyses are also shown. 

 
               On silicon wafer, TV4 exhibits a surface potential of 15 ± 5 mV at open air 

condition as shown in Figure 4.21b. All the calculated SP values were obtained from 

section analysis. Subsequently, SP of PBI was measured and the resultant values are in 

the range of -40 ± 5 mV (Figure 4.22). Figures 4.23a and 4.23b represent the topography 

and KPFM image respectively of TV4/PBI (1:1 M) which shows elongated fibres with 

300-500 nm in diameter and 100-200 nm in height. The corresponding SP value obtained 

from section analysis is -100 ± 10 mV [Palermo et al. 2008]. These SP variations could 

be mainly due to the substrate-molecule interactions which reduce the strength of 

molecule-molecule interaction.  
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Figure 4.21.  AFM/KPFM images of TV4 from decane drop casted on silicon wafer at room 

temperature (c = 5 × 10-5 M). a) Topography and b) KPFM image. The corresponding section 

analyses are shown in c and d. 
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Figure 4.22. AFM/KPFM images of PBI from toluene drop casted on silicon wafer at room 

temperature (c = 1 × 10-4 M). a) Topography and b) KPFM image. The corresponding section 

analyses are shown in c and d. 
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Figure 4.23. a) AFM and b) KPFM images of TV4 /PBI (1:1 M) drop casted on silicon wafer from 

decane (c = 5 × 10-5 M) at room temperature. The corresponding section analyses are also shown.  

 
                On silicon wafer, molecule-molecule and inter-fibre interactions are more 

predominant than molecule-substrate interactions which leads to high surface potential. 

Subsequently, interaction of TV1-3 with PBI was also studied. The corresponding values 

are shown in Table 4.2. 

 
Table 4.2. KPFM analysis of donor/acceptor (PBI) (1:1 M ratio) on freshly cleaved mica and Silicon 

wafer surfaces 

Donor/Acceptor (PBI)

(1:1 M ratio) 

Mica

SP (mV)                    

Si wafer

SP (mV)

TV1

TV2

TV3

TV4

-20

-25

-30

-45

-55

-60

-75

-110

 

Surface potential (SP) values are represented in Table 4.2 after subtracting the surface potentials 

obtained from substrate. Average error for all these measurements, ~5 mV for mica and ~15 mV 

for silicon wafer surfaces. SP values of PBI on mica and Si wafer values are -10 mV and -40 mV 

respectively.   
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4.3.6. X-ray Diffraction Measurements       

                To have a better understanding of the molecular packing in the co-assembly of 

TV1-4/PBI, X-ray diffraction analysis of TV1-4, PBI, and TV1-4/PBI (1:1 M ratio) 

xerogel films were performed (Figure 4.24). XRD analysis of TV4 gel showed intense 

and sharp reflections with d-spacing of 34.5, 24.1, 20.4, 4.3 and 3.3 Å. The very strong 

diffraction peak at 34.5 Å in the small angle region is close to the calculated molecular 

width (34.2 Å) in which the alkyl chains are almost in fully extended conformation. 

Another intense signal with a d-spacing of 3.3 Å was also observed in the wide angle 

region corresponding to the π-π stacking distance of TV4 in the gel state. In addition to 

these peaks, intense diffraction peak with d-spacing of 4.3 Å was observed in the wide 

angle region which corresponds to the crystallization of the alkyl chains in the assembly 

of TV4. From these diffraction peaks in the XRD, it can be concluded that TV4 self-

assembles in a lamellar fashion. In the case of PBI, distinct diffraction peaks with d-

spacing of 24.8, 12.4, 8.3, 6.2, 4.9 and 3.1 Å are observed (Figure 4.24b). The d-spacing 

of 24.8 Å at small angle region corresponds to the half of the length of two tail-to-tail 

interdigitated PBI molecules. The d-spacing of 3.1 Å corresponds to the cofacial 

intermolecular stacking, which is consistent with the π-π stacking distance for the planar 

aromatic molecules. Another intense peak observed at wide angle region with a d-

spacing of 4.9 Å arises due to the edge-to-edge distance between the stacked PBI planes. 

The initial intense and sharp diffraction peak at 2θ = 3.98° is characteristic of a columnar 

type assemblies [Che et al. 2010]. Figure 4.24c represents the mixture of TV4/PBI (1:1) 

which showed sharp diffraction peaks at 24.7, 12.3, 8.2, 6.2, 4.9 and 3.3 Å. These d-

spacing values correspond to those values obtained from the individual assemblies of 

TV4 and PBI as shown above. The absence of any predominenet new peak in the XRD 

pattern of co-assemblies reveals that TV4 and PBI are preferentially aggregating in 

individual mode during the mixing. These observations are in agreement with the UV-vis  
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Figure 4.24. X-ray diffraction of a) TV4 (p-type), b) PBI (n-type) and c) TTV/PBI (1:1 M ratio) 

xerogels on quartz substrate. 
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studies. The XRD analyses of TV1-3 and TV1-3/PBI showed similar results as in the 

case of TV4/PBI. These data strongly suggest the occurrence of a molecular level self-

sorting between the donor and acceptor components in the fibre assemblies. 

 
4.3.7. Mobility Studies: FP-TRMC and TAS Studies 

               
                Molecular arrangements of TV1-4 and PBI in co-assemblies can have a 

significant impact on their charge-carrier mobilities and photoconductivities. We thus 

investigated the intrinsic charge-carrier mobility of the p-type (TV1-4) xerogels by a 

combination of flash-photolysis time-resolved microwave conductivity and transient 

absorption spectroscopy upon irradiation by 355 nm light. Charge carriers were 

generated photolytically by adding N,N′-bis(dodecyl)-3,4,9,10-perylenedicarboximide as 

an electron acceptor. For these studies, a 1 mM CHCl3 solution of PBI was mixed with 

TV1-4 solution. The volume of PBI solution was changed so that 50, and 100 wt% PBI 

relative to 100 wt% TV1-4 was incorporated in the mixed solution. The solutions were 

drop casted on quartz substrate and dried in vacuum oven and measured the conductivity 

using TRMC.  

             The data in Figure 4.25 suggest that ϕƩµ values are progressively increased by 

the addition of small amount of PBI, as a result of efficient electron transfer from TV4 to 

PBI. In order to facilitate the comparison of the mobility between amorphous and self-

assembled films, TV4/PBI films were dissolved again in decane-CHCl3 mixed solvent 

and the conductivity was measured (Figure 4.25b). The results revealed that the ϕƩµ 

values are slightly higher in decane-CHCl3 mixture than in CHCl3 films. The minimum 

charge carrier mobilities (Ʃµmin) of TV4 films drop casted on quartz plates were 

determined by dividing ϕƩµ of TRMC by ϕ, where ϕƩµ quantum efficiency of charge 

carrier generation) which was estimated from the transient absorption spectra of PBI 

radical anion.  The ϕ at the peak of each PBI fraction was estimated by TAS from the 



136                                                                                                                                             Chapter 4 

 

absorption of PBI radical anion using its reported extinction coefficient, according to the 

reported procedure. 
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Figure 4.25. FP-TRMC profiles of TV4 films prepared with PBI from a) chloroform and b) n-

decane/chloroform (1:1 v/v) solutions. The color represents weight fraction of PBI relative to 100 

wt% TV4.  
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Figure 4.26. a) Transient absorption spectra (λex = 355 nm) of TV4 films prepared with PBI from 

chloroform solution. The color represents weight fraction of PBI relative to 100 wt% TV4. Kinetic 

decay profiles obtained at 670 nm (b) and 800 nm (c). 

 

             In Figure 4.26, the observed transient absorption of TV4 radical cation and PBI 

radical anion are relatively weak. The mobility was estimated indirectly, and it is 

described by the Ʃµmin. As seen in Figure 4.27a, the TA intensities of TV4 with PBI 
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decreased in n-decane/CHCl3 xerogel films. This means that the quantum efficiency of 

the charge carrier generation (ϕ) is decreased because PBI may be entrapped in TV4 

assemblies. However, the TRMC transients (ϕƩµ) shown in Figure 4.26b are rather 

increased in spite of the decrease of ϕ indicating enhanced charge-carrier mobility in the 

mixed solvent. The absolute value of charge-carrier mobility is not determined in this 

study, due to the overlap of TV radical cation and PBI radical anion signals and due to 

the weak intensity of their TA spectra. It is noteworthy that the minimum charge-carrier 

mobilities (Σµmin) of the p-type TV4 were ca. 0.12 cm
2
/Vs in the films prepared from 

CHCl3 solutions. Once the films were prepared from decane-CHCl3, the Σµmin of TV4 

was increased to ~ 0.14 cm2/Vs, which is slightly larger than those prepared from CHCl3. 

Subsequently, mobilities of TV1-3 with PBI were measured using the same procedure 

and the values are shown in Figure 4.29a. 
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Figure 4.27. a) Transient absorption spectra (λex = 355 nm) of TV4 films prepared with PBI from n-

decane/chloroform (1:1 v/v) solutions. The color represents different weight fraction of PBI relative 

to 100 wt% TV4. Kinetic decay profiles obtained at 670 nm (b) and 800 nm (c). 
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               Furthermore, measurements on the anisotropic conduction of the fibres were 

performed with amorphous and self-assembled films (Figure 4.28). Figure 4.28a shows 

transient conductivities (∆σ) observed for the parallel (∆σǁ) and perpendicular (∆σ⊥) 

directions to the electric-field vector of the microwave radiation. The data obtained for 

the film prepared from chloroform indicates that the donor and the acceptor are in 

irregular packing resulting in low anisotropy (~2). In the case of self-assembled films, 

transient conductivity for ∆σǁ was more predominant and no signal was observed for ∆σ⊥ 

indicating 10 times more anisotropy (Figure 4.28b). The higher value for ∆σǁ  reveals that 

majority of the donor and the  acceptor molecules are unidirectionally packed along the 

fibre axis. This study illustrates that the supramolecularly engineered aggregation of TV4 

and PBI in co-assembly would enhance the potential utility of these materials in 

optoelectronic applications.  
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Figure 4.28. Tranient profiles of TV4/PBI (1:1 M) observed for parallel (∆σǁ) and perpendicular 

(∆σ⊥) directions to the electric-field vector of the microwave in (a) chloroform and (b) decane-

chloroform. 

 

              For a comparison, TRMC of TV1-4 with N,N′-bis(2,5-di-tert-butylphenyl)-

3,4,9,10-perylenedicarboximide (PDI) were performed in chloroform and in decane-

chloroform (Figure 4.29b). The results show that the ϕƩµ values are higher for the self-

assembled films. A comparison of the charge-carrier mobility data in Figure 4.29a and 
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4.29b indicates that PBI is a better electron acceptor than PDI. In order to understand the 

phase separation of co-assemblies in self-assembled films, bilayer films were prepared as 

shown schematically in Figure 4.30a. The ϕƩµ values were almost the same for front and 

back exposure to 355 nm nanosecond laser (Figure 4.30b), and almost identical to those 

prepared from decane-CHCl3. This observation suggest that the nanofibrils of TVs and 

PBI mixtures obtained from decane-CHCl3 are composed of the self-sorted individual 

aggregates and these fibrils may be laterally bundled to form large fibers with high 

charge carrier mobilities.  
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Figure 4.29. Bar diagram represents Ʃµ values of a) TV1-4/PBI and b) TV1-4/PDI from decane-

chloroform (1:1 v/v) (red) and chloroform (black) solutions.  
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Figure 4.30. a) Schematic representation of bilayer of thienylenevinylenes and perylene bisimide 

films prepared from chloroform and decane. b) Plot of Io (photon density) versus ϕƩµ: Front and 

back exposure.   Inset shows photograph of the TVs/PBI film.  
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4.4. Conclusions 

               In summary, we have demonstrated supramolecular assemblies of p- and n-type 

semiconducting organogelators on insulating and semiconducting substrates. When 

electron-accepting material was assembled with an electron-donating system such as 

oligo(thienylenevinylene), a continuous path of nanophase-segregated, yet interdigitated 

electron-accepting and electron-donating nanostructures were formed. TV1-4 showed 

solution phase epitaxial growth of fibre on freshly cleaved mica surface. However, thin, 

flexible nanowire formation was observed on silicon wafer. The unravelled 

interdependence between intermolecular and molecule-substrate interactions thus 

provides control over the delicately balanced interactions driving the self-assembly 

processes. KPFM results highlight that surface potential is very high on silicon wafer 

when compared to surface potential obtained from co-assemblies on mica surface at open 

air condition. Mobility data showed the enhancement of uni-directional charge carrier 

transport in the self-assembled films when compared to those obtained from isotropic 

solution. These results highlight the role of the arrangements of donor/acceptor 

assemblies in self-assembled fibres to improve the charge transport properties and the 

charge separation for optoelectronic devices.   

 
4.5. Experimental Section 

4.5.1. Synthesis and Characterization 

               
               Unless otherwise stated, all starting materials and reagents were purchased from 

commercial suppliers and used without further purification. The solvents and the reagents 

were   purified and dried by standard methods prior to use. Details of the instrumental 

techniques used for characterization of molecules are described in the experimental 

section (section of 2.5.1.) of Chapter 2. Preparation, yield, melting point, and spectral 

details of new molecules are given below. 
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Synthesis of TV2-4: TV2-4 were synthesized from an ice cooled solution of (E)-3-(5-

((E)-2-(5-((E)-2-(3,4-didodecyl-5-((E)-3-hydroxybuta-1,3-dienyl)thiophen-2-yl)vinyl)-

3,4-didodecylthiophen-2-yl)vinyl)-3,4-didodecylthiophen-2-yl) acrylic acid (0.15 g, 

0.103 mmol), in dry chloroform (30 mL), alkylamines (hexylamine, dodecylamine, 

hexadecylamine) (0.25 mmol) and HATU (0.08 g, 0.192 mmol). Then, N,Nʹ-

diisopropylethylamine (0.056 g, 0.4 mmol)  was added drop wise to the reaction mixture 

and stirred at room temperature for 12 h. After removal of the solvent, the residue was 

dissolved in chloroform and washed with water. After extraction, the organic layer was 

separated and dried over Na2SO4. The solvent was evaporated under vacuum. The crude 

product was purified by column chromatography (basic alumina, hexane/ethyl acetate 

8:2) to give a pure red solid compound.  

TV2:  Yield = 47%, mp = 135-136 °C. 1H NMR (CDCl3, 500 MHz); δ (ppm) = 7.80-

7.78 ( J = 15 Hz, d, 2H), 7.00-6.97 (J = 15.5 Hz, d, 2H), 6.95-6.92 (J = 15.9 Hz, d, 2H), 

6.10-6.07 (J =14.5 Hz, d, 2H), 5.58 (t, 2H), 3.44 (t, 4H), 2.61-2.45 (t, 12H), 1.59 (q, 

12H), 1.39-1.31 (m, 131H), 0.89 (t, 24H). 13C NMR (CDCl3, 125 MHz) δ (ppm) = 

165.89, 146.63, 142.26, 141.67, 138.01, 135.34, 132.09, 131.97, 120.80, 119.31, 118.26, 

39.80, 31.93, 31.71, 31.52, 31.33, 31.21, 29.84, 29.48, 27.25, 26.56, 22.66, 14.03. FT-IR 

(KBr) νmax = 719, 820, 930, 1019, 1257, 1479, 1545, 1637, 2849, 2920, 3291 cm-1. 

MALDI-TOF-MS (m/z) = 1616.88 (Found), 1616.37 (Calcd).    

TV3:  Yield = 45 %  mp = 139-140 °C. 1H NMR (CDCl3, 500 MHz, TMS)  δ (ppm) = 

7.81-7.78 (J = 15.0 Hz, d, 2H), 6.98 (d, 2H), 6.96 (d, 2H), 6.10-6.07 (J = 14.5 Hz, d, 

2H), 5.46 (t, 2H), 3.37 (t, 4H), 2.58 (t, 12H), 1.59 (q, 12H), 1.26 (m, 120H), 0.89 (t, 

18H); 
13

C NMR (CDCl3, 125 MHz, TMS) δ (ppm)  = 164.88, 145.61, 141.25, 140.67, 

137.01, 134.35, 131.09, 130.99, 119.83, 118.34, 117.29, 38.81, 30.91,  28.83,  28.73, 

28.66, 28.64, 28.55, 28.47, 28.41, 28.36, 25.99, 21.67, 13.09; FT-IR (KBr) νmax = 720, 
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816, 930, 1019, 1257, 1479, 1544, 1638, 2849, 2920, 3291 cm-1;  MALDI-TOF-MS 

(m/z) = 1785.19 (Found), 1785.14 (Calcd).       

TV4:  Yield = 45 %.  mp = 139-140 °C. 1H NMR (CDCl3, 500 MHz, TMS)  δ (ppm) = 

7.73-7.70 (J = 15.0 Hz, d, 2H), 6.94-6.91 (J = 15.5 Hz, d, 2H), 6.89-6.86 (J = 15.5 Hz, d, 

2H), 6.03-6.00 (J = 15 Hz, d, 2H), 5.41 (t, 2H), 3.31 (t, 4H), 2.55 (t, 12H), 1.59 (q, 

14H), 1.26 (m, 182H), 0.81 (t, 24 H); 13C NMR (CDCl3, 125 MHz, TMS) δ (ppm)  = 

165.87, 146.62, 142.28, 141.70, 138.03, 135.38, 132.02, 120.86, 119.38, 118.33, 39.83, 

31.94, 31.71, 31.33, 30.91, 29.86, 29.70, 29.50, 29.38, 27.29, 27.02, 22.70, 14.11; FT-

IR (KBr) νmax = 719, 818, 925, 1019, 1257, 1479, 1544, 1638, 2849, 2920, 3291 cm-1;  

MALDI-TOF-MS (m/z) = 1897.58 (Found), 1897.68 (Calcd). 

 
Synthesis of PBI 

 

 

 

               Perylene tetracarboxylic dianhydride (PTCDA) (0.1 g, 0.25 mM) and 

dodecylamine (0.2 mL, 1 mM) were dissolved in t-BuOH (20 mL) and then refluxed for 

20 h at 120 °C.  After removal of the solvent, the residue was dissolved in chloroform 

and washed with water. After extraction, the organic layer was separated and dried over 

Na2SO4. The solvent was evaporated under vacuum. The crude product was purified by 

column chromatography (silica gel, chloroform) to give a pure red solid compound. 

Yield = 90% . 
1
H NMR (CDCl3, 300 MHz); δ (ppm) = 8.69-8.66 (J = 9 Hz, d, 4H), 8.61-

8.58 (J = 9 Hz, d, 4H), 4.20 (t, 4H), 1.76 (q, 4H), 1.25 (m, 41H), 0.87 (t, 6H);
 
FT-IR 

(KBr) νmax = 630, 746, 808, 862, 1089, 1253, 1344, 1438, 1591, 1651, 1696, 2846, 

2922, 2963 cm
-1

; FAB-MS (m/z) = 728.2 (Found), 726.9 (Calcd).    
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4.5.2. Description of Experimental Techniques 

Transmission Electron Microscopy (TEM): TEM measurements were carried out 

using FEI (TECNAI G
2
 30 S-TWIN) with an accelerating voltage of 100 kV. Samples 

were prepared by drop casting of decane solutions of TV1-4, PBI and TV1-4/PBI (1:1) 

on to carbon coated copper grids at the required concentrations at ambient conditions. 

The solvent was removed under vacuum. TEM images were obtained without staining. 

Atomic Force Microscopy (AFM): Atomic Force Microscopy images were recorded 

under ambient conditions using a NTEGRA (NT-MDT) operating with a tapping mode 

regime. Micro-fabricated TiN cantilever tips (NSG10) with a resonance frequency of 299 

kHz and a spring constant of 20-80 Nm-1 were used. AFM section analysis was done 

offline. Samples for the imaging were prepared by drop casting the TV1-4, PBI and 

TV1-4/PBI (1:1 M ratio) solution on freshly cleaved mica and Si wafer at the required 

concentrations at ambient conditions. 

Kelvin Probe Force Microscopy (KPFM): AFM/KPFM images of TV1-4, PBI and 

TV1-4/PBI (1:1 M ratio) blends were recorded under ambient conditions using a 

NTEGRA (NT-MDT) operating with a tapping mode regime. Micro-fabricated Pt 

cantilever tips (NSG03) with a resonance frequency of 80 kHz < ω < 100 kHz and a 

spring constant of 0.35-6.06 Nm
-1

 were used. To acquire “simultaneous” AFM and 

KPFM images, a topographic line scan was first obtained by AFM operating in tapping 

mode, and then the same line was rescanned in lift mode with the tip raised to a lift 

height of ~10 nm. KPFM provides a local measure of the SP differences between the 

conductive tip and the sample under investigation. The SP is defined as (WFtip - WFsample 

- ∆pol)/q, where WFtip and WFsample are the work functions of the tip and sample, 

respectively, ∆pol is the polarization induced by the tip, and q is the magnitude of the 

elementary charge. In the KPFM, a bias voltage Vtip = VDC + VAC sin ωt, where ω is the 

resonant frequency of the cantilever and VDC and VAC are continuous and alternate bias, 
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respectively, was applied directly to the tip, and the sample was held at the ground 

potential.  

Flash-Photolysis Time Resolved Microwave Conductivity (FP-TRMC): The details 

of the FP-TRMC and TAS were reported in the Chapter 2. All the experiments were 

carried out at room temperature. PBI and PDI were used as acceptors. The chloroform 

solutions of TV1-4 and PBI and PDI were mixed according to the fraction of each 

weight, giving the mixed solutions of 0-100 wt% PBI relative to 100 wt% TV1-4. The 

solutions were drop-casted on a quartz plate and dried in vacuum at 40 °C. After the 

TRMC and TAS, the films were treated by n-decane/chloroform mixed solvent (1:1 v/v) 

and dried in vacuum at 100 °C. TRMC and TAS of these films were performed again. 

The TAS showed the absorption of PBI radical anion and TV1-4 radial cation at visible 

to near-infrared (ca. 600-850 nm).  
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